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“Opportunities and Risks of Nanomaterials” (NRP

64): key findings

Ueli Aebi”® and Peter Gehr?

This Special Issue is devoted to the outcome of a 5-year
Swiss National Research Programme on the “Opportuni-
ties and Risks of Nanomaterials” (NRP 64). Nanotechnol-
ogy is an enabling technology that explores the structure
and function of naturally occurring nanomaterials, as a
basis for engineering synthetic nanomaterials inspired
by nature. Nanomaterials have rapidly come to play an
important role in healthcare, the consumer industry,
energy storage and other areas. NRP 64 comprised 23
mostly interdisciplinary research projects that studied
the impact of engineered nanomaterials on the environ-
ment and on human health. The outcome of the pro-
gramme has been highly satisfying, as all projects yielded
new and in some cases unexpected results [1]. In this
special issue, we present the key findings of 15 projects,
some in the form of reviews rather than original research
articles to put things into a broader perspective.

As the title of NRP 64 “Opportunities and Risks of
Nanomaterials” implies, the programme’s primary goal
was to investigate potential applications of existing nano-
materials in healthcare, the consumer industry and in the
environment, and to identify, characterise and minimise
the possible risks associated with their use. Several pro-
jects dealt with the development and/or testing of tools
and measurement protocols to track the fate, effect or
biodegradation of nanoparticles in cells, tissues, soil and
aquatic environments. Highlights of the programme
included: single cell surgery by metal nanomagnets;
biomedical nanoparticles as immune modulators [2];
novel nanoparticles for efficient and safe drug delivery;
nanofiber-reinforced bone substitute materials; aero-
gels and new tissue engineering scaffolds (e.g. artificial
cartilage) made of cellulose nanocrystals; nanoparticle
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transport across the human placenta; transport of nan-
oparticles after release from biodegradable implants;
non-invasive monitoring of the interaction between
nanoparticles and aquatic microorganisms [3]; evaluation
platforms for safety and environmental risks of carbon
nanotube reinforced nanocomposites [4]; development of
a “lab-on-a-chip” tool to rapidly assess the safety of novel
nanoscale active materials for next-generation battery
systems.

NRP 64 has undeniably generated a large amount
of new knowledge about the use, application and risk
assessment of nanomaterials. This will enable Switzer-
land to remain at the cutting edge of efforts to develop
smart and novel nanomaterials that are inspired by
nature, and to look for new applications that minimise
their health and environmental risks. In addition, when
it comes to a more physiological or pathological under-
standing of how nanomaterials interact with cells, tissues
and the environment, we have definitely made significant
progress. What is still lacking are long-term studies that
clearly document how exposure to nanoparticles over a
longer period affects our bodies and the environment. By
the same token, we still know very little about the effects
of indirect exposure to nanoparticles, e.g. through the
accumulation of nanoparticles in plants or animals that
will eventually end up in our food chain.

One of the general conclusions drawn from NRP 64 is
the following: whenever a new nanomaterial is identi-
fied or a new application of an established nanomaterial
pursued, carrying out a risk re-assessment is essential
to guarantee safety. Overall, the programme has clearly
shown that, for the nanomaterials investigated, the
opportunities outweigh the risks. Not only has NRP 64
taken the research field a big step forward, its results have
made it evident where more basic research and/or a more
detailed risk assessment are necessary before researchers
can start exploiting the application potential of individual
nanomaterials.

© The Author(s) 2017. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
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purification: a promising new approach for the
removal of disease-causing compounds?

| K Herrmann'?, A A Schlegel®, R Graf®, W J Stark* and Beatrice Beck-Schimmer'**

Abstract

in mind.

Recent studies report promising results regarding extracorporeal magnetic separation-based blood purification for
the rapid and selective removal of disease-causing compounds from whole blood. High molecular weight com-
pounds, bacteria and cells can be eliminated from blood within minutes, hence offering novel treatment strategies
for the management of intoxications and blood stream infections. However, risks associated with incomplete particle
separation and the biological consequences of particles entering circulation remain largely unclear. This article dis-
cusses the promising future of magnetic separation-based purification while keeping important safety considerations

Keywords: Blood purification, Intoxication, Magnetic separation, Magnetic nanoparticles, Sepsis

Background

The direct removal of disease-causing compounds is
an inherently attractive treatment modality for a range
of pathological conditions, including intoxications and
blood stream infections [1]. While low molecular weight
compounds (potassium, urea, etc.) are routinely removed
from blood circulation by membrane-based processes,
such as hemodialysis and hemofiltration [2], high molec-
ular weight targets are only accessible by sorption-based
processes e.g. hemoadsorption and hemoperfusion,
where blood is pushed at high flow rates through adsor-
bent cartridges. In spite of promising initial findings, the
practical use of hemoperfusion is still controversial and
concerns have been raised due to potential side effects
such as unspecific protein adsorption, loss of blood cells
(e.g. platelets) and possible activation of coagulation and
inflammation pathways during operation. Compared
to porous membranes, the use of free-floating nano-
sized particles exhibits significant benefits in terms of
surface accessibility (no pore diffusion, shorter contact

*Correspondence: beatrice.beckschimmer@uzh.ch

! Institute of Anesthesiology, University Hospital Zurich, Ramistrasse 100,
8091 Zurich, Switzerland

Full list of author information is available at the end of the article
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times), but this comes at a price: the pathogen-loaded
particles need to be removed from the blood. Recently,
it has been demonstrated that magnetic (nano-)particles
can be employed to bind pathogenic substances on their
surface, followed by a re-collection by magnetic separa-
tion. In magnetic separation-based blood purification,
capturing agents attached to tiny magnetic nanoparticles
are injected into an extracorporeal blood circuit (Fig. 1).
They then form a complex consisting of the target com-
pounds attached to the magnetic particle which can be
rapidly removed from blood by magnetic separation. The
performance of such blood cleansing processes is essen-
tially determined by the target-ligand binding (binding
site accessibility, specificity, contact time), the through-
put and, most critically, the efficiency of the magnetic
separation process.

Review

Magnetic separation-based blood purification is espe-
cially attractive for the removal of high molecular weight
compounds, which are poorly removed by conventional
(diffusion-based) blood purifications systems (e.g. dialy-
sis, hemoadsorption) (Fig. 2) [2]. The small size, the
high surface-to-volume ratio and the high mobility of
nanoparticles allow short diffusion distances and hence

© 2015 Herrmann et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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Fig. 1 Principle of magnetic separation-based blood purification: elimination of pathogens.

Fig. 2 Size and diffusivity of various biologically relevant target compounds for blood purification. The larger the size of the target compound, the
smaller the diffusion coefficient. Magnetic blood purification may offer a promising alternative to diffusion-based blood purification.

increased binding efficiencies even for high molecular
weight compounds. A range of chemically diverse tar-
get compounds, including heavy metal ions (uranyl [3],
lead [4—6] and cadmium ions [7], small molecule drugs
(digoxin [5, 6, 8], diazepam [9]), proteins (cytokines [5,
8]), bacteria and bacterial compounds [10] have been
successfully removed ex vivo from whole blood in the
past decade (Table 1). However, such targeted com-
pound removal generally requires the use of magnetic
beads with a pathogen-specific capturing agent and thus
has been significantly limiting the future applicability of

magnetic blood purification. Particularly, urgent medical
situations, such as acute intoxications or blood stream
infections where the disease-causing factor is unknown,
remain challenging. In their recent study, Kang et al. [1]
present a very promising capturing agent in scenarios of
systemic infections that omits the necessity of first iden-
tifying the disease-causing factor. The mannose binding
lectin (MBL) captures a wide range of pathogens (gram-
negative, gram-positive bacteria, and fungi) and allows
rapid therapeutic intervention. This is particularly rele-
vant in sepsis patients, where identification of the causing
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Table 1 Compound removed from whole blood by magnetic separation-based blood purification
Compound removed from whole blood Model Publication
Uranylions In vitro Wang et al. [3]
Lead ions In vitro Leeetal. [4]
Herrmann et al. [5]
In vivo (rat) Herrmann et al. [6]
Cadmium ions In vitro Jinetal. [7]
Digoxin In vitro Herrmann et al. [5]
Herrmann et al. [8]
In vivo (rat) Herrmann et al. [6]
Diazepam In vitro Caietal [9]
Interleukin-6 (IL-6) In vitro Herrmann et al. [5]
Interleukin-1g (IL-1B) In vitro Herrmann et al. [8]
Lipopolysaccharide (LPS), Escherichia coli In vitro Herrmann et al. [10]

Endotoxins, gram-negative and gram-positive bacteria, fungi

In vitro and in vivo (rat) Kangetal. [1]

microbe based on blood cultures typically takes 24—48 h
(with a high rate of false negatives). As every hour in
delayed treatment onset leads to an increased patient
mortality of up to 9% [11], broad spectrum antibiotics are
generally administered early. However, such overuse of
antibiotics leads to antibiotic-resistant strains, increased
costs and other important side effects. While magnetic
capturing of circulating bacterial pathogens is very prom-
ising in the experimental setting [1], the impact on sur-
vival in human sepsis where bacterial loads in the blood
are variable, and generally much lower than in animal
models, remains to be investigated.

When bringing magnetic blood purification processes
closer to clinical evaluation, safety of operation becomes
pivotal. Extracorporeal blood purification has been sug-
gested previously to provide a possible alternative to
direct in vivo application (injection) of magnetic nano-
particles and to prevent off-target accumulation of mag-
netic capturing agents (e.g. in the liver or lung). Recent
studies have shown that the capturing efficiency of mag-
netic iron oxide nanoparticles is significantly decreased
under clinically desirable blood flow rates, thereby poten-
tially compromising the procedure’s efficiency and safety
[12]. Blood flow partition in front of the magnetic sepa-
rator has been suggested as a valid method to decrease
the perfusion flow in the magnetic separator while keep-
ing the throughput at an acceptably high rate [1, 8]. We
recently showed that ferromagnetic iron nanoparticles
were retained at high efficiency under high flow rates
and that magnetic bead concentration after the separator
was below detection limit after a single pass [12]. How-
ever, ultra-sensitive particle detection in samples with
high matrix complexity (e.g., blood, tissue) are urgently
warranted as even state-of-the-art elemental analyti-
cal measurements (e.g., Inductively Coupled Plasma

Mass Spectrometry) encounter significant limitations
and reach detection limits in the order of >1 pg particles
per gram of sample (where 1 g of particles corresponds
to ~10'® single particles). Magnetic measurements for
ultrasensitive magnetic nanoparticle detection are now
increasingly being explored, which would allow detection
of off-target accumulation of nanomaterial and biodeg-
radation of nanomaterials, which in turn could initiate
acute and long-term effects such as tumorigenesis, fibro-
sis and toxic effects.

Other important safety aspects include non-specific
adsorption of blood constituents (coagulation and com-
plement factors, cells, etc.) as well as activation of inflam-
matory reactions in the blood compartment [13]. Such
possible side effects have to be evaluated in detail and
ruled out before this new operation is translated into a
clinical scenario.

Unfortunately, there is an ever growing disequilibrium
between manuscripts reporting on the synthesis of new
nanomaterials and their promising applications and stud-
ies actually performing comprehensive risk evaluation of
the synthesized materials [14]. At present, risk analysis
using relevant exposure conditions remains to be the bot-
tle neck when translating promising nanomaterial-based
approaches. Hence, it is of major importance to establish
strategies to gain insight into the potential risks—both
short-term and long-term—associated with magnetic
blood purification and, to balance risks adequately with
therapeutic benefits.

Conclusions

In summary, extracorporeal magnetic separation-based
blood purification is a promising strategy to rapidly and
selectively remove high molecular weight compounds
from blood. The technique has been successfully
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evaluated in vivo in experimental settings investigating
the clinically relevant scenarios of intoxication and sepsis
in rat models [1]. However, for translation, ultra-sensitive
particle detection systems and risk evaluation strategies
are needed in order to better understand relevant expo-
sure scenarios and the therewith associated benefit-risk
ratio. Once safety issues have been ruled out, magnetic
separation-based blood purification may become an
attractive treatment modality enabling rapid removal of
poorly accessible high molecular weight disease-causing
compounds from blood, potentially bridging the time to
run diagnostic tests and establish a suitable therapy.

Abbreviation
MBL: mannose binding lectin.
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Abstract

Background: The use of gold nanoparticles (Au-NP) based medical applications is rising due to their unique physical
and chemical properties. Diagnostic devices based on Au-NP are already available in the market or are in clinical trials
and Au-NP based therapeutics and theranostics (combined diagnostic and treatment modality) are in the research
and development phase. Currently, no information on Au-NP consumption, material flows to and concentrations

in the environment are available. Therefore, we estimated prospective maximal consumption of Au-NP from medi-

cal applications in the UK and US. We then modelled the Au-NP flows post-use and predicted their environmental
concentrations. Furthermore, we assessed the environment risks of Au-NP by comparing the predicted environmental
concentrations (PECs) with ecological threshold (PNEC) values.

Results: The mean annual estimated consumption of Au-NP from medical applications is 540 kg for the UK and
2700 kg for the US. Among the modelled concentrations of Au-NP in environmental compartments, the mean annual
PEC of Au-NP in sludge for both the UK and US was estimated at 124 and 145 ug kg™, respectively. The mean PEC

in surface water was estimated at 468 and 4.7 pg L™', respectively for the UK and US. The NOEC value for the water
compartment ranged from 0.12 up to 26,800 ug L™, with most values in the range of 1000 ug L™".

Conclusion: The results using the current set of data indicate that the environmental risk from Au-NP used in nano-
medicine in surface waters and from agricultural use of biosolids is minimal in the near future, especially because we
have used a worst-case use assessment. More Au-NP toxicity studies are needed for the soil compartment.

Keywords: Gold nanoparticles, Nanomedicine, Probabilistic modelling, Species sensitivity distribution, PEC, PNEC

Background
There has been an increased focus on developing gold
nanoparticles (Au-NP) based applications in fields
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ranging from electronics to medicine. Between 2000 and
2013, gold nanotechnology related patents increased
exponentially, with about 1600 patents published in 2013
[1]. The number of publications related to Au-NP in the
health sector in Thomson Reuters’ Web of Science data
base also show an exponential increase from 54 to 9083
publications between 2004 and 2014, of which 2150 arti-
cles were published in 2014 alone (search conducted
on 28 Dec 2014) [2]. The unique chemical and physical
properties of Au-NP [3-5] make them excellent candi-
dates for exploitation in the medical field to help in dis-
ease diagnosis and treatment. Furthermore, their ease of
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synthesis in a variety of sizes and shapes and their ame-
nability towards surface functionalization creates the
possibility for multi-functionality including imaging and
targeted drug delivery [6—10].

Drug delivery applications based on Au-NP are fore-
cast to have a 21 % share of the USD 136 billion total
market of nano-drug delivery applications by 2021 [11].
The enormous range of potential applications of Au-NP
and their increased future use could result in greater risk
of environmental release and exposure at low concentra-
tions, as is the case with many pharmaceutical products
[12-15]. Proliferation and increased application of single
use and disposable cheap medical diagnostic devices [16]
could add to this environmental burden.

Uptake, biodistribution, accumulation and biomag-
nification of Au-NP by environmental organisms have
been studied by many investigators [17-19], and it has
also been shown that Au-NP can be toxic to animals
and plants [20-23] thus indicating that these suppos-
edly biocompatible materials could present a significant
hazard to plants and wildlife. Au-NP have been shown to
have different modes of action for creating toxic effects
dependent on their properties and the organism studied
[24, 25] and show promise as an antibacterial agent [26].

In terms of environmental risks, studies on potential
flows and concentrations of Au-NP in anthropogenic
and ecological systems are non-existent. Overall there is
limited environmental hazard data and no exposure data,
making risk assessment highly problematic. Since there
is potential for an exponential increase in use of Au-NP,
it is timely to model their environmental flows and con-
centrations to help frame the risk analysis [27, 28], as has
been done also for other nanomaterials [29-32].

In this study we have estimated the environmental con-
centrations of Au-NP for the United Kingdom (UK) and
for the United States of America (US) from selected med-
ical applications that are currently on the market or have
potential to be introduced in the near future by develop-
ing a conceptual environmental exposure model and by
combining this with the hazard data. Since no measured
environmental concentration data is available for Au-NP,
we have used probabilistic material flow analysis [33] to
track the flow and fate of Au-NP during use and disposal
as a first step to establish the possible future baseline
in a worst case Au-NP release scenario. This approach
attempts to address the uncertainty and variability in the
data by creating probability distributions for all input
data as has been described before [33, 34] Where there is
limited toxicity data and where experimental procedures
and methodologies have variability, use of probabilistic/
stochastic methods to establish and quantify environ-
mental risks can help to increase the robustness of the
risk quotients. Thus, probabilistic species sensitivity
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distribution (pSSD) for quantifying ecotoxicological risks
and comparing the modeled PEC to the predicted no
adverse effect concentration (PNEC) based on toxicity
data for the corresponding environmental compartment,
forms the basis of our approach to derive risk levels for
the ecosystem [35].

Results and discussion

Estimation of nano gold consumption from prospective
medical applications

Table 1 details the estimated quantity of Au-NP from
nano-enabled medical applications. As the table depicts,
very small amounts—in the range of milligram to less
than a few kilograms—are estimated to originate from
in vitro medical devices or devices used for detection of
specific disease biomarkers. Larger quantities of Au-NP
are estimated to be released from applications used for
treating or managing a particular disease, for example,
for the treatment of gum infections, cancer and diabe-
tes. The amount of Au-NP per patient was estimated to
range from 0.05 mg to 5000 mg for the whole treatment
cycle, the higher values corresponding to the treatment
modality of photothermal ablation of cancer using gold
nanoshells. A study [36] conducted in Northwest Eng-
land estimated the consumption of anticancer drugs
from hospital records and showed total consumption of
all the identified anticancer drugs to be around 350 kg.
Thus, the annual Au-NP consumption amount in the
range <1 kg to 250 kg could be reached in the near future
for the UK for treatment of breast, lung, pancreatic and
bowel cancer. This is because these diseases have high
incidence rates, however, it needs to be kept in mind
that we have used high release scenario of 100 % patient
access and treatment by the same Au-NP based thera-
peutic for all patients.

The Au-NP consumption data could be estimated due
to the strict regulatory governance framework associated
with approval of pharmaceutical products for human use
and also because of the availability of disease incidence
and prevalence data for widespread diseases, such as
cancer, diabetes. In contrast, estimating Au-NP quanti-
ties from in vitro diagnostic devices was challenging due
to the dependence on the patenting literature, wherein
specific details are obscured and also because of the less
stringent regulatory pathway for in vitro medical devices.
Hence, the estimated data relied on vast number of
assumptions and data was extrapolated from various lit-
erature sources.

Mass flows of Au-NP

The annual mean prospective Au-NP use estimates for
the UK and US are 540 kg and 2700 kg respectively. The
yearly disease incidence rates of HIV/AIDS and cancer
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Table 1 Prospective amount (per annum) of Gold nanoparticles in selected medical applications (high release scenario)

Application Consumption Waste compartment
UK us
Lab based lateral flow assay to detect the presence of 0.34 6 Hazardous Medical/Clinical/
Methicillin Resistant and Methicillin Sensitive Staphylococ- Infectious Waste (HMCIW)
cus aureus in blood
In vitro lab based diagnostic test kit for detection and geno- 036 3 HMCIW
typing warfarin metabolism
In vitro lab based diagnostic test kit for detection of single 1 3 HMCIW
nucleotide polymorphism to detect risk from venous
thrombosis
OTC pregnancy and ovulation test kits to detect hormones 3-100 20-460 Municipal solid waste
in urine
Lab based in vitro rapid test kits for qualitative detection of 2-80 20-830 HMCIW
antibodies to HIV-1 and HIV-2 in human serum, plasma and
blood
Home based in vitro HIV test kits 20 90 Municipal solid waste
Lab based in vitro tests for detection of CD4 cells and viral 60 540 HMCIW
loads for HIV patients
Lab based diagnostic test kits for infectious diseases 70 350 HMCIW
Removal of Staphylococcus aureus from the nasal passage of 30-53,300 110-164,640 HMCIW
patients to reduce risks of nosocomial infections
Treatment of periodontitis 270-106,560 940-365,160 Waste water
Sensors for diagnosing diseases from breath samples 0.01-1590 0.03-4620 HMCIW
Treatment for solid tumors (colorectal, pancreas, breast) 70 -(480) -1100 310-(2020)-4600 Waste water
Last line treatment for patients with solid tumors (colorectal, 420 1500 Waste water

pancreatic and breast)

Treatment for patients diagnosed with head and neck and
lung cancer

Last line treatment for patients with head and neck and lung
cancer

Transbuccal insulin delivery platforms

140,290-233,820

104,710-174,520

128,250

744,750-1,241,260 Waste water

468,250-780,410 Waste water

841,620 Waste water

The Table presents total gold nanoparticles consumption per annum for the UK and US using a worst case scenario. Data rounded off to 2 significant digits for values
below 1 or data rounded off to the nearest integer or ten. Unit: gram. Refer to Additional file 1: Section S2 Estimation of annual Au-NP consumption for details related

to assumptions and references

were found to be relatively stable over the last few years
[37-41], so the data estimated in this study (which uses
incidence and prevalence data compiled in the recent
national disease registries and are for the years between
2007 and 2014) can be assumed to remain constant for
the next 5 years. By combining the estimated maximal
possible consumption of Au-NP with the technical and
environmental transfer coefficients, we were able to
obtain Au-NP flows from the end user to technical com-
partments and then further to receiving environmental
compartments. Currently this represents an unrealisti-
cally high use of Au-NP and therefore our PEC values
also represent highest possible concentrations. If Au-NP
based applications for the healthcare sector are realised
over the coming years, it may result in very high mar-
ket penetration. For example, seven in vitro diagnostics,
based on Au-NP for determining pregnancy and ovula-
tion, were approved by the USFDA between 2009 and
2012. In our current assessment, only two uses dominate

the overall Au-NP flows, a cancer treatment and an insu-
lin delivery platform. The overall flows are therefore to a
large extent following the flows of Au-NP used in these
two applications, with all other uses having only a minor
influence on the mean values but influencing the overall
distribution and therefore the extreme values.

Figure 1 shows that the most prominent Au-NP flows
arise from consumption, leading to accumulation in the
human body for both the UK and US. Based on pre-clin-
ical data, we assumed 35 % [42] and 85 % [43] accumula-
tion of Au-NP in the body for the two cancer therapeutics
used as model input data. For other Au-NP based appli-
cations we assumed 100 % excretion [44, 45]. Of the total
yearly consumption of Au-NP, around 160 and 850 kg of
Au-NP respectively for the UK and the US would remain
in the body of treated patients.

The second largest flow of Au-NP for both the UK
and US is via sewage to sewage treatment plants
(STPs). About 230 and 1300 kg of Au-NP from the total
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(See figure on next page.)

Fig. 1 Modelled annual prospective mass flows (in kg) of Au-NP in the UK and US. Technical and environmental compartments are expressed as
boxes and flows are expressed as arrows. The flow volumes used are mean values from the probability distribution of each flow. Each box (compart-
ment) is given a code. Mean values, mode, quantile 15 (Q;5) and Quantile 85(Qgs) values are also given. These are indicated with compartment codes
on the right side of the flowchart. The flow volumes are visualised by the thickness of the arrows. The compartments which we assumed to be the
final sink are indicated by a black square box (body of living patients, crematorium, burial, landfill, soil, sediments and subsurface soils). Complete
Au-NP suspension in surface water and complete Au-NP sedimentation from surface water to sediment are assumed in the calculation of mass flow

(indicated by dashed arrow) and concentrations

consumption for the UK and US, respectively, end up in
sewage. In the UK, small amounts of Au-NP are directly
transported to surface water due to misconnections and
overflows. No data about misconnection for the US could
be found, hence we have not modelled this value, but it is
a potentially important source of uncertainty. In addition
to misconnections, leakages from sewer pipes result in
Au-NP mass transfer to subsurface soils. Au-NP reaching
the STP might additionally not flow into the STP due to
overflow discharges during rainy seasons. Compared to
the US, overflows for the UK are more significant; direct
discharge to surface waters accounts for nearly one-fifth
of the total Au-NP initially reaching STPs; whereas for
the US only 0.04 % of the total Au-NP by-passes the STP
and reaches the surface waters.

Significant removal of Au-NP into the sludge, for both
regions, results in significant quantities of Au-NP enter-
ing STPs, ending up in biosolids, which is partially fur-
ther distributed onto agricultural soils as a fertilizer. Total
Au-NP inputs in soil were modeled to be around 150 and
730 kg/year for the UK and US respectively. For the UK,
around 32 kg of Au-NP present in the sludge reach the
municipal waste incinerators (MWIs)) and a negligible
quantity pass to the landfill i.e. the majority is applied as
sludge to land. For the US, of the 990 kg of Au-NP pre-
sent in sludge from centralized treatment works, around
280 and 150 kg were estimated to reach the landfill and
MWIs compartments respectively. Au-NP from decen-
tralized systems such as septic tanks, cesspools, etc. can
be released to land and/or surface water, or underground
water, based on the implementation status of relevant
regulations. We assumed all Au-NP passing through the
decentralized systems end up in sludge treated soils.

The third major flow of Au-NP is to the hazardous
waste compartment for both regions. For the UK, 60 %
of the 27 kg of hazardous waste was estimated to reach
landfill, with the remainder in hazardous medical/clini-
cal/infectious waste (HMCIW) incinerator, whereas
for the US, 90 % of the 84 kg of Au-NP in the hazard-
ous waste end up in landfills. These values indicate that
clinical waste treatment via incineration is not a preva-
lent practice for both regions, and hence there is a pos-
sibility of Au-NP becoming accumulated in landfills in
the future. However, these values need to be treated with
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caution because of the scarcity of national scale data with
regard to waste management from healthcare facilities.
Comprehensive and updated reports for medical waste
for the US were not available and we depended on extrap-
olations from data reported in non-peer reviewed litera-
ture sources (details in Additional file 1: Table AF.T3.2).
For the UK, only one peer reviewed paper [46] contain-
ing data for the year 2007 was available. Furthermore, the
difference in the healthcare and biological waste (H&B)
generation data in the Eurostat database, updated on
Dec 6, 2013 [47] and DEFRA [48] report for the years
2004, 2006, 2008 indicate the need for coherent defini-
tions and reporting. H&B generation data in the Eurostat
database for the year 2010 was approximately 3 times
more than the waste generated in 2008. Since there was
no publication from DEFRA for the year 2010, the data
reported in the Eurostat database could not be verified/
triangulated and the reason for the increase was undeci-
pherable. This indicates the poor state of environmental
reporting, monitoring and updating between national
scale and regional scale databases and between organiza-
tions in the EU.

Au-NP concentrations in technical and environmental
compartments
Table 2 shows the predicted Au-NP concentrations in
STP effluent, surface water, STP sludge, and yearly con-
centration in sediments and biosolid treated soils for the
UK and US. The values presented are mean values, mode
values (the most probable values) and their 15th and 85th
percentiles (Q;5 and Qg;) from each distribution. When
comparing the two regions, predicted Au-NP concentra-
tions were higher in the UK in nearly all the compart-
ments when compared to those in the US, except for STP
sludge which shows similar mean concentrations. The
predicted environment concentration (PEC) in surface
water in the US is the lowest among all the modeled tech-
nical and environmental compartments for UK and US.
In the UK, the predicted Au-NP concentration in sur-
face water is higher than in sewage effluent. This is due to
the fact that a significant amount of Au-NP is estimated
to be released directly to surface waters via overflows. In
contrast, the lower Au-NP concentration in STP efflu-
ent and the lower PEC in surface water for the US can be
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Table 2 Predicted Au-NP concentrations in technical and environmental compartments
UK us Units
Mean Mode Q5 Qg5 Mean Mode Qs Qg5
STP Effluent 440 360 220 670 140 130 71 200 pg/L
Surface water 470 270 210 730 4.7 4.0 2.7 6.8 pg/L
STP sludge 120 130 94 150 150 150 120 170 ug/kg
Sludge treated soil 300 300 230 370 150 150 120 170 ng/kg- years
Sediment 290 170 130 450 5.0 4.5 3.0 80 ng/kg-years
Hazardous waste 77 78 23 130 65 69 20 110 pg/kg
Medical WIP
Fly ash 270 30 36 530 260 32 36 530 ng/kg
Bottom ash 200 25 27 410 200 26 27 400 pg/kg
Municipal WIP
Fly ash 72 70 53 92 39 38 31 47 ug/kg
Bottom ash 55 52 39 71 30 27 22 37 pg/kg

The mean, mode (most probable values), quantile 15 (Q;5) and quantile 85 (Qg;) for the predicted concentrations in the technical environmental compartments are
provided on the table. Values in italics designate yearly increases in concentrations. Au-NP concentrations in surface water and sediments represent no and complete

sedimentation respectively. The results are expressed up to two significant digits

explained by the much larger STP effluent volume pro-
duced per capita. According to USEPA, 625 liters of STP
effluent is produced per capita per day [49] whereas for
the UK, it is 150-180 liters per capita per day [50, 51] (see
tables in Additional file 1). The mean modeled Au-NP
concentration in surface waters for both regions is in the
range of 5-470 pg L' which is similar to the background
gold concentration reported in freshwaters (reviewed by
McHugh [52]). PECs in surface water of Germany for
iron oxide nanoparticles based MRI contrast agents were
estimated to be 400 and 3140 pg L' for the year 2015
for two different scenarios used by author [53]. Meas-
ured environmental concentrations in surface waters
of various anticancer drugs in use are in the range 500
to 41000 pg L~! [36], indicating that the results of our
model are at a similar level.

Predicted mean concentrations of Au-NP in STP sludge
are 124 and 145 pg kg™ ! for the UK and US, respectively.
The PEC in sludge is considerably less than the meas-
ured total gold concentration of 790 ug kg~! reported
in a Swedish study [54]. The second highest concentra-
tion of Au-NP is in biosolid treated soils, although yearly
concentrations are only in ng kg™! levels. However, con-
tinuous application of biosolids on agricultural land
might lead to Au-NP accumulation in soil over years. The
lower predicted concentration of Au-NP in US agricul-
tural soils is because of the larger area of the country and
hence larger mass of biosolid treated agricultural soils in
comparison to the UK.

The Au-NP concentrations for water and sediment
concentrations are for worst-case scenarios, i.e., we did
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not model any fate in the environment but assumed that
for the water compartment no sedimentation and for the
sediment compartment complete sedimentation. Only a
full environmental fate modelling including a mechanis-
tic modelling of heteroagglomeration, sedimentation and
transport will enable to predict the actual concentrations
but these models [55-57] will rely heavily on input data
to the environmental compartments that are provided by
the material flow modelling carried out in this study. The
environmental concentrations calculated in this work are
valid for a regional assessment and are based on well-
mixed compartments and follow as such the ECHA guid-
ance [58]. A next step in the exposure assessment would
be to regionalize the emissions which also allow to iden-
tify hotspots [59, 60].

Risk assessment with probabilistic species sensitivity
distribution (pSSD)

Aquatic species show a wide range of responses to
Au-NP, with no observed effect concentrations (NOECs)
ranging from 0.12 pg L™! up to 26,800 pug L™'; a spread
of five orders of magnitude, although most values are in
the 1000 pg L~ 'range. The most sensitive species was
the single cell green algae, Chlamydomonas reinhardtii,
(an acute toxicity study done using 2 nm Au-NP capped
with D-manno-pyranoside terminated PAMAM (poly-
amidoamine) GO generation dendrimer) [23]. PAMAM
dendrimers of different cores and generations (G2 to G6)
have been shown to exert toxic affects in fish, freshwa-
ter crustaceans and algae with L(E)Cy, values in the range
0.13-194 puM (reviewed in [61]).
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Fig. 2 Probabilistic species sensitivity distribution (pSSD) for Au-NP
for the water compartment. Probabilistic species sensitivity distribu-
tion (pSSD) for Au-NP in fresh water (red line) compared with the
raw sensitivity data used (blue diamond). The red diamonds are the
geometric means of the raw sensitivity data if there are more than
one data available. The number of blue diamonds for each species
corresponds to the number of raw sensitivity data available and used.
The raw sensitivity data indicate the no observed effect concentra-
tions (NOEC)

Figure 2 shows the cumulative probabilistic species
sensitivity distribution (pSSD) for Au-NP in water. The
results lacked sufficient resolution to decipher which
taxa are most affected, and what particle properties are
related to toxicity, though it seems fish (Damnio rerio)
were the least sensitive species when exposed to Au-NP
in an aquatic environment. Publications with properly
designed experiments [62, 63] or environmentally rel-
evant exposure concentrations for studying toxic effects
of Au-NP on environmental organisms are sparse. Bar-
ring a few, the studies selected do not report the L(E)C,
(lethal/toxic effect shown by x % of the organisms at a
particular concentration) value, or the statistical method
used to arrive at the reported data, do not mention
acceptable control performance, and lack characteriza-
tion of the NPs throughout the exposure duration. These
results indicate the high variability of input model data,
reflecting the varied toxic potential of Au-NP of different
sizes and coating to different species. Therefore, reliable
toxicity studies with specific Au-NP used for medical
applications are needed for improved environmental risk
assessment to influence policy makers for aiding regula-
tory decision making and responsible innovation [64]. It
is also necessary to study the environmental stability and
fate of the coatings of the Au-NP once released to waste-
water or the environment.

By using probability distributions in place of single val-
ues we attempted to address the variability and the uncer-
tainty which is inherent in toxicity studies. The hazard
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assessment we performed is for a “generic” Au-NP, con-
sidering all different sizes and coatings, representing the
full width of currently used Au-NP in toxicity studies.
This enables us to compare in a next step this “generic
Au-NP SSD” with the modelling of the flows and concen-
trations which is also for a “generic Au-NP” because data
on specific forms of Au-NP is not available.

Figure 3 shows the probability distributions of the PECs
and the pSSDs for Au-NP in the aquatic and terrestrial
environment for both the UK and US. The PEC and pSSD
for surface water and soils are compared and risks may
arise where the PEC and pSSD overlap. It is clear that
there is no overlap between the PEC and pSSD in both
environmental compartments considered for the UK
and US. The narrowness of the PEC probability density
curves is due to the fact that few of the Au-NP applica-
tion categories dominate the total consumption resulting
in a narrow distribution of the total input into the system.

Conclusion

Many human pharmaceuticals occur in the aquatic envi-
ronment in ng L™ concentrations [14, 65, 66] and studies
have shown accumulation of these chemicals in aquatic
organisms [15, 67, 68] and their adverse effects [13,
69]. The very defining property of nanoparticles—size
and surface area—coupled with their ability to inter-
act at subcellular levels to generate subtle biochemical
changes [70], their novel properties and gaps in knowl-
edge regarding relationship between chronic and acute
toxicity, calls for the inclusion of sub-lethal toxicity end-
points for regulatory decision making. In one scenario we
also included selected sub-lethal endpoints in the pSSD
(results are provided in the Additional file 1 section S3:
Alternate Scenarios) but the risk assessment does not sig-
nificantly change.

Because nanomaterials have been found to undergo
transformation both inside human body as well as the
environment [71], their fate can change accordingly in
real world situations. However, for Au-NP chemical
degradation is rather unlikely due to the inert nature of
gold but transformations of surface coatings will strongly
affect environmental fate. This will be important when
the results from our material flow modelling are used
in environmental fate models which include a specific
description of fate processes [55—57].

In an ideal situation environmental risk assessment
should be based on a full characterization of the material
and its transformation products; in the case of nanomate-
rials such complete risk assessments are not yet available
[27]. The complex challenge can currently be addressed
in a number of ways, for example by using expert judg-
ment and multi-criteria decision analysis [72, 73] and
species sensitivity distributions [74] for different types of
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a nanomaterial. The probabilistic risk assessment using
both probabilistic species sensitivity distributions and
probabilistic mass flow models enables to consider the
complete current knowledge in a systematic and compre-
hensive way and has been applied to other ENM before
[75, 76]. Both exposure and hazard data are limited and
the model provides a way to deal with this uncertainty.

Extensive literature search combined with communica-
tions with experts in the field has helped us to arrive at
plausible estimates. The results from the model can be
used to provide a baseline for realistic and environmen-
tally relevant exposure/toxicology studies and can help in
iterative problem formulation and solution, as more con-
crete data becomes available. The modelling performed
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here suggest that freshwater (and hence sediments) and
biosolids treated soils would likely receive highest loads
of Au-NP for the UK. Risk from Au-NP to aquatic organ-
isms and soil organisms seems to be unlikely in the near
future at a regional scale, although variations will exist
temporally and spatially and can also be influenced by the
presence of natural Au-NP [77].The study models for high
loading of Au-NP and depends on worst case assump-
tions with regard to environmental transformation and
fate, hence real concentrations in the environment are
likely to be much lower. Developing environmental
fate models and models addressing temporal and spa-
tial issues can be a possible next step to arrive at more
robust estimates of Au-NP concentration in the envi-
ronment. Hazard assessment data for soil organisms is
severely limited and so uncertainty is particularly high
indicating that more Au-NP toxicity research is needed
for soil organisms. Empirical fate and transformation
data of Au-NP for incinerators as well as freshwater sys-
tems is non-existent and research is needed for Au-NP
transformation in STPs with different treatment pro-
cesses using Au-NP with surface coatings used in medi-
cal applications.

Methodology

General model layout

We have used the geographical regions of the UK and
US (excluding dependent areas) as the units of analysis
for our study. Similar to the approach proposed by the
Guidelines for environmental risk assessment (ERA) of
human pharmaceuticals [78, 79], (hereinafter referred to
as ‘Guidelines’) where the consumption data of a drug per
year is the key input factor, the model input in this study
is based on population based estimates of use and con-
sumption of the selected medical applications in a given
year and disregards the manufacturing and processing
facilities as a potential source. The model is a step-wise
process where the selected application’s post usage life
cycle has been mapped through the technical compart-
ments of STPs, waste incineration plants (WIPs), land-
fills and the environmental compartments of soil, water
and sediments. In addition to Au-NP based therapeu-
tic agents which are in early stages of clinical trials, we
have estimated Au-NP concentrations in medical devices
approved by regulatory agencies or in late stages of
product development. A deviation from the Guidelines
is the use of excretion rates from pre-clinical studies as
opposed to assuming 100 % excretion. We have consid-
ered possible variable retention of Au-NP in STPs. PECs
in various compartments and risk assessment results
considering 100 % excretion are provided in the Addi-
tional file 1 under section 3: Alternate Scenarios. The
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data and values used to arrive at gold amounts per use
are based on broad estimates derived from the available
literature and the patient population and hence the study
is a bottom up, high release scenario study. We have
assumed Au-NP to be spherical in shape and have used
mass concentrations to estimate consumption amounts.

Transfer coefficients (TC) have been used to model
the behaviour of Au-NP in various environmental and
technical compartments included within the model (see
Fig. 1 for details). The data used in the model have high
uncertainty, compounded by large variability and hence
we built probability distributions for the majority of input
data. Estimated consumption values of products which
have the same life-cycle pathway have been summed by
adding their individual probability distributions. Addi-
tional file 1: Table AET1 illustrates the probability distri-
butions for all data used in the study.

To estimate the volumes of the environmental com-
partments, we have used ECHA’s guidance on environ-
mental exposure estimation for chemicals for a regional
scale model [58]. The mass and volumes along with the
assumptions of the transition and final environmental
compartments are detailed in Additional file 1: Tables
AFT3.1, AFET3.2 and AFET3.3. Seawater is not included
in our model. The assumptions of a well-mixed, homog-
enous and stationery system have been applied in this
study which is a standard approach to arrive at crude
estimates of environmental concentrations at a regional
level [29]. The model tracks the Au-NP mass and not the
total gold mass. Loss of the nano-property (e.g. by vapor-
ization) therefore constitutes an elimination flow.

Methodological approach for input data

An extensive literature search was carried out to iden-
tify relevant peer reviewed scientific publications of
Au-NP or gold colloids in the medical field, administra-
tion doses, distribution, excretion, environmental fate
and behaviour and environmental toxicity. Our aim was
to identify Au-NP enabled medical applications which
are approved, in clinical trials or show promise of trans-
lation from pre-clinical models. Reports published by
UK and US Government Department and Agencies have
been relied upon for estimating population, environment
and technical compartment data. The transfer coeffi-
cients have been estimated by reviewing literature and/
or soliciting expert viewpoints. Triangulations between
various publications were performed and the approach of
the best available data was adopted to arrive at the esti-
mates used in this study. Details regarding consumption
data and assumptions and references therein are included
in the Additional file 1 section 2: Estimation of annual
Au-NP consumption and Additional file 1: Table AT.T2.
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Transfer factors

Therapeutics based on Au-NP, after use, will end up either
in solid waste, when the containers with the remnants of
the therapeutic and associated procedural implements
are disposed of as part of HMCIW and/or in the sewer-
age system when it is excreted from the body in urine or
faeces. In vitro diagnostic devices used in hospitals and
other healthcare settings will likely be part of HMCIW.
Over-the-counter (OTC) single use medical devices are
likely to end up in household waste. Therefore, wastewa-
ter (WW)/sewerage, HMCIW and household waste are
defined as the key potential sources of entry of Au-NP
from medical products to the environment.

Au-NP flow into sewage treatment plants and surface water
Not all houses are served by a centralised STP. The con-
nection rates to STP are 96 % [80] and 74 % [81] for the
UK and the US respectively. Untreated sewer overflows,
misconnections whereby grey water from households
is connected to the storm water drainage systems, and
exfiltration from sewerage pipes can result in untreated
WW reaching surface waters, groundwater and subsur-
face soil directly. Au-NP from WW can also enter the
environment due to failure of decentralised STPs. Since
the connection rate to STPs for the UK is 96 %, we have
neglected the contribution of individual septic tanks,
cesspools, etc. to the pollution load. However, for the US,
nearly 25 % of the total population is served by decen-
tralised systems and the USEPA suggests a failure rate of
6 % annually of these systems [82]. Therefore, for the US
we have considered failures of decentralised systems as a
source of Au-NP reaching the environment. Additionally,
discharge of untreated WW due to the dilapidated state
of sewerage infrastructure [83] and polluted outfalls from
combined sewers during rains [81] can add to the pollu-
tion load of surface waters.

Behaviour of Au-NP in surface water

Data was non-existent with regard to Au-NP fate in sur-
face waters and we have therefore modelled two extreme
scenarios to represent worst case conditions for both
compartments. We assumed that Au-NP entering the
surface freshwater compartment were either 100 %
deposited to the sediment to derive sediment concen-
trations, or remained 100 % in the water phase to derive
freshwater concentrations.

Behaviour of Au-NP in Sewage Treatment Plant

Only one published study is available where an estimate
of the removal efficiency of Au-NP in STPs has been pro-
vided [84]. This study found 99 % removal rate of polymer
coated Au-NP of sizes 10 nm and 100 nm in activated
sludge batch experiments irrespective of coating, sizes
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and treatment. We have therefore used a removal effi-
ciency of 99 % for wastewater treatment. However, we
acknowledge that removal efficiencies will differ based on
the WW treatment systems used [85, 86].

Au-NP flow into waste compartment

Household waste is non-hazardous in nature and hence
in addition to incineration, discarding to landfill is
another preferred mode of treatment. OTC disposable
in vitro diagnostic devices containing Au-NP will be part
of the household and similar waste category as defined
in the European Union Waste catalogue [87]. In the UK,
the proportion of landfilled and incinerated waste for the
category of household and similar waste is 85 and 15 %
respectively for the year 2008 [47]. For the US, the pro-
portion of household waste sent to landfill and incin-
erated is 82 and 18 % respectively of the total waste
discarded after the recovered fraction [88].

Wastes from healthcare settings are both hazard-
ous and non-hazardous in type. Hazardous waste from
healthcare facilities are generally sent for high tem-
perature treatments like incineration and pyrolysis, or
alternatively non-burn low temperature treatments or
chemical treatments to disinfect the infectious waste
[46]. These alterative treatment technologies use wet or
dry steam at temperatures lower than 200 °C and use
chemical disinfection methods. We have assumed that
Au-NP will not be transformed/destroyed when waste is
treated via non-burn alternative treatment technologies
and will eventually end up in landfill.

Behaviour of Au-NP during Waste Incineration

No information is available about the fate of Au-NP in
incinerators. Depending on the type of waste, type of
incinerator and operating temperatures, configuration of
the air pollution control devices (APCDs), and the parti-
cle size, it is likely that Au-NP will partition into bottom
ash, APCD residues and stack emissions from APCDs.

Emissions from incinerators are under strict regulatory
control; therefore it has been assumed that all munici-
pal waste and HMCIW incinerators will have associated
APCDs. Both the UK and US use dry or semi—dry scrub-
bing systems with fabric filters or electrostatic precipita-
tors (ESPs) as the main types of APCDs in the municipal
waste incinerators [89, 90].

The temperatures in HMCIW incinerators having sec-
ondary chambers can reach as high as 1100 °C, which is
higher than the melting temperature of bulk gold. Melt-
ing temperature depression related to particle size, both
for free Au-NP and substrate supported Au-NP, has been
proven by many investigators [91-95]. Furthermore,
the presence of chlorine generated from Polyvinyl chlo-
ride in the incinerator can increase metal volatility and
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release into gas phase [96]. The vapour pressure of gold
at 1095 °C is about 1 x 107> torr (1.33 x 1073 Pa) [97]
and that means typically around one monolayer of gold
will be vaporized in 0.1 s. Hence, Au-NP entering the
HMCIW incinerators will either melt or vaporize. In
both cases the nano-property of the gold is lost and the
Au-NP is no longer distinguishable from the other gold
forms. We have used both the case of 0 and 100 % elimi-
nation of the gold mass. In the case of 0 % elimination, we
assume Au-NP to be distributed 81 % in the bottom ash
and 19 % in the fly ash using the values found by Walser
et al. [98] for removal of Ceria nanoparticles in munici-
pal waste incinerators. Of the 19 % of Au-NP in the fly
ash, we assume 50 % of the Au-NP pass through the wet
scrubbers and the remaining 50 % through the fabric fil-
ter for both the UK and US. This assumption was extrap-
olated from the type of APCD installed in the HMCIW
incinerators in the US [99] since no data was available
with regard to APCDs for HMCIW incinerators in the
UK.

The operating temperatures in municipal waste incin-
erators are around 850 °C, so we assume that 81 % of
Au-NP mass will be removed in the bottom ash and 19 %
in the fly ash [98] of which 99.99 % will be removed by
the ESP and fabric filter as APCD residue. These residues
are treated as hazardous waste and are finally disposed
to secured landfills or abandoned underground mines
[100]. Bottom ash from municipal waste combustors can
be used in the construction sector [101]. However, due to
non-uniformity in available data for the selected regions
and to simplify the model, we have neglected bottom ash
recycling rate and have presumed that 100 % of the bot-
tom ash from both types of incinerators will be landfilled.

We have not included the leachate from landfill and
subsequent contamination of the ground water com-
partment because studies on the fate of nanoparticles in
landfills are not yet available. The technical compartment
of cremation has been considered in the model bound-
ary with the assumption that some percentage of Au-NP
might remain in the human body post treatment when
Au-NP has been administered as a last line treatment.
The temperature in crematoria is not high enough to
vaporize or melt Au-NP [102] and hence we assume that
untransformed Au-NP will form part of the ash.

Therefore, human body, landfills, sediments, subsur-
face soils and burial grounds have been considered as the
final sink of the product life cycle post usage.

Ecological risk assessment

To derive species sensitivity distributions for environ-
mental effects of Au-NP, an extensive search of the eco-
toxicological literature was conducted. Fourteen relevant
studies were found published between 2008 and Feb
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2014. Twenty-six data points across five taxonomically
different environmental organisms—bacteria, fish, algae,
crustacean and ciliates—were included in the assess-
ment. The endpoints used were mortality and malforma-
tions, growth inhibition and reproductive performance.
These endpoints were selected to maximize utility of the
data points from the available published literature and
because these endpoints can impact species survival.
We considered all endpoints reported in a study even if
they used different particle size and coating with the aim
to create a generic Au-NP species sensitivity distribu-
tion to compare with the PEC of Au-NP which considers
the mass of Au-NP. If in a study only one concentration
has been tested on an organism and it had shown no
effect for the selected toxicity endpoint, we have used
that concentration as no-observed-effect concentra-
tion (NOEC), acknowledging that this could in reality be
higher. When a range of concentrations were tested [103,
104], the highest concentration at which no statistically
significant adverse effect was observed was used as the
highest-observed-no-effect-concentration (HONECQ).
The raw data were converted to species sensitive values
below which long-term negative impacts on the species
were considered to be excluded using two assessment
factors (AF) based on the REACH guidelines [105]. The
first AF was used to convert acute toxicity to chronic tox-
icity (AF time = 1, in the case of chronic and long-term
test; AF time = 10, in the case of acute and short-term
test). All but two data points represented acute or short-
term exposures. The second AF was used to convert the
various endpoints to NOEC values (AF no effect = 1 for
NOEC, AF no-effect = 2, if L(E)C,, < L(E)Cx < L (E)C
50 and AF = 10, if L(E)s, < L(E)Cx < L(E)C ,0,). In stud-
ies where effect concentrations were reported in terms
of molar concentrations, we have converted the values
to mass concentration (pg/L), because regulatory limits
are expressed as such. The studies selected and the asso-
ciated end points arranged species wise are detailed in
Additional file 1: Tables AFET4.1, AET4.2. Probabilistic
species sensitivity distributions were constructed for soil
and freshwater as explained in an earlier study [35].

Additional file

[ Additional file 1.Supporting Information
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Abstract

, Alexander Gogos', Thomas D. Bucheli', Franco Widmer' and Marcel G. A. van der Heijden'?3"

Background: Nanoparticles are produced and used worldwide and are released to the environment, e.g., into soil
systems. Titanium dioxide (TiO,) nanoparticles (NPs), carbon nanotubes (CNTs) and cerium dioxide (CeO,) NPs are
among the ten most produced NPs and it is therefore important to test, whether these NPs affect plants and sym-
biotic microorganisms that help plants to acquire nutrients. In this part of a joint companion study, we spiked an
agricultural soil with TiO, NPs, multi walled CNTs (MWCNTs), and CeO, NPs and we examined effects of these NP on
red clover, biological nitrogen fixation by rhizobia and on root colonization of arbuscular mycorrhizal fungi (AMF). We
also tested whether effects depended on the concentrations of the applied NPs.

Results: Plant biomass and AMF root colonization were not negatively affected by NP exposure. The number of
flowers was statistically lower in pots treated with 3 mg kg™' MWCNT, and nitrogen fixation slightly increased at

3000 mg kg~' MWCNT.

Conclusions: This study revealed that red clover was more sensitive to MWCNTSs than TiO, and CeO, NPs. Further
studies are necessary for finding general patterns and investigating mechanisms behind the effects of NPs on plants

and plant symbionts.

Keywords: Nanomaterials, Agriculture, Crop, Beneficial soil microbes, Ecosystem services

Background

Titanium dioxide (TiO,) nanoparticles (NPs), carbon
nanotubes (CNTs) and cerium dioxide (CeO,) NPs are
among the ten most produced NPs worldwide [1]. The
production and use of these NPs leads to increasing con-
centrations in the soil system. Estimated material-flow
in sludge treated soils for Europe are 2380 t~! y~! and
0.771 t y~! for TiO, and CNTs, respectively [2]. For CeO,
1400 t y! are assumed to end up in sludge treated soils
worldwide [1]. Thus, all of these three NP types are unin-
tentionally released into the soil ecosystem. One NP type
that needs special attention regarding risk assessment in
soils is TiO, because these NPs are listed in patents and
publications targeted as additives of plant protection
products [3, 4]. Thus, if such products were released to the
market and applied in the fields, higher concentrations of
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TiO, NPs would be expected in soils. Due to the potential
for increasing amounts of NPs that enter the soil system,
it is important to test, whether these NPs affect plants and
beneficial soil microorganisms that associate with plant
roots and assist plants to acquire nutrients.

Several studies investigated effects of TiO, NPs, CNTs
and CeO, NPs on either plants or microorganisms with
variable results. For TiO, NPs, contrasting results were
found and plant biomass was either decreased or not
affected when grown in soil with enhanced TiO, NP
concentrations [5-7]. Soil microbial community struc-
tures were shown to be altered when treated with TiO,
NPs [7-9]. Also CNTs affected plants and soil micro-
bial community structures: the number of flowers and
fruits of tomatoes increased, and bacterial community
structure changed [10]. In contrast, in another study
with much higher CNT concentrations, soil microbial
community structure was not affected [11]. Most often,
ecotoxicological tests with NPs (TiO,, CeO, and CN'Ts)
in soil systems are either performed with plants, or with
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microorganisms, but the symbiosis of plants and soil
microorganisms has rarely been investigated. Plant sym-
bionts provide important ecosystem functions as e.g.,
nitrogen-fixation by rhizobia in legumes or phospho-
rus acquisition by arbuscular mycorrhizal fungi (AMF)
[12]. One example is red clover which is used for animal
feeding and as green manure. Red clover associates with
nitrogen-fixing rhizobia bacteria (rhizobia) [13, 14]. Up
to 373 kg N ha™! y™! can be fixed by these bacteria in
root nodules of red clover plants [15]. Additionally, red
clover performs a second symbiosis with AMF [12, 16—
18]. These fungi provide plants with soil nutrients, espe-
cially immobile nutrients such as phosphorus. Up to 90 %
of plant phosphorus is provided by AMF [18]. The two
microbial symbionts, AMF and rhizobia, conduct impor-
tant ecosystem functions [12], and thus it is important to
assess whether nitrogen fixation and root colonization by
AMEF are affected by NPs.

Earlier studies showed that NPs had adverse effect on
the legume-rhizobia symbiosis. For soybeans it has been
reported that CeO, NPs diminished nitrogen fixation
[19], and no effects of TiO, and Fe;O, NPs on nodule col-
onization were found [20]. For barrel clover it has been
reported that the number of nodules was decreased and
gene expression altered when exposed to biosolids con-
taining Ag, ZnO and TiO, NPs [21, 22]. Peas revealed
a delayed nitrogen fixation when exposed to TiO, and
ZnO in hydroponic systems [23, 24], and for faba beans,
nodulation and nitrogenase activity were delayed by
Ag NPs [25]. AMF root colonization has been reported
to not being affected in soybeans exposed to TiO, and
Fe;O, NPs [20], while colonization of white clover roots
was increased by Ag and FeO NPs [26]. Because of these
effects on legume-rhizobia and AMF systems, it is impor-
tant to assess whether root colonization by AMF and
nitrogen fixation in soil-grown red clover are affected
by NPs, e.g. TiO,, CeO, and CNTs, because these effects
might be species and NP dependent. To our best knowl-
edge, there are no studies available on the effects of CNTs
on legume-rhizobia-AMF systems.

In the present study, we investigated the effects of three
different NP types, ie., TiO, NPs, multi-walled CNTs
(MWCNTs) and CeO, NPs, on red clover growth, biologi-
cal nitrogen fixation with rhizobia and on root colonization
of AMF in a soil system. We investigated if these NPs affect
(1) plant growth, (2) biological nitrogen fixation in plants,
(3) AMF root colonization, and (4) phosphorus uptake
by red clover. As positive control we chose ZnSO,-7H,O
because Zn>" was reported to decrease plant growth and
affect nitrogen fixation of legumes [27]. Effective soil ele-
mental titanium and MWOCNT (black carbon) concentra-
tions, their vertical translocation and plant uptake were
investigated in detail in a companion paper [28].
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Results

Red clover plants were exposed for 14 weeks to agri-
cultural soil spiked with different concentrations of
NPs, ie., TiO, NPs (P25), a bigger non-nanomate-
rial [29] TiO, particle (NNM-TiO,, 20 % particles
<100 nm), MWCNTs, CeO, NPs and a ZnSO, treat-
ment. The biomass of red clover plants did not differ
between NP spiked substrate and controls without NP
addition, both for root and shoot dry weight separately
and for total plant dry weight (Fig. 1; Additional file 1:
Table S1). Total plant dry weight and effective titanium
content per pot were correlated explaining 20 % of var-
iance (Pearson’s correlation: p = 0.041, r = 0.45). The
root-shoot ratio was 0.49 £+ 0.04 on average, and was
also not affected by the presence of NPs (p > 0.05). The
number of flowers decreased in the 3 mg MWCNT
kg~! soil treatment by 34 % (p = 0.049, Fig. 1; Addi-
tional file 1: Table S1). The higher concentration of
3000 mg MWCNT kg ! exhibited a similar decrease
in mean number of flowers (33 %), but the varia-
tion was higher and therefore the number of flowers
was not significantly different from the control plants
(p = 0.160).

In addition to plant performance, the interaction
of red clover with rhizobia was investigated. All har-
vested red clover plants contained root nodules and the
root nodules had a reddish color which indicates that
they fixed nitrogen [14]. In addition, the percentage of
fixed nitrogen was assessed based on the °N concen-
trations of clover and a reference plant (rye grass; see
formula 1 in the “Methods” section). The percentages
of fixed nitrogen of control red clover plants and NP
treated plants were compared, and confirmed that bio-
logical nitrogen fixation took place (Fig. 2). All of the
treated red clover plants fixed nitrogen and NP appli-
cation did not affect nitrogen fixation levels in most of
the treatments. Only in the 3000 mg MWCNT kg™
treatment, biological nitrogen fixation was increased by
8 % (p = 0.016). Pearson’s correlation revealed a correla-
tion of nitrogen fixation and total biomass of r = 0.28
(p = 0.012).

The second symbiotic partner of red clover, AMF, was
assessed by determining root colonization by staining
fungal tissue and counting fungal structures by micros-
copy [30, 31]. In addition the phosphorus content of
red clover shoots was assessed, as AMF can contribute
significantly to plant P nutrition. Total root coloniza-
tion by AME, i.e., % arbuscules, vesicles and hyphae per
investigated root intersection, was similar in all treat-
ments (on average 51 £ 4 %; Additional file 1: Figure
S1). Also the arbuscular and vesicular colonization
revealed no differences between the control and NP
treatments (average 23 £+ 3 and 6 + 2 %, respectively;
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Fig.1 Plant weight and flowers. a Red clover plant dry weight
divided in shoot (grey) and root (white), and b number of flowers

per pot at the end of the 3 month exposure for control, TiO, (P25,
non-nanomaterial NNM), MWCNT, CeO, NPs, and ZnSO,-7H,0. The
number behind the treatment name is the nominal concentration
inmg kg". Error bars show the standard deviations (n = 7). Capital
letters show significant differences for shoot biomass and number of
flowers, and small letters for root biomass compared to the control
plants (p < 0.05). The two blocks of starting time were included in the
statistical model

Table 1). Phosphorus concentrations of the red clo-
ver shoots were not affected in any of the treatments
(Additional file 1: Figure S1b, Table S1). Plant phos-
phorus content and total root colonization by AMF
were not correlated (Pearson correlation coefficient:
p=0.199; r = 0.15).
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Discussion

In the present study effects of different NPs, i.e., TiO,
NPs, MWCNTs and CeO, NPs, on red clover and its
symbiosis with rhizobia and AMF were assessed in a soil
system. Both tested TiO, treatments (i.e. P25 and NNM-
TiO,) in all concentrations did not affect plant biomass
in our experiment. The absence of effects of TiO, NPs on
plant biomass are in agreement with other studies, using
different plant species. For example plant growth was not
affected when soybeans and corn were exposed to 200 mg
TiO, NP kg [7] and when tomatoes were exposed to
concentrations between 1000 and 5000 mg P25 TiO, NP
kg™! [6]. However, in wheat 90 mg TiO, NPs kg~' was
shown to decrease plant biomass by 13 % [5]. MWC-
NTs did not affect red clover biomass in our experiment.
Contrary to our findings, MWCNTs have been reported
to increase biomass of tomatoes exposed to 50 and
200 pg ml~! MWCNTSs per plant [10]. In our experiment
red clover biomass did not respond to the CeO, NP treat-
ment, which is in agreement to a study using CeO, NPs
at concentrations between 0.1 and 1 g kg™! in an experi-
ment with soybeans [19]. Thus, effects on plant biomass
might be influenced by plant species (as shown for the
TiO, NPs and MWCNTs) as well as by NP type. All of
the above cited studies used different soils. Depending
on soil properties, NPs might be differently bound to soil
particles [32] which could influence the exposure and the
effects of NPs on plants.

The number of flower heads was not affected in both
TiO, and CeO, NP treatments at all tested concen-
trations. However, MWCNTs decreased number of
flowers by 34 % (p = 0.049) at the lower concentration
(3 mg kg™!). The higher MWCNT concentration showed
a similar decrease of flower number (33 %), but the vari-
ance between the samples was higher and there was no
statistically significant difference (p = 0.16). Our results
indicate that the number of flowers is sensitive to MWC-
NTs. Khodakovskaya et al. showed that the number of
flower increased significantly, when watered weekly
with 50 ml of 50 and 200 pg ml~* MWCNTTs per pot for
9 weeks [10]. The direction of the effect was in contrast
to our observations. Nevertheless, the number of flowers
was affected and further research is needed to determine
the mechanism responsible for the effects of MWCNT
on flowering.

To test effects of NPs on biological nitrogen fixation,
the natural abundance of 1°N was determined in the red
clover shoots and in a reference plant (rye grass) and sub-
sequently the fraction of biological fixed nitrogen in red
clover was assessed (see “Methods” section). No nitrogen
was added to the pots because increasing the availability
of mineral nitrogen has been reported to decline nitrogen
fixation rate progressively [33]. The percentage of fixed
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Fig. 2 Biological nitrogen fixation. Percentage of atmospheric nitro-
gen derived from biological nitrogen fixation in red clover shoots for
the control, P25 and NNM-TiO,, MWCNTs, CeO, NPs, and ZnSO,-7H,0.
The number behind the treatment name is the nominal concentra-
tion in mg kg~". Rye grass was used as non-nitrogen fixing plant and
the B value was assumed to be zero (see text). Error bars show the
standard deviations (n = 7). Capital letters show significant differences
compared to the control plants (p < 0.05)

Table 1 Mean values and standard deviation of the arbus-
cular and vesicular root colonization

Arbuscular coloni- Vesicular colo-

zation (%) nization (%)

Mean SD Mean SD
Control 23 8 4 2
P25-Ti0, 10 mg kg™’ 22 7 3 3
P25-TiO, 100 mg kg™ 22 8 6 9
P25-TiO, 1000 mg kg~ 21 10 8 7
NNM-TiO, 10 mg kg™ 19 10 7 5
NNM-TiO, 100 mg kg™ 24 11 6 3
NNM-TIO, 1000 mg kg™’ 25 11 7 8
CNT3mg kg™ 20 9 2 2
CNT 3000 mg kg™ 29 7 5 5
Ce0, 860 mg kg™ 24 9 8 5
7nS0,-7H,0 1000 mg kg™’ 27 8 6 4

nitrogen was high and ranged between 89 and 100 %
and was not affected by the TiO, NPs in our experiment.
These results contrast those of another study performed
in a hydroponic system using pea and rhizobia [23]. This
study showed that nodulation was negatively affected and
that the nitrogen fixation was delayed when TiO, NPs
were present. However, it needs to be tested whether the
results from hydroponic systems can be directly extrap-
olated to soil systems. In soils, TiO, NPs interact with
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soil particles and are probably heteroaggregated with
soil particles such as clay minerals [32]. Thus, the plant
roots in soils might be less exposed to the NPs than in
hydroponic systems and therefore roots and nodules
might be less affected in soils, as indicated by the limited
transport of TiO, NPs in soils in our experiment [28]. For
the higher concentration of MWCNTs (3000 mg kg™?),
nitrogen fixation increased by 8 % (p = 0.01) compared
to the control and 100 % of the nitrogen content in the
shoots originated from nitrogen fixation. Even though
the biomass and total nitrogen content of these MWCNT
treated plants were not different from those in the con-
trol treatment, correlation between biologically fixed
nitrogen and total biomass over all treatments was sig-
nificant but only 8 % of the variation could be explained
(R? = 0.08; p = 0.012). This indicates that enhanced
nitrogen fixation had only a small beneficial effect on
plant growth. In our experiment, nitrogen fixation was
not affected by CeO, NPs. For soybeans however, the
CeO, NPs have been reported to decrease nitrogen fixa-
tion potential up to 80 % [19]. This reference investi-
gated a different plant species and effects of NPs might
be plant and rhizobia species specific [19]. Also the use
of different soils with different soil characteristics might
influence the results. Further experiments are needed to
consolidate our understanding of the mechanisms of how
NPs affect nitrogen fixation.

Total arbuscular, as well as vesicular root coloniza-
tion of red clover by AMF were not affected in any of
the treatments. In support of this finding, but again with
another plant species, Burke et al. [20] reported no effects
of TiO, NPs on AMF root colonization in soybeans using
a DNA based approach instead of counting the root
colonization. AMF provide plants with nutrient, such as
phosphorus [17, 34]. Therefore we assessed phosphorus
content in red clover shoots at the harvest. Phosphorus
content of red clover shoots was not affected in any of the
treatments and there was no correlation between plant
phosphorus content and total AMF root colonization
(p = 0.2). Again, for TiO, NPs this is in agreement with
Burke et al. who did not find differences in phosphorus
content of soybean leaves [20]. Even though root coloni-
zation was not affected by the tested NPs in our experi-
ments, community structure of AMFs in soils might
change as shown in Burke et al. [7].

Contrary to our expectations, the ZnSO, control did
not affect any of the measured endpoints. It is known
that Zn*" availability is limited at high soil pH conditions
[35]. Soil pH was 7.7 [28] and the concentration added
was probably not high enough to release enough free
Zn*" to cause harmful effects.

The amount of NPs applied to the soil was high and
partly outside the exposure range expected in the field.
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They were chosen to represent a potential agricultural
application scenario, where fluxes between several micro-
grams to grams of NPs per kilogram of soil are estimated
[3]. The highest concentration also simulates accidental
spill during transport or pollution in industrial areas or
in the field. In our experiment also lower concentrations,
i.e. 10 and 100 mg kg' soil, were tested. This approach
ensures that potential negative effects can be detected
before a NP is widely used and applied. This approach
also facilitates the detection of potential harmful NPs in
comparison to non-toxic or less harmful NP. Moreover,
in order to be able to detect and measure concentrations
of some NPs in the environment (e.g. titanium oxides for
this study), high amounts have to be added because ele-
ment like titanium occur naturally in the soil and the
concentrations added need to be higher as natural back-
ground levels. For instance, for TiO, NPs the lowest con-
centration of 10 mg kg~ is realistic in comparison with
estimations for soils treated with NP containing plant pro-
tection products, while the highest tested concentration
(1000 mg kg™!) rather represents a worst case scenario
[3]. For MWCNTs, yearly increases of estimated envi-
ronmental concentrations are estimated to range from 5
to 990 ng kg y~! [2]. Hence, both tested concentrations in
our experiment are above natural values and represent an
upper limit. The addition of these high concentrations was
necessary to distinguish the added MWCNTs from the
black carbon background of the soil [28, 36]. New meth-
ods are currently being developed to distinguish NPs from
natural backgrounds as reviewed by others [37, 38]. Fur-
ther research is needed to measure and characterize NPs
in soils at predicted environmental concentrations, both
for fate and behavior studies, and to accompany environ-
mentally relevant ecotoxicological tests.

Conclusions

The investigated TiO, NPs and CeO, NPs did not affect
red clover growth, biological nitrogen fixation and AMF
root colonization. Opposite to other studies with TiO,
and CeO, that observed effects on N fixing legumes,
no effects were observed here with red clover. Further
research is needed to search for general patterns and
investigate the mechanisms behind such effects. MWC-
NTs increased nitrogen fixation and decreased the num-
ber of flowers compared to the control treatment, which
might affect fitness of red clover. However, these effects
occurred at concentrations much higher than expected in
the environment.

Methods

NPs used for the experiment

P25 (Sigma Aldrich, USA, art. No. 718467) with a particle
size of 29 + 9 nm [28] was used as representative for TiO,
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NPs. In addition, NNM-TiO, (Sigma Aldrich, USA, Art.
No. 232033) with an average particle size of 145 + 46 nm
[28] was used as non-nano-material, i.e. less than 50 %
NPs [29]. MWCNTs were purchased from Cheap Tubes
Inc. (USA). They had a length of 10-30 um, outer diam-
eter of 20—30 nm, a purity of >95 % and an elemental car-
bon content of >98 % (Additional file 1: Table S2) [28].
CeO, NPs (Sigma Aldrich, USA, art. No. 700290) had a
diameter of less than 50 nm with cubic crystal structure
according to the manufacturer’s specifications.

Mixing NPs into the soil

For preparing the substrate, soil classified as brown
earth with a sandy loamy to loamy fine fraction was col-
lected from an agricultural field at Agroscope Institute
for Sustainability Sciences in Zurich, Switzerland (coor-
dinates N47° 25’ 39.564” E8° 31’ 20.04”). For this, the
top 5 cm were removed and the underlying 15 cm soil
were collected and sieved (<0.5 cm). The soil was mixed
with quartz sand (50 % v/v) and then characterized as
described by Gogos et al. (Additional file 1: Table S3)
[28]. Nutrient contents in the mixture were 37.6 mg kg™!
phosphorus and 85.3 mg kg™! potassium determined by
ammonium acetate EDTA extraction [39]. Soil pH was
7.7. Each of the different NPs was premixed in 300 g sub-
strate (soil and sand) on an overhead mixer (Turbula T2F,
Switzerland) in 500 ml Schott bottles by adding 0.3, 3 and
30 g of P25 or NNM-TiO,, 90 mg and 88 g MWCNTs,
25 g CeO, NPs and 30 g ZnSO,-7H,0O (Sigma Aldrich,
USA, art. No. Z0251), respectively. P25 (30 g) and MWC-
NTs (88 g) revealed a too large volume for the 500 ml
Schott bottles, necessitating the division of the soil and
additives into several bottles (300 g of substrate for each
bottle). For P25 15 g were added to two Schott bottles,
and for MWCNTs 22 g were added to four bottles. Each
of these pre-mixtures was diluted with substrate to a total
volume of 30 kg and mixed in a cement mixer for 6 h.

Experimental setup

Pots were prepared by gluing PVC-sewer pipes (15 cm
diameter, 20 cm long) on a plastic board with a ball
valve as draining device (Fig. 3). A plastic mesh (Pro-
pyltex 500 pm, Sefar, Switzerland) was placed on the
top of the valve to prevent blockage of the valve by
the substrate. Pots were filled with a 500 g quartz sand
layer as drainage and 3.3 kg spiked substrate or control
substrate. Seven replications per treatment were pre-
pared, ie., control, P25, NNM-TiO,, MWCNT, CeO,
NPs, and ZnSO,-7H,0. Total elemental titanium, black
carbon (BC, for MWCNT treatments) and elemental
cerium concentrations were determined in the sub-
strate as described in the accompanying study [28].
Average total elemental titanium concentration of the
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Fig. 3 Experimental setup. Sketch of the experimental setup of the pots and picture of a part of the pots in the greenhouse 12 weeks after the start
of the experiment. All of the pots were randomly arranged in the greenhouse

highest tested concentrations was determined at the
end of the experiment using X-ray fluorescence (XRF)
and was 1332 £ 100 for the control treatment without
titanium, 2059 4 105 for 1000 mg kg~ (nominal) P25
and 2007 + 79 mg kg! for the NNM-TiO, treated soils,
respectively [28]. For MWCNT the background of BC in
control soils was on average 0.50 & 0.06 mg g~' and BC
concentration in MWCNT 3000 mg kg treated soil was
2400 + 100 mg kg ' as quantified by chemothermal oxi-
dation [28]. Average elemental cerium concentration in
the 830 mg kg~! CeO, treatment was 416 + 19 mg kg
determined with XRF at the end of the experiment.

Cultivation of red clover in NP spiked substrate

Red clover (Trifolium pratense var. Merula) was ger-
minated on filter paper for 5 days. Thereafter, seven
seedlings of equal size were transferred to the pots with
substrate spiked with NPs or control soils in a greenhouse
(16 h 25 °C 300 W m?, and 8 h 16 °C in the dark). In addi-
tion seven pots with ryegrass (Lolium perenne var. Arolus)
were prepared in the same way. These plants were grown
because a non-nitrogen-fixing plant was needed to esti-
mate biological fixed nitrogen in red clover (see below).
The experiment was started in two blocks (n = 4 and 3,
respectively), time-shifted with 1 week difference. All pots
were regularly watered to keep the water holding capacity
between 60 and 70 % (controlled by weighing and adding
every time the same amount of water to all of the pots).
Clover was fertilized after 6 and 9 weeks with 10 ml of -
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KH,PO, (5 mM), MgSO,-7H,O (1 mM), KCI (50 uM),
H,BO; (25 pM), MnSO,-H,O (1.3 uM), ZnSO,-7H,0
2 pM), CuSO,-5H,0 (0.5 pM), (NH,)6Mo,O,,-4H,0
(0.5 uM), and Fe(III) EDTA (20 pM). This is comparable to
a phosphorus addition of 1.7 kg P ha™*.

After 14 weeks NP exposure of red clover, the num-
ber of flowers (flower heads) was determined and the
plant shoots were harvested. Soil cores were taken to
assess NP concentration as described in Gogos et al. [28].
Roots were separated from the soil and washed. Then
the roots were cut in 1 cm pieces, mixed in water and
a randomized root subsample of approximately 2 g was
taken for determining the AMF colonization. Roots were
padded with a paper towel and weighed. The subsample
was weighed separately and then stored at 4 °C in 50 %
ethanol in Falcon tubes until the colonization was deter-
mined. The remaining roots as well as the red clover and
ryegrass shoots were dried at 70 °C until they reached
constant dry weight and dry weight of roots, shoots and
total biomass (root + shoot weight) were determined.
The dry weight of the AMF colonization root sample was
calculated using the dry/wet weight ratio of the root sam-
ple. This AMF sample dry weight was added to the total
root dry weight. Shoots of red clover and ryegrass were
ground with a centrifugation mill (0.2 mm sieve, Retsch
ZM200, Germany) and 2 mg samples were sent for >N
analysis by isotope ratio mass spectrometry at the sta-
ble isotope facility at Saskatchewan University (Canada).
Root colonization of AMF was analyzed by microscopy
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following the protocols of Vierheilig et al. [31] for stain-
ing the roots and McGonigle et al. [30] for counting the
AMEF structures. In short, roots were rinsed with deion-
ized water, and transferred to 10 ml 10 % KOH for 20 min
at 80 °C. Roots were rinsed again with water and stained
in 5 % (v/v) ink (Parker Quink, black) in vinegar for
15 min at 80 °C. After rinsing the stained roots, they were
transferred to 50 % glycerol for storage until root coloni-
zation was assessed. For microscopy, the root pieces were
aligned in parallel onto a glass slide, covered with 50 %
glycerol, and the roots were covered with a cover slip
[30]. AMEF structures in plant roots, i.e., hyphae, arbus-
cules, and vesicles, were counted for 100 intersections as
described by McGonigle et al. [30]. Phosphorus content
of shoots was assessed by ICP-OES using a hydrochloric
acid digestion of the ashed residues [40].

Nitrogen fixation [%] was calculated using Eq. 1 where
B is the value of §'°N of shoots of plants, that are fully
dependent upon nitrogen fixation [33]. For our experi-
ment, a B value of 0 was assumed which reflects §'°N of
plants that are totally dependent on nitrogen fixation. The
reference plant 8'°N was derived from the ryegrass shoots.

515N of reference plant — §'°N of N, fixing plant
815N of reference plant — B

% Nitrogen fixation =

100
1

x @))
Statistics

All statistical analyses were performed with R [41]. A
generalized linear model with Gaussian distribution was
applied to determine differences of each treatment to the
control. Thereby the two blocks of the different starting
dates of the pot experiment were included as error term.
The model was analyzed for homogeneity (Bartlett test)
and normality (Shapiro test). Additionally a Dunnett
test was performed (R library SimComp) using adjusted
p-values for multiple testing [42] when normality and
homogeneity were fulfilled. For non-normal residuals or
inhomogeneous data, a Mann—Whitney test was used
and p-values were adjusted for multiple testing according
to Benjamini and Hochberg [43]. Pearson’s correlations
were calculated with the R command cor.test.

Additional file

Additional file 1. Supplementary information on arbuscular mycor-
rhizal fungal root colonization, multi walled carbon nanotubes (MWCNT)
characterization, and soil properties.
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dioxide.
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Abstract

Background: Agricultural soils represent a potential sink for increasing amounts of different nanomaterials that
nowadays inevitably enter the environment. Knowledge on the relation between their actual exposure concentra-
tions and biological effects on crops and symbiotic organisms is therefore of high importance. In this part of a joint
companion study, we describe the vertical translocation as well as plant uptake of three different titanium dioxide
(nano-)particles (TiO, NPs) and multi-walled carbon nanotubes (MWCNTs) within a pot experiment with homog-
enously spiked natural agricultural soil and two plant species (red clover and wheat).

Results: TiO, NPs exhibited limited mobility from soil to leachates and did not induce significant titanium uptake
into both plant species, although average concentrations were doubled from 4 to 8 mg/kg Ti at the highest expo-
sures. While the mobility of MWCNTSs in soil was limited as well, microwave-induced heating suggested MWCNT-plant

uptake independent of the exposure concentration.

Conclusions: Quantification of actual exposure concentrations with a series of analytical methods confirmed
nominal ones in soil mesocosms with red clover and wheat and pointed to low mobility and limited plant uptake of

titanium dioxide nanoparticles and carbon nanotubes.

Keywords: Nanomaterials, Black carbon, Soil leachate, Multi-angle light scattering, Microwave induced heating,

Wheat, Red clover

Background

It is scientifically ascertained that, due to their increased
production and use, nanomaterials (NMs) will inevitably
enter the environment [1], including soils. The currently
most produced NMs are titanium dioxide nanoparticles
(TiO, NPs) [2]. They are used in diverse applications such
as paints, UV-protection, photovoltaics and photocataly-
sis [3], but also as a food additive [4]. Carbon nanotubes
(CNTs) are closing the gap in the last years, with 10-fold
increased production volumes since 2006 [5]. Due to
their extraordinary mechanical and electrical properties,
CNTs are mostly used as building blocks in light-weight
composite materials as well as electronics.
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These particles can enter soils via different pathways [1,
6]. Application of biosolids to landfills and irrigation with
surface waters is most likely for TiO, NPs, while CNTs
may enter soils via landfills and atmospheric deposition
[7]. These types of release are unintentional, however,
also applications in plant protection and fertilization
have been foreseen [8, 9], which may lead to severely
increased fluxes of these NP into soils. Apart from the
positive effects and functions that are envisioned for agri-
cultural applications of TiO, NPs and CNTs [8, 9], such
as protection of active ingredients and increased plant
growth, respectively, also negative effects on microorgan-
isms and plants have been reported [10-12].

The enduring uncertainty regarding the environmen-
tal safety of NMs highlights the need for a thorough risk
assessment of these materials, which includes the study
of their effects on organisms and the ecosystem as well as
their fate. However, the analysis of NMs such as TiO, and
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CNTs in complex systems such as real soils is challeng-
ing in many ways. For both, elemental analysis alone is
not sufficient to trace the particles due to high elemental
background concentrations of Ti and carbon.

Therefore, most studies until now used simplified labo-
ratory systems as well as specifically labeled particles for
eased detection to investigate both NM transport through
porous media as well as plant uptake, often without con-
firmation of actual exposure concentrations. For exam-
ple, TiO, NP transport was investigated in sand columns
under well controlled conditions [13, 14]. Fang et al. [15]
studied TiO, NP transport through soil columns at very
high concentrations (40 g/kg). However, vertical translo-
cation of both TiO, NPs and CNTs has neither been inves-
tigated yet in large pot experiments or field studies, nor in
the presence of plants. Plant uptake was shown for TiO,
NP in hydroponic exposure systems at high concentra-
tions [16, 17]. In contrast, in a more realistic exposure set-
ting using natural soil amended with TiO, NPs, Du et al.
[12] found no uptake of Ti into wheat. Also, CN'Ts were
shown to be taken up into plants [18-20] from hydro-
ponic systems. However, until now, no data is available for
CNT uptake from natural soils, in which CNT transport
and subsequent availability to plants could be different
due to their high interactions with the soil matrix [21-23].

Here, we investigated the vertical distribution and
leaching behavior of three different TiO, (nano-)particles
[P25, E171 and a non-nanomaterial TiO, (NNM TiO,)]
and the vertical distribution of a multi-walled CNT
(MWCNT) within two elaborate pot exposure stud-
ies with red clover (Trifolium pratense) [24] and spring
wheat (Triticum spp.) [25] in natural soil, and quanti-
fied their fractions in aboveground parts of the plants.
We used recently developed methods such as microwave
induced heating (MIH) [26] and asymmetric flow field-
flow fractionation coupled to multi-angle light scatter-
ing (aF4-MALS) [27] to detect and quantify unlabeled
MWCNTs in plant and soil samples, respectively. We
additionally imaged root cross sections of exposed plants
using (scanning) transmission electron microscopy. All
data from this study were gathered to accompany two
corresponding effect studies with actual, rather than
nominal exposure concentrations. These studies exam-
ined the functionality of an agricultural ecosystem in
presence of the NMs with regard to nitrogen fixation by
the red clover-rhizobium symbiosis, as well as root colo-
nization by arbuscular mycorrhizal fungi of both red clo-
ver [24] and wheat [25].

Methods

Chemicals and nanoparticles

Food grade E171 TiO, particles were obtained from
Sachtleben Chemie GmbH (Duisburg, Germany). All
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other chemicals and TiO, nanoparticles were purchased
from Sigma-Aldrich (Buchs, Switzerland). Uncoated
titanium containing NPs were selected to represent dif-
ferent primary particle size ranges; average primary par-
ticle sizes were determined by TEM image analysis and
were 29 & 9 (P25, n = 92), 92 + 31 (E171, n = 52) and
145 £ 46 nm (NNM TiO,, n = 49), see also Additional
file 1: Figure S1. Anatase was the dominating crystal
structure in all of the used particles. However, P25 also
contains 20 % rutile, according to the manufacturer.

Multi-walled carbon nanotubes were purchased from
Cheap Tubes Inc. (Brattleboro, VT). They were declared
to have a length of 10-30 um, and outer diameter of
20-30 nm, a purity of >95 % and an elemental carbon
content of >98 %. The MWCNTs were used as received
without further purification. Further characterization
of the MWCNTs used was carried out and described in
[27, 28]. All parameters were confirmed to be within the
specified ranges with the exception of CNT length. The
latter could only be determined in suspension, where it
may have been altered due to sonication necessary for
dispersing the particles.

Soil

A natural soil was collected from an agricultural field
at the facility of Agroscope, Zurich (N47° 25’ 39.564”
E8° 31’ 20.04”). The soil was classified as brown earth
with a sandy loamy to loamy fine fraction. The top layer
(5 cm) of the soil was removed and approximately 0.9 m?
of the underlying 15 cm topsoil were sampled. The soil
was then sieved <5 mm, homogenized by shoveling it
three times from one soil pile to another, and stored in a
dry place until it was used in both red clover and wheat
experiments.

Spiking of the soil with NPs

Particle concentrations were selected to represent poten-
tial agricultural exposure scenarios as well as analytically
accessible and potentially toxicologically effective con-
centrations. In a potential agricultural exposure scenario,
fluxes from pesticide or fertilizer formulations may range
from several micrograms to grams of NMs per kilogram
of soil, depending on the formulation [8]. Thus, low doses
(1, 10 mg/kg) were included as well as high doses.

For the spiking process, the soil was firstly blended
with quartz sand (50 % v/v) to facilitate the recovery of
below-ground plant organs after harvest. The properties
of the soil-sand mixture are listed in Table 1. First, 300 g
of the sand-soil mixture were each mixed with (i) 0.03 g
(wheat experiment only), 0.3 g (red clover experiment
only), 3 and 30 g of TiO, NPs (both experiments), and
(ii) 90 mg and 88 g MWCNT powder (clover experiment
only), each in a 500 mL glass bottle which was rotated in
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Table 1 Properties of the soil-quartz mixture (50:50 v/v)
administered to the pots

Value StDev
Org.C % 0.55 0.03
CEC mmol+/kg 6
CaCO; % 26
pH 7.7
Max. WHC g H,0/g dry soil 0.308
Sand % 86.1 0
Silt % 6.3 0
Clay % 6.7 0.5

a powder mixer (Turbula® T 2 F, Willy A. Bachofen AG,
Basel, Switzerland) for 30 min. For P25 and MWCNTs,
the highest particle amounts resulted in a volume too big
for the glass bottles. Therefore, these were split in two
and four aliquots, respectively, and each aliquot mixed
with 300 g sand-soil mixture.

Into a cement mixer, 30 kg (including the pre-mixture)
of a fresh sand-soil mixture (50 % v/v) were added, to yield
final nominal NP concentrations of 1, 10, 100 or 1000 mg/
kg, respectively, for TiO, NPs, and 3 or 2933 mg/kg for
MWCNTs. The mixing chamber was covered with a plastic
sheet to avoid dust formation and run for 6 h. The soil was
not dried before mixing to avoid changes to the microbial
community structure, also investigated in Moll et al. [25].
Actual exposure concentrations were verified by X-ray fluo-
rescence spectroscopy (XRE, for TiO,) and chemo-thermal
oxidation at 375 °C [28] [CTO-375, for MWCNTs/Black
Carbon (BC)] analysis as described below.

General experimental design

A detailed description of the general setup, design and
execution of the underlying exposure experiments is given
in [24, 25]. In brief, for each plant type seven pot replicates
were generated for each NP treatment, consisting of seven
plants per pot for red clover and three for wheat. Non-
plant controls were not performed because these two stud-
ies were primarily designed to observe possible biological
effects of the NP treatments. Each pot was filled with a
drainage layer of sand (0.5 L, 520 g) and 3.3 kg soil (corre-
sponding to 2.9 L). Each pot was kept at 50-60 % (wheat)
and 60—70 % (red clover) of the total water holding capac-
ity (WHC, Table 1) during the entire experiment. Plants
were grown over a period of 14 weeks (red clover) and
12 weeks (wheat) in a greenhouse with a 16 h light period
(light intensity of 300 W m™2) and a 25/16 °C light/dark
temperature regime. Wheat plants were fertilized weekly
starting after week 3. Red clover plants were fertilized after
6 and 9 weeks, respectively. The composition of the nutri-
ent solutions is given in the Additional file 1.
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Sampling of soil cores

Soil cores were sampled at the day of harvest from each
pot using a conventional soil driller with a 2 cm diameter.
Two cores were taken per pot and each divided into three
depths (0-5, 5-10 and 10-15 cm). For each depth, both
subsamples were joined into one and stored in plastic
bags at 4 °C until further processing.

Titanium analysis in soils with XRF

The soil samples from the cores were dried at 60 °C until
a constant weight resulted, and ground to a fine pow-
der using a Retsch ZM400 Ball Mill (Retsch GmbH,
Haan, Germany) with a tungsten carbide bead at a fre-
quency of 25/s for 5 min. Four grams of ground soil were
homogenously mixed with 0.9 g of wax and pressed to
a 32 mm tablet at 15 tons. Tablets were analyzed using
an energy-dispersive XRF spectrometer (XEPOS, SPEC-
TRO Analytical Instruments GmbH, Kleve, Germany).
For correction of matrix effects, standard additions of the
respective material to the soil were performed. For qual-
ity assurance we also analyzed a certified lake sediment
reference sample (LKSD1, CANMET Mining and Min-
eral Sciences Laboratories, Ontario, Canada) with recov-
eries for Ti of >95 %.

Titanium analysis in leachates with ICP-OES

A week before harvest, each pot was watered with
520 mL tap water, leading to approx. 110 % WHC. Conse-
quently, 45 mL of leachate were collected through a valve
at the bottom of the pots. The leachate was analyzed on
the same day without any further treatment using induc-
tively-coupled plasma optical emission spectrometry
(ICP-OES) (ARCOS, SPECTRO Analytical Instruments
GmbH). For quality control, an external Ti containing
standard solution (ICAL, Bernd Kraft GmbH, Duisburg,
Germany) was analyzed. The instrumental limit of quan-
tification for Ti was determined at 22 pg/L.

MWCNT analysis of soil with CTO-375

The CTO-375 procedure used in this study is described
in detail in Sobek and Bucheli [28] as well as specifically
for this work in the Additional file 1. This method quanti-
fies total soil BC, which also encompasses MWCNT-car-
bon. We analyzed the soil samples taken from the cores,
as well as the bulk spiked soil before the experiment. For
the latter, six random grab samples of approx. 10 g were
taken from the spiked pile.

MWCNT analysis of soil with aF4-MALS

The method for MWCNT detection using aF4-MALS is
described in detail by Gogos et al. [27]. Briefly, 120 mg of
dry and ground soil from the cores were extracted with
10 mL of a 2 % sodium deoxycholate/0.05 % sodium azide
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solution, sonicated three times for 10 min using a high
power sonication bath (720 W, Bandelin, Switzerland)
and centrifuged at 17,500 g for 10 min. The supernatant
was then used as a working suspension. This procedure
was performed for each replicate of each soil depth.
Afterwards, the replicates of each depth were joined to
form a collective sample and analyzed using aF4-MALS,
which generates a shape factor p from the radius of gyra-
tion and the hydrodynamic radius for each time point in
the aF4 fractogram. The difference in p (Ap) compared
to native soil is then used to detect the MWCNTs [27].
The method detection limit (MDL) of the present study is
presented and further discussed in the “Results and dis-
cussion” section.

Titanium analysis of plants with ICP-OES

Due to their high importance for agricultural scenarios,
from both plants, the parts used as food or feed were
analyzed, i.e. the whole aboveground red clover, and the
wheat grains. Dried plant samples were ground to a fine
powder using a Retsch ZM200 centrifugal mill (Retsch
GmbH). Subsamples (100 mg) were digested in a mix-
ture of 0.2 mL hydrofluoric acid, 1.5 mL nitric acid and
0.2 mL hydrogen peroxide using a microwave (Ultraclave,
MLS, Germany). The sample volume was subsequently
adjusted to 50 mL. Digested samples were analyzed using
ICP-OES (CIROS, SPECTRO Analytical Instruments
GmbH). For quality assurance we also analyzed an indus-
trial sludge reference sample (standard reference material
SRM 2782, NIST, Gaithersburg, US) with recoveries for
Ti of >85 %.

MWCNT analysis of plants with MIH

Dry plant material was ground to a fine powder as
described before. The amount of MWCNT uptake was
then quantified by MIH, which is described in detail by
Irin et al. [26]. MWCN'Ts have a high microwave absorp-
tion capacity, which results in a rapid rise in temperature
within a very short microwave exposure time. Original
method development included the generation of a cali-
bration curve using the thermal response as a function of
known CNTs spiked into Alfalfa (Medicago sativa) root
samples.

Utilizing the data from Irin et al. [26], a new calibra-
tion curve was generated, where the slope of the curve
depends on the respective nanomaterial and the intercept
on the sample type. To this end, first, the initial slope was
corrected using a factor based on the ratio of the source
nanomaterials (MWCNTs of this study) microwave sen-
sitivity and the one of the Irin et al. study. The sensitivity
was determined by exposing ~1 mg of MWCNT powder
to 30 W microwave power (2.45 GHz frequency) and
recording the final temperature rise immediately (within
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1 s) with a temperature rise (AT) of 346 °C. Second,
the intercept was corrected based on the control plant
microwave response. Additional file 1: Figure S2 shows
the renormalized calibration curve for MWCNTs at
50 W (6 s). The plant samples from the controls and the
two MWCNT treatments were then tested at 50 W over
6 s and the quantity of MWCNT uptake were calculated
using this new calibration curve. The limit of detection
(LOD) as well as the limit of quantification (LOQ) where
calculated based on the temperature rise from five meas-
urements of control plant samples (blank signal) accord-
ing to Keith et al. [29] (3 and 10 o above the blank signal,
respectively).

Transmission electron microscopy of root cross sections

Fresh root samples were washed with tap water and pre-
fixed in 2.5 % glutaraldehyde in phosphate buffered saline
directly on the day of harvest and stored at 4 °C until pro-
cessing. Ultrathin cross Sects. (70 nm thickness) were
obtained by cutting root samples embedded in epoxy-
resin using an ultramicrotome (Ultracut E, Leica, Wet-
zlar, Germany). The detailed sample preparation steps
are provided in the Additional file 1. Ultrathin sections
were imaged using a TEM (Tecnai G2 Spirit, FEI, Hills-
boro, USA), coupled to an energy-dispersive X-ray (EDX)
spectroscope (X-Max, 80 mm? Oxford Instruments,
Abingdon, UK) as well as a STEM (HD-2700-Cs, Hitachi,
Japan) coupled to an EDX system as well (EDAX, NJ).

Statistics

In the case of normal distributed residuals and homoge-
nous data, an analysis of variance (ANOVA) was applied.
If these model assumptions were not fulfilled, a Mann—
Whitney test was conducted. All statistical analyses were
done with the software R (version 3.01, the R Foundation
for Statistical Computing) integrated in RStudio (version
0.97.551, RStudio, Boston, MA).

Results and discussion

Vertical soil distribution and leaching of Ti

Only the highest exposure concentration (1000 mg/kg)
was analytically accessible using XRF, i.e., standard devia-
tions among the replicates were in the order of the added
Ti amount in samples spiked with <1000 mg/kg TiO,.
Actual dry weight exposure concentrations of Ti were
almost always slightly higher at the time of harvest than
the initial nominal ones predicted from native and added
Ti amounts, probably due to the residual water content
in soils at the time of spiking (Fig. 1b, ¢, e, f). However,
the differences were minimal (2.5-7.6 %) and overall not
statistically significant (except for Fig. 1c, P25 1000 mg/
kg, 5-10 cm), indicating that the employed spiking pro-
cedure was rather reliable. The control soils in the wheat
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experiment were systematically—though not signifi-
cantly—lower in Ti content and showed higher standard
deviations compared to the controls in the red clover
experiment. This unexpected result may be explained by
the fact that the two experiments were conducted inde-
pendently using different subsets of the native soil and
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also highlights the necessity to verify actual exposure
concentrations.

No statistically significant difference could be found
between the different soil layers in any of the treat-
ments (Fig. 1). Still, some trends could be observed; the
distribution profiles of Ti in the control and in the P25

Fig. 1 Vertical distributions of elemental Ti as determined by XRF analysis for three depths and for two different exposure experiments: a—c Red
clover controls and red clover exposed to 1000 mg/kg of NNM TiO, and P25 and d—f Wheat controls and wheat exposed to 1000 mg/kg of E171
and P25. Error bars show the standard deviation of seven replicates. Red squares show the predicted concentrations based on the control values and

the nominal amount of Ti that was added as TiO, NPs
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(80 % anatase, 20 % rutile) treatments were similar, with
a tendency to slightly higher concentrations in the mid-
dle layer in both red clover and wheat pots. In contrast,
the distribution profiles of the two pure anatase particles
(NNM and E171) both tended towards elevated concen-
trations in the lowest part.

In addition, Ti concentrations in leachates of these two
treatments were significantly elevated compared to the
controls (Fig. 2, p < 0.05), thus it can be assumed that the
elevated Ti originated from eluting TiO, NPs. However,
the leached Ti amount—even in the treatments showing
significantly higher concentrations—was very low and
constituted not more than 10™* % of the initial spiked Ti
amount. In a dedicated transport study by Fang et al. [15],
a soil with comparable properties (sandy loam, denoted
as “JS soil”) showed a medium to high permeability for
TiO, NPs, attributed to the soil’s high sand content. A
breakthrough of Ti in this soil started to occur after 1
pore volume. In our case, 520 mL of water was added to
the pots (equivalent to 30 mm of precipitation) to collect
the leachate, which correspond to 0.4 pore volumes only
(1.24 L pore volume at full WHC). Thus, the added water
amount was too low to initiate quantitative elution and
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would therefore explain the relatively low Ti concentra-
tion in the leachate after collection.

The observed difference in mobility (both in terms of Ti
profiles and leachate content) may partly be explained by
differences in the isoelectric point (IEP) of the TiO, par-
ticles: while the more mobile NNM TiO, and E171 exhib-
ited a very low IEP of 2.2 (see Additional file 1: Figure S3),
the one of P25 was 5.1, being much closer to the soil pH
(7.7, see Table 1) and indicating a lesser colloidal stabil-
ity [30]. TiO, NPs with low IEPs may thus have a higher
tendency to reach the groundwater and should thus be
avoided in applications where this might be of relevance,
e.g., when used as a component of a plant protection
product [8, 9].

Vertical soil distribution of BC/MWCNTSs

Figure 3 shows the BC distribution as well as the shape
factor difference (Ap) for the different soil depths of
the 2933 mg/kg MWCNT amended red clover pots. As
with Ti, only the highest MWCNT concentration was
analytically accessible. The total background BC in the
control soil was 0.50 + 0.06 mg/g (n = 4). The specific
recovery of the employed MWCNT in the soil over the

mum and minimum values, circles indicate outliers

Fig. 2 Boxplots (solid line = median) showing the Ti content of the leachates in the clover (a, each treatment n = 7) and wheat (b, each treatment
n = 6) experiment. The LOQ is indicated with a solid red line. Significant difference (p < 0.05) of a treatment compared to the respective controls is
indicated with an asterisk. The lower and upper borders of the boxes represent the 25th and 75th percentile, respectively. Whiskers represent maxi-
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Fig. 3 Vertical distribution of BC content in the red clover pots,
determined by CTO-375 (black circles), and of Ap values, indicative
of the presence of MWCNT, determined by aF4-MALS (red triangles).
The dashed black line shows the native BC content of the soil, while
the dashed red line shows the MWCNT-free soil baseline in aF4-MALS
(Ap = 0). Error bars show the standard deviation of five replicates.
Ap values were determined once from pooled extracts of the five
replicates

CTO-375 method was 85 + 13 % (n = 18, determined
by standard addition). Therefore, the expected total BC
concentration in the 2933 mg/kg MWCNT amended
pots after CTO-375 can be calculated as follows:
(2933 x 0.85) 4+ 500 = 2993 mg/kg. However, the average
BC content in the spiked soil before filling into the pots
was lower than expected, with 2400 4+ 100 mg/kg (n = 6),
corresponding to 80 % of the expected BC concentration.
Eventually, losses during the large scale mixing proce-
dure could have contributed to these lower values. The
variability of 4 % however suggests that the employed
spiking procedure still resulted in a rather homogenous
MWCNT distribution before the experiment. After the
experiment, the average BC content quantified over all
soil depths was 2330 £+ 280 mg/kg, corresponding to
78 £ 12 % (n = 15) of the total expected BC concentra-
tion, with no significant difference between the layers.
The average value was comparable to the BC content
quantified before the experiment. However, precision,
expressed by relative standard deviations, increased from
4 % (original spiked soil) to 12 % (aged soil). This increase
in variability of the BC content may be associated with
partial transport and/or aging (i.e. physiochemical

35

Page 7 of 11

modification of the particles, influencing their survival in
CTO-375) of MWCNTs during the experiment.

To orthogonally observe the MWCNT behavior
between the different layers with a second method, we
also measured the cores with aF4-MALS [27]. With the
soil of the present study, the MDL was at a Ap of 0.099,
corresponding to a CTO-determined MWCNT con-
tent of approx. 2 mg/g (Fig. 3), which is slightly lower
than with the soil used in Gogos et al. (4 mg/g) [27]. The
soil layers showed Ap values of 0.078, 0.141 and 0.094
in descending order (Fig. 3). Thus, only the value of the
middle layer was above the MDL. In combination with
the results from CTO-375 and the increase in variabil-
ity compared to the initial spike, this suggests a limited
transport of the MWCNTs in the experiment. Such a
low mobility would be in accordance to a dedicated soil
transport study by Kasel et al. [22]. Using 14-C labeled
functionalized MWCNTs, they found no detectable
breakthrough in a comparable soil (loamy sand, denoted
as “KAL” soil) even at water contents close to saturation
(96 %).

Plant uptake of Ti

With 4.1 mg/kg, the determined Ti concentration in
the red clover control plant material (Fig. 4a) was in the
range of literature values for a plant species of the same
family (M. sativa, a legume which also forms a symbio-
sis with rhizobia) and total soil Ti [31]. After treatment
with TiO, (nano-)particles, the average shoot Ti content
of the red clover plants increased to 8 mg/kg at the high-
est exposure concentration of both NNM TiO, and P25
(Fig. 4a). For NNM TiO,, the average Ti content was ris-
ing with the exposure concentration, whereas for P25 no
such trend could be observed. However, variability within
the treatments was relatively high, and no statistical dif-
ference between the different treatments was observed.
Therefore, the Ti-content in the red clover plants was not
dependent on a NNM or NM exposure.

To elucidate whether the nevertheless elevated Ti
contents within the red clover shoots was related to the
uptake of actual TiO, (nano-)particles, we investigated
cross sections of these roots with TEM and EDX elemen-
tal analysis. In red clover roots treated with NNM TiO,,
Ti containing particles with a similar morphology to the
employed particles (Additional file 1: Figure S1A) were
observed at the root surface (Fig. 5a, A1) but never inside
the root cells. Some of these particles also contained Si
(Fig. 5 A1, Particle 2) pointing to a possible natural ori-
gin of the particles. However, the absence of NNM TiO,
particles within the investigated thin sections does not
necessarily disprove particle uptake, as it is not possible
to representatively sample a whole plant root in this way.
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Fig. 4 Total Ti concentration in red clover shoots (a) and wheat
grains (b) for the different soil exposures. Error bars indicate one
standard deviation (n = 4). Different letters above the bars indicate

significant statistical difference (p < 0.05)

In red clover roots treated with P25, only very few Ti
containing nano-sized particles were found inside plant
cells. The particle B1 in Fig. 5 shows a clear Ti EDX peak
and is morphologically similar to the employed P25 par-
ticles (Additional file 1: elongated hexagon/Figure S1C).
In addition, the oxygen peak in particle B1 is more dis-
tinct than in the other particles/objects, suggesting that
the particle may consist of titanium-oxide/dioxide.

With an average of 3.3 mg/kg, the Ti content in the
control wheat grains was slightly lower compared to
red clover. In this case however, after treatment with
TiO, NPs, the average Ti content in the grains remained
approx. constant (Fig. 4b). Thus, both for red clover
shoots and wheat grains, no significant difference in Ti
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uptake between the different treatments and the controls
could be found.

While no data is available for red clover plants, Larue
et al. [32] and Servin et al. [16] demonstrated that nano-
TiO, can be taken up into wheat and cucumber, respec-
tively, under extreme conditions (direct hydroponic
exposure, high concentrations). Larue et al. [32] reported
contents of up to 109 mg/kg Ti inside wheat roots,
whereas Ti content in wheat leaves was below their LOD.
To date, quantitative uptake data for aboveground plant
material grown in natural TiO, NP spiked soil however
is available only from one study performed with wheat
plants [12]. Therein, the Ti content of wheat grains was
in the same range as in our study, with no significant
uptake, confirming our observations. However, only one
exposure concentration was employed (approx. 100 mg/
kg TiO, NPs), so no comparison can be made with regard
to concentration dependent trends.

Altogether, our results suggest that Ti (-NP) uptake to
red clover plants from real soils is insignificant. The bio-
logical data [24, 25] may represent another indirect piece
of evidence, as for all endpoints (root and shoot biomass,
number of flowers, nitrogen fixation and arbuscular myc-
orrhizal colonization), no significant effect of the treat-
ments were observed for both plants.

Plant uptake of MWCNTSs

Figure 6 shows the temperature rise (AT, °C) of dry red
clover shoot material from the two MWCNT treatments.
The LOD of the MIH method [26] was calculated to be at
AT = 76 °C (corresponding to a 16 ug/g MWCNT con-
tent) and the LOQ at AT = 117 °C (corresponding to a
55 ug/g MWCNT content).

A large fraction of the values was located in the region
between LOD and LOQ, and can thus be considered as
MWCNT detections (60 % of the values in case of the
3 mg/kg treatment and 43 % in case of the 2933 mg/
kg treatment). The values above the LOQ represent
MWCNT contents of 68 (3 mg/kg treatment, n = 1) and
99 pg/g (2933 mg/kg treatment, n = 1).

Taking into account the average dry weight of the
red clover plants (14.3 g for the 3 mg/kg treatment and
15.3 g for the 2933 mg/kg treatment, see also Moll et al.
[24]), the two cases with values above the LOD would
correspond to a total amount of MWCNTs of 0.97 and
1.5 mg taken up into the plants per pot in the two treat-
ments, respectively. This means that 9.8 % of the initial
MWCNT amount in the soil would have been translo-
cated to the shoots in the 3 mg/kg treatment. Conversely,
in the 2933 mg/kg treatment, only 0.015 % of the initial
amount would have been translocated. It is interest-
ing to note that the MWCNT uptake was independent
from the applied MWCNT concentration. In addition,
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Fig. 5 Electron microscopy micrographs of a an ultrathin-section of a root treated with 1000 mg/kg NNM TiO, (imaged with TEM) together with
a magnification (A1, outside of the root) and corresponding EDX spectra of selected spots (Spectrum 1 and 2) and b an ultrathin-section of a root
treated with 1000 mg/kg P25 TiO, (imaged with STEM) together with a magnification (B1, inside of the root) and corresponding EDX spectrum of
the selected particle. € Represents a particle at a location different from b, but also inside a cell. EDX spectra were collected from the center of the
particles. The copper (Cu) peak that is present in all spectra originates from the grid material

we observed that within the MWCNT treatments, a sig-
nificant reduction of flowering occurred (see Moll et al.
[24]), which was not concentration dependent as well.

Uptake of CNTs into a plant cell is likely to be lim-
ited to the fraction dispersed in water. MWCNTs how-
ever are highly hydrophobic and prone to homo- as well
as hetero-agglomeration with soil constituents. This in
turn may result in a very small fraction of MWCNTs that
remains well dispersed in the soil pore water. In addition,
the plant surface may act as a filter that becomes clogged
over time. However, further experiments are needed to
explain this intriguing result.
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We tried to orthogonally confirm the observed
MWCNT uptake by using TEM imaging on cross sec-
tions of the plant roots. Khodakovskaya et al. [18] and
Tripathi et al. [19] provided such optical evidence for
CNT uptake from hydroponic solutions. However,
in our case, the sole use of TEM was not conclusive.
Additional file 1: Figure S4A shows a MWCNT-like
particle that was observed within a plant root cell of
the MWCNT treatment. This particle showed struc-
tural and dimensional similarity to the native MWC-
NTs administered to the pots (Additional file 1: Figure
S4B). Still, this observation remained the only one
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Fig. 6 Boxplots (mean = dashed, median = solid) of the tempera-
ture increase at 50 W, 6 s for the red clover plant samples of the two
MWCNT treatments (3 and 2933 mg/kg). The LOD (at AT = 76 °C,
corresponding to 16 pg/qg) is indicated with the red dashed line and
the LOQ (at AT = 117 °C, corresponding to 55 pg/qg) is indicated with
the solid red line. Both LOD and LOQ have been determined 3 and
10 o above the blank signal (control plants), respectively. All seven
replicates of the treatments have been measured at least twice. The
total number of measurements is indicated above the respective
boxplot. The lower and upper borders of the boxes represent the 25th
and 75th percentile, respectively. Whiskers represent maximum and
minimum values

within a number of cross sections that were manually
inspected.

We then made additional attempts to screen the sam-
ples for the presence of MWCNTs with confocal Raman
spectroscopy (Additional file 1: Figure S5). However, this
approach requires that the sample is free (or almost free)
of carbon allotropes (native carbon or contaminations),
such as soot and amorphous carbon. In principle, Raman
spectroscopy has enough sensitivity to detect single
MWCNTs, but we observed that the spectra of MWC-
NTs and other carbon allotropes as well as cell wall mate-
rial (i.e. lignin [33], which is present in clover roots [34])
had a large overlap which made the screening difficult.

While the exact amount of MWCNTs taken up could
not be fully quantified and optical confirmation is still
not entirely affirmed, based on the specificity of the MIH
method, it is still suggested that MWCNTs were taken up
and translocated to the aboveground part of the plant in
some cases. Studies that reported plant uptake or cellular
localization of CNTs until now were performed in hydro-
ponic cultures, where the particles were freely available
for interactions with the root [18, 19, 35, 36]. Uptake
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from soil would thus constitute a novelty; however, due
to the lack of an orthogonal confirmation of the observed
uptake, this result should be interpreted with care.

Conclusions

In this part of a combined effect and exposure study we
placed emphasis on a rigorous confirmation of actual
NP exposure concentrations. To achieve this goal we
applied an array of analytical techniques to the soil and
plant samples, of which some are novel and used for the
first time in this kind of effect studies. In particular, this
includes the combination of CTO-375 and aF4-MALS
that showed that MWCNTs exhibited a rather limited
mobility in the soil, as well as MIH that showed a con-
centration independent uptake of MWCNTs into some
plants. In addition, the battery of analytical techniques
confirmed the relatively constant exposure situation in
both TiO, NP and MWCNT treatments over several
months, with only subtle changes in concentrations,
which could however be explained qualitatively with
underlying NP/soil properties, distribution processes and
experimental conditions.

Additional file

Additional file 1. Figure S1. Bright field TEM micrographs and size
information of TiO, particles. Figure S2. MIH calibration curve. Figure
$3. Dependence of the (-potential [mV] of TiO, particles on pH. Figure
S4. Transmission electron microscopy micrographs of a potential CNT
structure. Figure S5. Raman spectra of the employed MWCNT powder
and plant samples. Text. Composition of fertilizers, MWCNT analysis of soil
with CTO-375. Detailed sample preparation steps of root cross sections for
analysis using transmission electron microscopy.
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Critical review of the safety assessment
of nano-structured silica additives in food
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Abstract

The development of nano-materials is viewed as one of the most important technological advances of the 21st
century and new applications of nano-sized particles in the production, processing, packaging or storage of food are
expected to emerge soon. This trend of growing commercialization of engineered nano-particles as part of modern
diet will substantially increase oral exposure. Contrary to the proven benefits of nano-materials, however, possible
adverse health effects have generally received less attention. This problem is very well illustrated by nano-structured
synthetic amorphous silica (SAS), which is a common food additive since several decades although the relevant risk
assessment has never been satisfactorily completed. A no observed adverse effect level of 2500 mg SAS particles/kg

body weight per day was derived from the only available long-term administration study in rodents. However,
extrapolation to a safe daily intake for humans is problematic due to limitations of this chronic animal study and
knowledge gaps as to possible local intestinal effects of SAS particles, primarily on the gut-associated lymphoid
system. This uncertainty is aggravated by digestion experiments indicating that dietary SAS particles preserve their
nano-sized structure when reaching the intestinal lumen. An important aspect is whether food-borne particles like
SAS alter the function of dendritic cells that, embedded in the intestinal mucosa, act as first-line sentinels of foreign
materials. We conclude that nano-particles do not represent a completely new threat and that most potential risks
can be assessed following procedures established for conventional chemical hazards. However, specific properties of
food-borne nano-particles should be further examined and, for that purpose, in vitro tests with decision-making cells
of the immune system are needed to complement existing in vivo studies.

Keywords: Aerosil, Corona, Dendritic cells, E 551, Food toxicology, Lymphoid tissue, Nanomaterial, SAS, Synthetic

amorphous silica, Silicium dioxide

Background

The use of nanotechnology has many potentially ben-
eficial applications in food production, processing and
storage. The largest share of predicted markets involves
nano-sized coatings of food-packaging materials that
optimize mechanical properties or exert antimicro-
bial activity. In the future, nano-sized additives may be
deliberately included to modify food properties such as
taste, sensation, color, texture, consistency or shelf life,
to fortify basic foods with nutrients and vitamins or to
enhance bioavailability. An emerging application in the
food industry includes, for example, the use of nano-Fe
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particles for iron supplementation. Nano-sized mate-
rials might further be employed as indicators of food
quality and freshness, or to ensure traceability [1-3]. In
contrast to these novel developments, nano-structured
silica has been on the market as a food additive since
around 50 years. In the United States, the Food and Drug
Administration allows up to 2 % by weight of such silica
particles to be added to food [4]. Within the European
Union (EU), Commission Regulation 1129/2011 sets a
maximum level for silica of 1 % by weight in dried pow-
dered foodstufts [5]. Silica particles may thus be regarded
as a paradigmatic case for the safety assessment of nano-
material applications in the food industry.

A European Commission Recommendation defines
nano-materials as having one dimension not exceeding
100 nm [6]. However, there is no solid scientific ground
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to propose a strict size boundary and the prefix “nano”
does not make a substance automatically harmful. Nev-
ertheless, the nano-size scale changes the material char-
acteristics as compared to larger particles or the same
substance in a dissolved state. Nano-sized materials dis-
play an increased surface-to-mass ratio that enhances
their reactivity compared to larger structures [7, 8]. Also,
nano-sized particles easily penetrate intact cell mem-
branes thus conferring the potential for trafficking across
biological barriers including the epithelium of the gas-
trointestinal tract [9—13]. Until now, the health effects of
nano-particles have been studied mainly in relation to a
respiratory uptake [14]. Considering their widespread
food-related uses, however, there is an urgent need to
review the suitability of oral toxicity and risk assessment
studies addressing the long-term safety of nano-struc-
tured silica.

Synthetic amorphous silica

Silicon (Si) is a metalloid displaying an atomic weight
of 28. The terms “silicium” and “silica” refer to naturally
occurring or anthropogenic materials composed of sili-
con dioxide (SiO,), which appears in two major forms,
i.e., crystalline and amorphous. Synthetic amorphous
silica (SAS) is widely applied to processed foods and
registered by the EU as a food additive with the code
E 551 [15]. The main purpose of SAS particles in the food
industry is to prevent poor flow or “caking’, particularly
in powdered products. SAS particles are additionally
employed as a thickener in pastes or as a carrier of fla-
vors, and also to clarify beverages and control foaming
[16-18].

Silica particles exist in large amounts in nature and it
is acknowledged that that they have been dietary con-
stituents throughout human evolution. However, the risk
assessment of silica discussed in this review is limited
to man-made materials introduced as food additives. In
1942, Harry Kloepfer (a chemist working at Degussa, now
Evonik) invented the Aerosil procedure for the produc-
tion of SAS particles intended for the food industry [19,
20]. Following a standard pyrogenic process, also known
as flame hydrolysis, silicon tetrachloride is burned in a
hydrogen flame at temperatures of 1000-2500 °C, gen-
erating silica nano-particles with a diameter of ~10 nm
[21]. This material is denoted pyrogenic or fumed silica
referring to the above production method. In an alterna-
tive wet route of synthesis, nanostructured SAS parti-
cles denoted as precipitated silica, silica gel or hydrous
silica, are produced from alkali metal silicates dissolved
in water and reacted with sulphuric acid. In the EU, only
synthetic particles obtained by these pyrogenic or wet
processes are allowed as food additive [15]. All SAS prod-
ucts aggregate into larger particles with sizes in the order

41

Page 2 of 9

of 100 nm, which further agglomerate to form micron-
sized structures [14, 22]. The term “aggregate” describes
an assembly of particles held together by strong forces
such as covalent or metallic bonds. “Agglomerates” of
particles appear as a consequence of weak forces like van
der Waals interactions, hydrogen bonding, electrostatic
attractions or adhesion by surface tensions. SAS mate-
rials are hydrophilic but can be rendered hydrophobic,
thus reducing their moisture uptake, by subsequent sur-
face modifications.

Oral toxicity studies using SAS particles

A synopsis of animal studies addressing the oral safety of
SAS particles was published by the European Centre for
Ecotoxicology and Toxicology of Chemicals (ECETOC)
[23] and, more recently, by the Organization for Eco-
nomic Co-operation and Development (OECD) [24]. No
mortality or adverse signs resulted from acute exposure
by single oral administrations of hydrophilic SAS par-
ticles to rodents at doses of up to 5000 mg per kg body
weight. A sub-acute (28-day) study was carried out by
oral gavage administration of hydrophilic SAS particles
to Wistar rats. The daily doses ranged between 100 and
1000 mg/kg body weight. None of the monitored end-
points (clinical signs, food consumption, body weight,
behavioral tests, hematology, clinical chemistry param-
eters, organ weights, macroscopic pathology and his-
tological examinations) revealed any substance-related
abnormalities [25].

In a sub-chronic (90-day) toxicity study carried out in
Charles River rats with daily doses of up to 3500 mg/kg
body weight, hydrophilic SAS particles included in the
feed did not elicit systemic toxicity and did not affect
growth rate, food consumption or survival [26]. Also, no
macroscopic or microscopic changes were observed in
post-mortem analyses of the organs of exposed animals.
A more detailed 90-day toxicity study was conducted in
Wister rats with in-diet administrations of hydrophilic
SAS particles (up to 4000 mg/kg body weight daily). End-
points included general condition and survival, behavior,
water intake, food consumption, body weight, hematol-
ogy, clinical chemistry, urinary analysis, organ weights,
macroscopic pathology and histological examinations.
As observed in the previous sub-chronic study, none of
these parameters revealed any effects ascribed to SAS
ingestion [27]. Sub-chronic dietary exposure studies were
also carried out with hydrophobic SAS particles not per-
mitted as food additive in the EU. In one case [28], no
treatment-related abnormalities were reported except
minimal changes in the thyroid gland morphology of
male rats exposed to 2000 and 4000 mg/kg body weight
daily. In another repeated dose toxicity study with hydro-
phobic SAS particles [29, 30], Wister rats were exposed
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via the diet for 5 weeks at 0 (control), 500 or 1000
mg/kg body weight per day, and for 8 weeks at progres-
sively increasing SAS doses from 2000 to 16,000 mg/kg
body weight per day. Animals in these high-dose group
developed severe atrophy of the liver detected by micro-
scopic examination, which was also observed to a milder
degree in the 1000-mg/kg dose group.

Further effects on the liver were described in more
recent reports, thus converging on a potential systemic
hazard of SAS particles (Table 1). In one repeated oral
toxicity study, BALB/c mice were exposed for 10 weeks
to hydrophilic nano- or micron-sized silica particles
prepared from rice husk (not permitted as food additive
in the EU) [31]. The inclusion rate in feed was 1 % (wt/
wt) translating to an expected oral uptake of 1500 mg/
kg body weight per day. The animal group fed the nano-
particles showed a significantly higher serum level of
alanine aminotransferase (a biomarker of liver injury)
compared to untreated controls or animals tested with
micro-sized silica. In the histologic examination of tis-
sues from mice exposed to nano-particles, but not in
those exposed to micro-particles, there was an appear-
ance of fatty liver characterized by abnormally frequent
lipid droplets in hepatocytes. Further liver reactions were
detected in a repeated dose toxicity study in Sprague—
Dawley rats [32]. The animals were exposed via feed to
hydrophilic SAS particles obtained from Evonik (denoted
“Evonik-SAS”) or from the Joint Research Centre of the
European Commission (denoted “JRC-SAS”). Both mate-
rials were produced by flame hydrolysis but differed in
their surface area, i.e., 380 and 200 m*/g for “Evonik-SAS”
and “JRC-SAS’, respectively. These particles were deliv-
ered with the feed at different daily doses (between 100
and 2500 mg/kg body weight) for 28 days, whereby the
exposure was extended to 84 days for the highest dose
groups. No treatment-related effects were observed after
28 days. However, following 84 days of exposure, the
occurrence of periportal liver fibrosis was higher than in
control animals (Table 1). This increase in the frequency
of liver fibrosis was significant in the JRC-SAS-treated
animals (p = 0.02) but slightly below statistical signifi-
cance (p = 0.07) in the Evonik-SAS-treated group. The
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histological effects were not accompanied by changes in
clinical chemistry. Notably, this experiment also included
some immunological parameters like IgG and IgM levels
in blood, lymphocyte proliferation, as well as cytokine
release from in vitro activated lymphocytes. None of the
tested immunological endpoints were affected in any of
the dose groups.

Long-term dietary studies in rats [33] were used for
the risk assessment of human exposure. Groups of 40
Fischer rats were fed 0 (control), 1.25, 2.5 and 5 % (wt/wt)
hydrophilic SAS particles for 103 consecutive weeks. The
design of this chronic bioassay is outlined for the high-
dose group in Table 2. The feed was not examined for
possible nutritional imbalances [34]. There were no test
substance-related effects on food consumption, overall
survival, clinical laboratory or hematologic results and
microscopic pathology findings. Liver weights were sig-
nificantly reduced in the females fed 2.5 and 5 % SAS par-
ticles and this effect might be a consequence of the lower
body weight attained in these two higher dose groups
relative to controls and animals in the 1.25 % inclusion
group. It is retrospectively not possible to distinguish
whether the effect on liver weight represents an adverse
reaction to SAS ingestion or whether it is an indirect
consequence of a possible nutritional imbalance not
directly related to SAS exposure. Notably, SAS-treated
males displayed isolated cases of hyperplastic nodules in
the liver and pheochromcytomas in the adrenal gland,
but none of the control animals had such rare lesions.
A long-term study in B6C3F1 mice involved groups
of 40 animals fed 0 (control), 1.25, 2.5 and 5 % (wt/wt)
SAS particles for 93 weeks [33]. Again, the feed was not
examined for nutritional imbalances. The growth rate
was significantly reduced in the mice of the high-dose
group only at the end of the first 10 study weeks. Food
consumption was significantly increased in the males fed
2.5 and 5 % SAS particles but no other substance-related
differences came to light. The treatment had no effect on
clinical chemistry, hematologic results and macroscopic
as well as microscopic pathology findings. Recently, the
European Commission Scientific Committee on Con-
sumer Safety pointed out that these long-term studies

Table 1 Oral repeated dose toxicity studies with amorphous silica yielding liver effects

Species Study length  Effect LOAEL NOAEL Reference
Wistar rats 5-8 weeks Liver atrophy 1000 mg/kg body weight perday 500 mg/kg body weight per day  [29, 30]
Balb/c mice 10 weeks Fatty liver 1500 mg/kg body weight perday ~ NA [31]
Sprague—Dawley rats 12 weeks Periportal liver fibrosis 810 mg/kg body weight per day NA [32]
Fischer rats 103 weeks Reduced liver weight 1000 mg/kg body weight perday 500 mg/kg body weight per day  [33]

Delivery of particles was by inclusion into the feed. This table proposes LOAEL (lowest observed adverse effect level) and NOAEL (no observed adverse effect level)
values that differ from those purported in previous risk assessment reports. Other oral repeated dose studies [25-27] did not elicit adverse effects
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Table 2 Outline of the chronic toxicity study with SAS particles carried out in rats

Weeks of feeding

0 5 15 30 50 81 103
Body weight (g) 108 £ 6 174+ 9 223+ 11 253 £10 310£ 18 364 £ 26 359 £+ 56
Feed intake (g/day) 11.1£04 104 £ 04 102+£05 119+£08 132+£08 127 £2.7
SAS intake (g/kg body weight per day) 32 23 20 1.9 1.8 1.8

Summarized data from the oral chronic toxicity study in Fischer rats [33]. This table illustrates the relationship between body weight, feed intake and daily doses in the
females of the highest dose group, where the feed was supplemented with 5 % (wt/wt) SAS particles. When corrected for the actual feed intake, the daily dose of SAS
particles was between 1.8 and 2.0 g/kg body weight during most of the study period

in rodents cannot be considered as adequate for risk
assessment because it is not clear whether the research
was conducted under generally accepted guidelines and
because the test material was not properly described [35].

To summarize, a critical analysis of existing oral
repeated dose studies in rodents reveals data gaps and
uncertainties limiting their predictive value for the risk
assessment of human dietary exposure. Some studies
were based on poorly characterized particles in terms of
composition, impurities or physico-chemical properties,
and most reports lacked an assessment of particle size
distribution.

Oral bioavailability and systemic distribution

Little is known on the intestinal absorption of nano-sized
SAS particles and the potential to disseminate into tis-
sues. A limited systemic uptake following oral inges-
tion cannot be ruled out although none of the tested
SAS particles were shown to bio-accumulate [19]. This
is illustrated by a repeated dose kinetic study, in which
rats were administered SAS particles via gavage at a low
dose of 20 mg/kg body weight during 5 consecutive days
[36, 37]. On the sixth day of the study, measurements by
quadrupole inductively coupled plasma mass spectrome-
try (ICP-MS) revealed only slightly elevated silicon levels
in liver and spleen. The gastrointestinal absorption after
administration of SAS particles, estimated from these
silicon measurements in tissues and not considering a
concurrent excretion, ranged between 0.03 and 0.06 % of
the total oral dose [38]. In another repeated dose study
already presented above, rats were administered SAS
particles via feed for 28 days, with continued adminis-
tration in the high-dose group for up to 84 days. Silicon
contents were measured at days 29 and 84 by ICP-MS in
liver, spleen, kidney, brain and testis. Conversion of the
resulting silicon levels to assumed silica concentrations
in tissues, again not considering concomitant excre-
tion processes, indicated an overall oral bioavailability of
0.02 % or less [32]. The highest silica concentration (up
to ~300 mg/kg tissue against a physiologic background
below the limit of detection) was found in the spleen of
SAS-exposed animals. So far, no SAS particles have been
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detected in mesenteric lymph nodes or any other organ
after oral uptake and, therefore, it is not clear whether
the observed silicon residues exist in a particulate form
or rather in a dissolved state, for example as orthosilicic
acid.

Another key issue that has not yet been investigated
with regard to bioavailability and systemic distribution
is the effect of biomolecules bound to nano-particles
changing their surface properties [38]. In particular, SAS
nano-particles are known to be decorated by proteins, for
example fibrinogen or apolipoprotein Al, as soon as they
get in contact with biological fluids [39]. The term “pro-
tein corona” was introduced to describe the attachment
of plasma proteins to the surface of nano-particles [40,
41]. One possible effect of this corona is that it mediates
the uptake of nano-particles into cells and organs includ-
ing the liver, thus influencing bioavailability and tissue
distribution [42].

Human exposure
To obtain realistic dietary exposure values for a European
population, Dekkers and colleagues [18] selected food
products from a local supermarket (ready-to-eat meals,
soups, sauces, coffee creamers, pancake mixes, season-
ings and supplements) based on declarations for the
presence of E 551. Next, the total silica concentration in
these products was determined by inductively coupled
plasma atomic emission spectrometry (ICP-AES). Then,
dietary intake estimates of these products for the popu-
lation were calculated using a Dutch food consumption
survey [43]. Based on estimated consumption and silica
levels, the resulting daily dietary intake was 9.4 mg SAS
particles per kg body weight. This total daily quantity
includes all SAS particles regardless of their degree of
aggregation or agglomeration. Hydrodynamic chroma-
tography with inductively coupled plasma mass spec-
trometry (HDC-ICPMS) showed that up to ~40 % of SAS
particles detected in food products display an external
diameter <200 nm [18].

The next question was whether the SAS particles
in commercial food products would be destroyed in
the digestive tract or rather withstand gastrointestinal
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conditions. Using an in vitro system mimicking human
gastric digestion, it could be demonstrated that nano-
structured silica forms agglomerates under acidic condi-
tions resembling the milieu of the stomach. By switching
the conditions to those imitating the subsequent intes-
tinal digestion stage, however, these large agglomerates
disintegrate readily into nano-sized silica structures. In
light of these in vitro findings, it was concluded that up
to ~80 % of orally ingested SAS particles withstand gas-
tric dissolution and display a nano-sized range once they
reach the intestinal lumen [44].

Inadequacies of existing risk assessments
Nano-particles are neither inherently toxic nor inher-
ently safe and possible adverse effects should be tested
case-by-case. In principle, a standard assessment with
risk = hazard x exposure, which includes hazard iden-
tification, hazard characterization, exposure assessment
and risk characterization, is applicable to nano-materials
in food [21, 45, 46].

The United Kingdom Food Standards Agency Expert
group on Vitamins and Minerals (EVM) performed an
assessment of the oral safety of SAS particles, yielding a
safe upper dietary level for daily consumption of 1500 mg
SAS particles per day for adults [34]. This upper safety
limit was calculated from the only available long-term
toxicity study in rats [33], despite its limitations recently
reiterated by the Scientific Committee on Consumer
Safety [35]. The EVM experts noted that oral exposure to
SAS particles for 103 consecutive weeks elicited effects
on body weight and absolute liver weight (concerning the
groups with a 2.5 and 5 % dietary inclusion rate). How-
ever, they attributed this outcome to possible nutritional
imbalances, not adjusted in these two higher dose groups
and considered unlikely to be relevant for humans.
On this basis, the EVM group concluded that the no
observed adverse effect level (NOAEL) is equivalent to
the highest dose tested, i.e. 5 % SAS (wt/wt) in the diet.
In the absence of further information or studies explain-
ing the reduction in body and liver weight, we advocate a
more cautious approach by deriving from the same study
a lower NOAEL equivalent to the 1.25 % inclusion rate,
also in view of the emergence of liver hyperplastic nod-
ules and adrenal pheochromcytomas recorded in a few
SAS-treated males but never in controls [33]. This more
cautious interpretation is supported by a recent, above-
described study [32] revealing periportal liver fibrosis in
SAS-exposed rats.

As indicated, the EVM expert group opted for a
NOAEL of 5 % dietary inclusion and further estimated
that this translates by default to a daily dose of 2.5 g/kg
body weight. After introducing an uncertainty factor of
100 (to adjust for inter-species as well as inter-individual
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variations in sensitivity), the derived safe upper level for
lifetime daily consumption of SAS particles was 25 mg/
kg per day, equivalent to 1500 mg per day for a 60-kg
adult. In terms of elemental silicon, the “safe” upper limit
for daily consumption is 12 mg/kg body weight per day
(equivalent to 700 mg for a 60-kg adult). In 2004, the Sci-
entific Panel on Dietetic Products, Nutrition and Aller-
gies (NDA Panel) at the European Food Safety Authority
concluded for silicon that “there are no suitable data for
dose—response for establishment of an upper level” [47].
In 2009, however, the Scientific Panel on Food Additives
and Nutrient Sources added to Food (ANS Panel) took
into consideration the risk assessment carried out by the
EVM experts and adopted their proposed upper limit of
1500 mg per day when assessing silicon dioxide as food
additive [46]. It remains to be mentioned that default
intake calculations made by translating a 5 % inclusion in
the feed of rats to an assumed ingestion of 2.5 g/kg per
day seem incorrect as the actual daily dose of SAS parti-
cles, determined from feed consumption in the high-dose
group, was around 1.9 g/kg body weight during most of
the study period (Table 2). Similarly, the lower inclusion
rates of 1.25 and 2.5 % correspond to daily oral doses
of around 0.5 and 1 g/kg, respectively. To summarize,
several gaps in both study design and interpretation of
results diminish the predictability of the only available
long-term bioassays in rodents addressing the oral safety
of SAS particles.

Potential for local effects in the gastrointestinal
tract
Depending on the nature of identified hazards that raise
concerns, the canonical risk characterization may need
to be complemented with endpoints that are not rou-
tinely assessed in the toxicological evaluation of chemi-
cals. For example, a nano-Trojan horse hypothesis has
previously been proposed in view of the observation
that, in human lung epithelial cells exposed to Co;0, or
Mn;0, nano-particles, the generation of reactive oxygen
species (ROS) was higher than in controls exposed to
an equivalent concentration of dissolved cobalt or man-
ganese salts [10]. It is equally conceivable that the bind-
ing of luminal antigens to SAS particles could aid their
delivery to reactive cells of the gastrointestinal tract. In
this respect, we note in particular that none of the above-
reviewed studies examined local effects on the lymphoid
tissue of the gastrointestinal mucosa. Rather than causing
ROS production, SAS particles have been implicated in
the release of pro-inflammatory cytokines (see below).
Although the function of the immune system is to
safeguard the host against invasive pathogens, the
steady-state gastrointestinal tract is geared towards
immune silencing or tolerance to avoid futile reactions
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to innocuous food antigens and beneficial commensal
microorganisms [48, 49]. Upon oral exposure, foreign
particles encounter a single layer of mucous membrane
lining the digestive tract. This large vulnerable surface is
defended by the gut-associated lymphoid tissue, which
consists of loosely organized clusters of lymphoid cells
and more organized Peyer’s patches. Nano-particles
including those made of silica are known to penetrate this
lymphoid tissue underlying the epithelial barrier [50-53],
where they may disrupt the critical balance between tol-
erance to harmless food constituents and commensals
on the one hand and inflammatory reactions towards
pathogens on the other hand [54, 55]. Specific analy-
ses of Peyer’s patches are not mentioned in the available
sub-chronic and chronic toxicity studies in rodents and,
therefore, it is not possible to ascertain whether delayed
local effects on the gut-associated lymphoid system were
adequately excluded.

Previous studies highlighted the fact that there is one
critical site in which food-borne nano-particles accumu-
late during lifelong exposure, i.e., in “pigment cells” of the
gut-associated lymphoid tissue where the earliest signs of
inflammatory bowel disease (IBD) are noted (reviewed in
[56-58]). This is a wide group of chronic conditions rang-
ing from Crohn’s disease (affecting all segments of the
digestive tract) to ulcerative colitis (restricted to the large
bowel, [59]). The main gatekeepers of tolerance in the
intestinal system, as well as major mediators of adverse
reactions like IBD, are specialized antigen-presenting
cells known as dendritic cells [60]. They act as scavengers
of foreign materials by extending branched and rapidly
changing projections across the epithelial barrier into the
gut lumen and taking up particles by endocytosis [61].
Particles are also delivered directly to dendritic cells after
their passage through microfold cells (M-cells) in the
intestinal mucosa. In this way, dendritic cells filter out a
volume of up to 1500 pm?®, which equals their own cell
volume, per hour [62]. Unlike other antigen-presenting
cells, dendritic cells constitutively express class II major
histocompatibility complexes and, in response to patho-
gen recognition, display co-stimulatory surface glyco-
proteins and produce inflammatory cytokines. For these
reasons, dendritic cells constitute potent activators of the
innate immune system and also polyvalent drivers of T
lymphocytes [63, 64]. As nano-particles are in the same
size range as many proteins or common viruses, it is not
surprising to find that, by virtue of their function in prob-
ing the environment for intruding insults, dendritic cells
capture nano-particles in an efficient manner [65-67].

It was shown that endotoxin-activated dendritic
cells release the potent pro-inflammatory cytokine
interleukin-1p (IL-1pB) upon incubation with SAS nano-
particles [68]. Mechanistically, this response has been
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linked to activation of the inflammasome complex, which
in turn cleaves the pro-IL-1f precursor protein to release
active IL-1p. In view of this finding, it will be of pivotal
importance to determine how steady-state dendritic cells
like those residing in the normal non-inflammatory intes-
tinal mucosa react to the presence of food-borne SAS
particles. IBD has a multi-factorial origin with genetic
susceptibility, gut microflora and a dysfunction of the
mucosal immune system as main drivers [60]. Addition-
ally, various dietary factors have been implicated in the
increasing incidence of IBD and several authors raised
the concern that food-borne nano-particles may con-
tribute to initiating this chronic inflammatory disease
[69-71]. Inadvertent stimulation of the immune system
by nano-particles could trigger a reaction sequence that
abrogates tolerance to food constituents and commensal
bacteria and thereby favor immune-mediated conditions
with the hallmarks of IBD (reviewed by [72]).

Conclusions

Previous and current controversies on hormone or anti-
biotic residues in food illustrate that nutrition is a highly
emotional area in the public perception. The finding that
SAS particles activate the inflammasome and, hence, are
not biologically inert is intriguing because this type of
nano-structured material has been employed since dec-
ades as food additive and is so far considered to be safe
for consumers. Based on a critical review of existing oral
toxicity studies, however, we consider that adverse effects
from food-borne SAS particles cannot be excluded.
Table 1 summarizes independent repeated dose stud-
ies that reached much the same conclusion with an
oral NOAEL of 500 mg per kg body weight and a low-
est observed adverse effect level (LOAEL) in the range of
810-1500 mg per kg body weight. Therefore, we advo-
cate a prudent approach by taking the oral NOAEL of
500 mg/kg, based on body and liver weights in the 103-
week feeding study in rats, as point of departure for the
risk assessment of SAS particles. This NOAEL is lower
than previously proposed [34] but, as summarized in
Table 1, is consistent with the outcome (liver atrophy)
of a 8-week feeding study and the liver effects (peripor-
tal fibrosis) in a 12-week feeding study, both in rats, at
daily doses of 810-1000 mg/kg body weight. By applying
a default uncertainty factor of 100 (to adjust for inter-
species and inter-individual variations in sensitivity), this
NOAEL would yield a safe upper level for the lifetime
intake of SAS particles of 5 mg/kg body weight per day.
The estimated consumption by a European population
of 9.4 mg per kg body weight and day would, therefore,
suggest that the dietary exposure to SAS particles should
be reduced to remain, even with a worst case exposure
scenario, below this newly proposed safety threshold of
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5 mg/kg daily. Importantly, further studies are needed to
investigate local effects of SAS particles in the gastroin-
testinal system, particularly on the gut-associated lym-
phoid tissue and embedded dendritic cells. In a broader
perspective, mechanistic in vitro studies at different lev-
els of biological complexity are necessary to understand
in depth how food-borne nano-particles may influence
the delicate balance between immune tolerance and
inflammatory responses that depends on the proper
function of dendritic cells in the intestinal mucosa. This
research direction is crucial to eventually address the
concern that the higher occurrence of IBD may be in part
a consequence of the lifelong ingestion of nano-sized or
nano-structured food additives increasingly used in the
modern diet.

Abbreviations

ANS: Scientific Panel on Food Additives and Nutrient Sources added to Food;
E 551: synthetic amorphous silica (food additive); ECETOC: European Centre for
ecotoxicology and toxicology of chemicals; EU: European Union; EVM: Food
Standards Agency Expert group on vitamins and minerals; HDC-ICPMS: hydro-
dynamic chromatography with inductively coupled plasma mass spectrom-
etry; IBD: inflammatory bowel disease; ICP-AES: inductively coupled plasma
atomic emission spectrometry; Ig: immunoglobulin; IL-16: interleukin-1(; JRC:
Joint Research Centre of the European Commission; LOAEL: lowest observed
adverse effect level; NDA: Scientific Panel on dietetic products, nutrition and
allergies; NOAEL: no observed adverse effect level; OECD: Organzation for
Economic Co-operation and Development; ROS: reactive oxygen species; SAS:
synthetic amorphous silica.

Authors’ contributions
HCW, HN and MS wrote the manuscript. All authors read and approved the
final manuscript.

Author details

! Institute of Pharmacology and Toxicology, University of Zurich-Vetsuisse,
Winterthurerstrasse 260, 8057 Zurich, Switzerland. 2 Immunology Division,
Vetsuisse Faculty, University of Zurich, Winterthurerstrasse 260, 8057 Zurich,
Switzerland.

Acknowledgements

Research in the author’s laboratory was supported by the National Research
Program “Opportunities and Risks of Nanomaterials” Grant 406440-141619 and
by grant FK-15-053 from the “Forschungskredit” of the University of Zurich.

Competing interests
The authors declare that they have no competing interests.

Received: 1 December 2015 Accepted: 3 May 2016
Published online: 10 June 2016

References

1. Chaudhry Q, Scotter M, Blackburn J, Ross B, Boxall A, Castle L, et al. Appli-
cations and implications of nanotechnologies for the food sector. Food
Addit Contam Part A. 2008;25:241-58.

2. Puddu M, Paunescu D, Stark WJ, Grass RN. Magnetically recoverable,
thermostable, hydrophobic DNA/silica encapsulates and their application
as invisible oil tags. ACS Nano. 2014;8:2677-85.

3. Hilty FM, Arnold M, Hilbe M, Teleki A, Knijnenburg JTN, Ehrensperger
F, et al. Iron from nanocompounds containing iron and zinc is highly
bioavailable in rats without tissue accumulation. Nat Nanotechnol.
2010;5:374-80.

46

22.

23.

24.

25.

Page 7 of 9

US FDA 2015. United States Food and Drug Administration. Code of
Federal Regulations Title 21, 21CFR172.480. 2015. http://www.accessdata.
fda.gov/scripts/cdrh/cfdocs/cfCFR/CFRSearch.cfm?fr=172.480. Accessed
25 Apr 2016.

Union European. Commission regulation (EU) No 1129/2011 of 11
November 2011 amending Annex Il to Regulation (EC) No 1333/2008 of
the European Parliament and of the Council by establishing a Union list
of food additives. Off J Eur Union. 2011;295:1-177.

Union European. Commission recommendation of 18 October 2011

on the definition of nanomaterial (2011/696/EU). Off J Eur Union.
2011;275:38-40.

Oberdorster G. Toxicology of ultrafine particles: in vivo studies. Philos
Trans R Soc A Math Phys Eng Sci. 2000;358:2719-40.

Donaldson K, Stone V, Clouter A, Renwick L, MacNee W. Ultrafine particles.
Occup Environ Med. 2001;58:211-6.

Oberdorster G, Sharp Z, Atudorei V, Elder A, Gelein R, Kreyling W, et al.
Translocation of inhaled ultrafine particles to the brain. Inhal Toxicol.
2004;16:437-45.

Limbach LK, Li Y, Grass RN, Brunner TJ, Hintermann MA, Muller M, et al.
Oxide nanoparticle uptake in human lung fibroblasts: effects of particle
size, agglomeration, and diffusion at low concentrations. Environ Sci
Technol. 2005;39:9370-6.

Lankveld DPK, Van Loveren H, Baken KA, Vandebriel RJ. In vitro test-

ing for direct immunotoxicity: state of the art. Methods Mol Biol.
2010;598:401-23.

Landsiedel R, Fabian E, Ma-Hock L, van Ravenzwaay B, Wohlleben W,
Wiench K; et al. Toxico-/biokinetics of nanomaterials. Arch Toxicol.
2012;86:1021-60.

Mou Y, Chen B, Zhang Y, Hou Y, Xie H, Xia G, et al. Influence of synthetic
superparamagnetic iron oxide on dendritic cells. Int J Nanomedicine.
2011,6:1779-86.

Napierska D, Thomassen LC, Lison D, Martens JA, Hoet PH. The nanosilica
hazard: another variable entity. Part Fibre Toxicol. 2010;7:39.

European Union. Comission Regulation (EU) No 231/2012 of 9 March
2012 laying down specifications for food additives listed in Annexes I
and Il to Regulation (EC) No 1333/2008 of the European Parliament and
of the Council. Off J Eur Union. 2012;2012(83):1-295.

Marinova KG, Denkov ND, Branlard P, Giraud Y, Deruelle M. Opti-

mal hydrophobicity of silica in mixed oil-silica antifoams. Langmuir.
2002;18:3399-403.

Wang P, Zhu Y, Yang X, Chen A. Prolonged-release performance of per-
fume encapsulated by tailoring mesoporous silica spheres. Flavour Fragr
J.2008;23:29-34.

Dekkers S, Krystek P, Peters RJB, Lankveld DPK, Bokkers BGH, van Hoeven-
Arentzen PH, et al. Presence and risks of nanosilica in food products.
Nanotoxicology. 2011;5:393-405.

Fruijtier-Polloth C. The toxicological mode of action and the safety of syn-
thetic amorphous silica-a nanostructured material. Toxicology. 2012;294.
Maynard AD. Old materials, new challenges? Nat Nanotechnol.
2014;9:658-9.

. SCENIHR 2007. Scientific Committee on Emerging and Newly-Identified

Health Risks. The existing and proposed definitions relating to products
of nanotechnologies, 29 November 2007. http://ec.europa.eu/health/
archive/ph_risk/committees/04_scenihr/docs/scenihr_o_012.pdf.
Accessed 25 Apr 2016.

ELC 2009. Federation of European Food Additives; Food enzymes and
food cultures industries. food additives and nanotechnologies. 2009.
http://elc-eu.org/uploads/news_documents/2009-10_Food_additives_
and_nanotechnologies_-_ELC_position.pdf. Accessed 25 Apr 2016.
ECETOC 2006. European Centre for Ecotoxicology and Toxicology of
Chemicals. Synthetic Amorphous Silica (CAS No. 7631-86-9), JACC
REPORT No. 51. 2006. http://members.ecetoc.org/Documents/Docu-
ment/JACCO51.pdf. Accessed 25 Apr 2016.

OECD 2015. Organization for economic co-operation and development.
Dossier on silicon dioxide, Series on the safety of manufactured nano-
materials No. 51. 2015. http://www.oecd.org/chemicalsafety/nanosafety/
silicon-dioxide-manufactured-nanomaterial.htm. Accessed 25 Apr 2016.
Lewin G. 28-day oral toxicity study of synthetic amorphous silica in wistar
(WU) rats. CEFIC, Brussels, Belgium. 2011. Unpublished report, described
in OECD 2015. http://www.oecd.org/chemicalsafety/nanosafety/silicon-
dioxide-manufactured-nanomaterial.htm. Accessed 25 Apr 2016.


http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfCFR/CFRSearch.cfm?fr=172.480
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfCFR/CFRSearch.cfm?fr=172.480
http://ec.europa.eu/health/archive/ph_risk/committees/04_scenihr/docs/scenihr_o_012.pdf
http://ec.europa.eu/health/archive/ph_risk/committees/04_scenihr/docs/scenihr_o_012.pdf
http://elc-eu.org/uploads/news_documents/2009-10_Food_additives_and_nanotechnologies_-_ELC_position.pdf
http://elc-eu.org/uploads/news_documents/2009-10_Food_additives_and_nanotechnologies_-_ELC_position.pdf
http://members.ecetoc.org/Documents/Document/JACC051.pdf
http://members.ecetoc.org/Documents/Document/JACC051.pdf
http://www.oecd.org/chemicalsafety/nanosafety/silicon-dioxide-manufactured-nanomaterial.htm
http://www.oecd.org/chemicalsafety/nanosafety/silicon-dioxide-manufactured-nanomaterial.htm
http://www.oecd.org/chemicalsafety/nanosafety/silicon-dioxide-manufactured-nanomaterial.htm
http://www.oecd.org/chemicalsafety/nanosafety/silicon-dioxide-manufactured-nanomaterial.htm

Winkler et al. J Nanobiotechnol (2016) 14:44

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Elsea JR. Cab-O-Sil (fluffy), ninety-day dietary feeding, supplement to
progress reports dated January 8, and May 6, 1958, final report. Hazleton
Laboratories, Falls Church, Virginia. Cabot, Tuscula, lllinois, USA. 1958.
Unpublished report, described in SCCS 2015. http://ec.europa.eu/health/
scientific_committees/consumer_safety/docs/sccs_o_175.pdf. Accessed
25 Apr 2016.

Til H, Hollanders M, Beems R. Subchronic (13 week) oral toxicity study in
rats. Evonik Degussa, Germany. 1981. Unpublished report, described in
OECD 2015. http://www.oecd.org/chemicalsafety/nanosafety/silicon-
dioxide-manufactured-nanomaterial. htm. Accessed 25 Apr 2016.

Rutter HA, Shott LD. 13-week dietary administration - rats, silane-treated
Cab-O-Sil, final report, project 178-114. Hazleton Laboratories, Falls
Church, Virginia. Cabot, Billerica, MA, USA. 1970. Unpublished report,
described in ECETOC 2006. http://members.ecetoc.org/Documents/
Document/JACCO51.pdf. Accessed 25 Apr 2016.

Leuschner F. Uber die subakute Toxizitdt von R972. Degussa, Hanau,
Germany. 1964. Unpublished report, desribed in ECETOC 2006. http://
members.ecetoc.org/Documents/Document/JACC 051.pdf. Accessed 25
Apr 2016.

Pliess G. Histologische Befunde bei Versuchsratten, Medikament R972.
Laboratorium fir Pharmakologie und Toxikologie, Hamburg, Germany.
Degussa, Frankfurt am Main, Germany. 1964. Unpublished report,
described in ECETOC 2006. http://members.ecetoc.org/Documents/
Document/JACCO51.pdf. Accessed 25 Apr 2016.

S0 SJ, Jang IS, Han CS. Effect of micro/nano silica particle feeding for
mice. J Nanosci Nanotechnol. 2008;8:5367-71.

van der Zande M, Vandebriel RJ, Groot MJ, Kramer E, Herrera Rivera ZE,
Rasmussen K, et al. Sub-chronic toxicity study in rats orally exposed to
nanostructured silica. Part Fibre Toxicol. 2014;11:8.

Takizawa Y, Hirasawa F, Noritomi E, Aida M, Tsunoda H, Uesugi S. Oral
ingestion of syloid to mice and rats and its chronic toxicity and carcino-
genicity. Acta Med Biol. 1988;36:27-56.

UK Food Standards Agency 2003. Safe upper levels for vitamins and min-
erals: report of the expert group on vitamins and minerals. 2003. http://
cot.food.gov.uk/sites/default/files/vitmin2003.pdf. Accessed 25 Apr 2016.
SCCS 2015. Scientific Committee on Consumer Safety. Opinion on silica,
hydrated silica, and silica surface modified with alkyl silylates (nano form).
2015. http://ec.europa.eu/health/scientific_committees/consumer_
safety/docs/sccs_o_175.pdf. Accessed 25 Apr 2016.

van Kesteren PCE, Cubadda F, Bouwmeester H, van Eijkeren JCH, Dekkers
S, de Jong WH, et al. Novel insights into the risk assessment of the nano-
material synthetic amorphous silica, additive E551, in food. Nanotoxicol-
0gy. 20159:442-52.

NANOGENOTOX 2013. Facilitating the safety evaluation of manufactured
nanomaterials by characterising their potential genotoxic hazard. 2013.
http://www.nanogenotox.eu/index.php?option=com_content&view=ar
ticle&id=136&Itemid=158. Accessed 25 Apr 2016.

Nel AE, M&dler L, Velegol D, Xia T, Hoek EMV, Somasundaran P, et al.
Understanding biophysicochemical interactions at the nano-bio inter-
face. Nat Mater. 2009;8:543-57.

Ruh H, Ktihl B, Brenner-Weiss G, Hopf C, Diabaté S, Weiss C. Identifica-
tion of serum proteins bound to industrial nanomaterials. Toxicol Lett.
2012;208:41-50.

Cedervall T, Lynch |, Lindman S, Berggard T, Thulin E, Nilsson H, et al.
Understanding the nanoparticle-protein corona using methods to quan-
tify exchange rates and affinities of proteins for nanoparticles. Proc Natl
Acad Sci U S A. 2007;104:2050-5.

Lundqvist M, Stigler J, Elia G, Lynch |, Cedervall T, Dawson KA. Nano-
particle size and surface properties determine the protein corona with
possible implications for biological impacts. Proc Natl Acad Sci U S A.
2008;105:14265-70.

Nagayama S, Ogawara KI, Fukuoka Y, Higaki K, Kimura T. Time-dependent
changes in opsonin amount associated on nanoparticles alter their
hepatic uptake characteristics. Int J Pharm. 2007;342:215-21.

Kistemaker C, Bouman M, Hulshof K. Consumption of separate products
by Dutch population groups-Dutch National Food Consumption

Survey 1997-1998. Zeist, TNO-Nutrition Food Res Institute, TNO-report.
1998,98:812.

Peters R, Kramer E, Oomen AG, Herrera Rivera ZE, Oegema G, Tromp

PC, et al. Presence of nano-sized silica during in vitro digestion of foods
containing silica as a food additive. ACS Nano. 2012,6:2441-51.

47

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

Page 8 of 9

Warheit DB. How meaningful are the results of nanotoxicity stud-

ies in the absence of adequate material characterization? Toxicol Sci.
2008;101:183-5.

European Food Safety Authority. Scientific opinion of the panel on food
additives and nutrient sources added to food on calcium silicate, silicon
dioxide and silicic acid gel added for nutritional purposes to food sup-
plements following a request from the European Commission. EFSA J.
2009;1132:1-24.

European Food Safety Authority. Opinion of the Scientific Panel on
Dietetic Products, nutrition and allergies on a request from the com-
mission related to the tolerable upper intake level of silicon (Request N°
EFSA-Q-2003-018). EFSA J. 2004;,60:1-11.

Ley RE, Hamady M, Lozupone C, Turnbaugh PJ, Ramey RR, Bircher

JS, et al. Evolution of mammals and their gut microbes. Science.
2008;320:1647-51.

Bogunovic M, Ginhoux F, Helft J, Shang L, Hashimoto D, Greter M,

et al. Origin of the lamina propria dendritic cell network. Immunity.
2009;31:513-25.

Sass W, Dreyer HP, Seifert J. Rapid insorption of small particles in the gut.
Am J Gastroenterol. 1990;85:255-60.

. des Rieux A, Fievez V, Garinot M, Schneider Y-J, Préat V. Nanoparticles as

potential oral delivery systems of proteins and vaccines: a mechanistic
approach. J Control Release. 2006;116:1-27.

Awaad A, Nakamura M, Ishimura K. Imaging of size-dependent uptake
and identification of novel pathways in mouse Peyer’s patches using fluo-
rescent organosilica particles. Nanomedicine. 2012;8:627-36.

Powell JJ, Thomas-McKay E, Thoree V, Robertson J, Hewitt RE, Skepper JN,
et al. An endogenous nanomineral chaperones luminal antigen and pep-
tidoglycan to intestinal immune cells. Nat Nanotechnol. 2015;10:361-9.
Bekiaris V, Persson EK, Agace WW. Intestinal dendritic cells in the regula-
tion of mucosal immunity. Immunol Rev. 2014;260:86-101.

TodaT, Yoshino S. Amorphous nanosilica particles block induction of oral
tolerance in mice. J Immunotoxicol. 2016;18:1-6.

Evans SM, Ashwood P, Warley A, Berisha F, Thompson RPH, Powell JJ. The
role of dietary microparticles and calcium in apoptosis and interleukin-1(
release of intestinal macrophages. Gastroenterology. 2002;123:1543-53.
Lomer MCE, Thompson RPH, Powell JJ. Fine and ultrafine particles of the
diet: influence on the mucosal immune response and association with
Crohn's disease. Proc Nutr Soc. 2002;61:123-30.

Mazmanian SK, Round JL, Kasper DL. A microbial symbiosis factor pre-
vents intestinal inflammatory disease. Nature. 2008;453:620-5.

Lucendo AJ, De Rezende LC. Importance of nutrition in inflammatory
bowel disease. World J Gastroenterol. 2009;15:2081-8.

Bates J, Diehl L. Dendritic cells in IBD pathogenesis: an area of therapeutic
opportunity? J Pathol. 2014;232:112-20.

. Rescigno M. Before they were gut dendritic cells. Immunity.

2009;31:454-6.

Sallusto F, Cella M, Danieli C, Lanzavecchia A. Dendritic cells use macropi-
nocytosis and the mannose receptor to concentrate macromolecules in
the major histocompatibility complex class Il compartment: downregula-
tion by cytokines and bacterial products. J Exp Med. 1995;182:389-400.
Steinman RM, Lustig DS, Cohn ZA. Identification of a novel cell type in
peripheral lymphoid organs of mice. 3. Functional properties in vivo. J
Exp Med. 1974;139:1431-45.

Banchereau J, Steinman RM. Dendritic cells and the control of immunity.
Nature. 1998;392:245-52.

ManolovaV, Flace A, Bauer M, Schwarz K, Saudan P, Bachmann MF. Nano-
particles target distinct dendritic cell populations according to their size.
Eur J Immunol. 2008;38:1404-13.

Li A, Qin L, Zhu D, Zhu R, Sun J,Wang S. Signalling pathways involved in
the activation of dendritic cells by layered double hydroxide nanoparti-
cles. Biomaterials. 2010;31:748-56.

Mdller L, Riediker M, Wick P, Mohr M, Gehr P, Rothen-Rutishauser B.
Oxidative stress and inflammation response after nanoparticle exposure:
differences between human lung cell monocultures and an advanced
three-dimensional model of the human epithelial airways. J R Soc Inter-
face. 2010;7(Suppl 1):527-40.

Winter M, Beer H-D, Hornung V, Krdmer U, Schins RPF, Forster |. Activation
of the inflammasome by amorphous silica and TiO2 nanoparticles in
murine dendritic cells. Nanotoxicology. 2011;5:326-40.


http://ec.europa.eu/health/scientific_committees/consumer_safety/docs/sccs_o_175.pdf
http://ec.europa.eu/health/scientific_committees/consumer_safety/docs/sccs_o_175.pdf
http://www.oecd.org/chemicalsafety/nanosafety/silicon-dioxide-manufactured-nanomaterial.htm
http://www.oecd.org/chemicalsafety/nanosafety/silicon-dioxide-manufactured-nanomaterial.htm
http://members.ecetoc.org/Documents/Document/JACC051.pdf
http://members.ecetoc.org/Documents/Document/JACC051.pdf
http://members.ecetoc.org/Documents/Document/JACC
http://members.ecetoc.org/Documents/Document/JACC
http://members.ecetoc.org/Documents/Document/JACC051.pdf
http://members.ecetoc.org/Documents/Document/JACC051.pdf
http://cot.food.gov.uk/sites/default/files/vitmin2003.pdf
http://cot.food.gov.uk/sites/default/files/vitmin2003.pdf
http://ec.europa.eu/health/scientific_committees/consumer_safety/docs/sccs_o_175.pdf
http://ec.europa.eu/health/scientific_committees/consumer_safety/docs/sccs_o_175.pdf
http://www.nanogenotox.eu/index.php%3foption%3dcom_content%26view%3darticle%26id%3d136%26Itemid%3d158
http://www.nanogenotox.eu/index.php%3foption%3dcom_content%26view%3darticle%26id%3d136%26Itemid%3d158

Winkler et al. J Nanobiotechnol (2016) 14:44

69. Tetley TD. Health effects of nanomaterials. Biochem Soc Trans.
2007,35:527-31.

70. Powell JJ, Faria N, Thomas-McKay E, Pele LC. Origin and fate of dietary
nanoparticles and microparticles in the gastrointestinal tract. J Autoim-
mun. 2010;34:J226-33.

48

Page 9 of 9

71. Hummel TZ, Kindermann A, Stokkers PCF, Benninga MA, ten Kate FJW.
Exogenous pigment in Peyer patches of children suspected of having
IBD. J Pediatr Gastroenterol Nutr. 2014;58:477-80.

72. Zolnik BS, Gonzéalez-Ferndndez A, Sadrieh N, Dobrovolskaia MA. Nanopar-
ticles and the immune system. Endocrinology. 2010;151:458-65.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

* Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

() BioMed Centra




Hinger et al. J Nanobiotechnol (2016) 14:68
DOI 10.1186/512951-016-0221-x

Photoinduced effects

Journal of Nanobiotechnology

@ CrossMark

of m-tetrahydroxyphenylchlorin loaded
lipid nanoemulsions on multicellular tumor

spheroids

Doris Hinger""®, Fabrice Navarro®?, Andres Kich*, Jean-Sébastien Thomann??, Frédérique Mittler®,

Anne-Claude Couffin®? and Caroline Maake'

Abstract

Background: Photosensitizers are used in photodynamic therapy (PDT) to destruct tumor cells, however, their
limited solubility and specificity hampers routine use, which may be overcome by encapsulation. Several promising
novel nanoparticulate drug carriers including liposomes, polymeric nanoparticles, metallic nanoparticles and lipid
nanocomposites have been developed. However, many of them contain components that would not meet safety
standards of regulatory bodies and due to difficulties of the manufacturing processes, reproducibility and scale up

procedures these drugs may eventually not reach the clinics. Recently, we have designed a novel lipid nanostructured
carrier, namely Lipidots, consisting of nontoxic and FDA approved ingredients as promising vehicle for the approved
photosensitizer m-tetrahydroxyphenylchlorin (mTHPC).

Results: In this study we tested Lipidots of two different sizes (50 and 120 nm) and assessed their photodynamic
potential in 3-dimensional multicellular cancer spheroids. Microscopically, the intracellular accumulation kinetics of
mTHPC were retarded after encapsulation. However, after activation mTHPC entrapped into 50 nm particles destroyed
cancer spheroids as efficiently as the free drug. Cell death and gene expression studies provide evidence that encap-
sulation may lead to different cell killing modes in PDT.

Conclusions: Since ATP viability assays showed that the carriers were nontoxic and that encapsulation reduced dark
toxicity of mTHPC we conclude that our 50 nm photosensitizer carriers may be beneficial for clinical PDT applications.

Keywords: Nanoemulsion, Biocompatibility, mTHPC, Photodynamic therapy, Spheroids, Lipid nanoparticles

Background

A wealth of publications report on the development of
promising novel nanoparticulate drug carriers includ-
ing liposomes [1], polymeric nanoparticles [2], metallic
nanoparticles [3] and lipid nanocomposites [4]. However,
many of them contain components that would not meet
safety standards of regulatory bodies such as the Euro-
pean Medicines Agency (EMA) or the US food and drug
administration (FDA) [5]. Furthermore, due to difficulties

*Correspondence: doris.hinger@uzh.ch

! Institute of Anatomy, University of Zurich, Winterthurerstrasse 190,
8057 Zurich, Switzerland

Full list of author information is available at the end of the article

( ) BiolVled Central

of the manufacturing processes, reproducibility and scale
up procedures these drugs may eventually not translate
into the clinics.

Recently, we have designed a novel lipid nanostruc-
tured carrier, namely Lipidots, consisting of nontoxic and
FDA approved ingredients: wax and soybean oil serve as
core components and lecithin as membranous hull with
a polyethylene glycol (PEG) coating [6]. Containing only
natural compounds, they are likely to be broken down
and removed or recycled by the body [7]. Lipidots may be
utilized and adapted for many different applications such
as fluorescent imaging probes, contrast agent carriers,
or targeted drug delivery [8]. They offer the possibility
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to tune the viscosity of their lipid core, thereby adapting
the release of an encapsulated compound to the desired
profile [9]. Moreover, Lipidots can be manufactured with
high colloidal stability at laboratory and industrial scales
using ultrasonics or high pressure homogenization [6].

An interesting future application of Lipidots may be in
the context of photodynamic therapy (PDT), a modality
which is currently receiving increasing clinical attention
as a promising anti-cancer treatment [10]. PDT princi-
ples rely on the activation of a light-sensitive drug (the
photosensitizer, PS), which, through oxidative reaction
cascades of type I and type II leads to the generation
of cytotoxic reactive oxygen species (ROS) and strictly
localized cell death. Remarkably, PDT has the potential to
overcome disadvantages of standard oncologic regimes
such as surgery, chemo- or radiotherapy because it is
minimal invasive, bears little risk for the development
of resistance and lacks severe side effects [11]. However,
the efficiency of PDT critically depends on a high local
accumulation of the PS at the tumor site. But since many
potent PSs are hydrophobic, they tend to aggregate in
aqueous environments (e.g. after intravenous injection),
with negative consequences for their biodistribution and
photoactivity, which can eventually lead to unsatisfactory
therapeutic effects [12]. With the aim to improve PDT
applications, various PSs have been entrapped into nano-
carriers, including e.g. Photophrin, hypocrellin A, chlorin
€6, tetraarylporphyrin, the near infrared dye indocyanine
green [13] or the powerful FDA approved second genera-
tion PS m-tetrahydroxyphenylchlorin (mTHPC) [14].

In a previous study we have reported on the successful
and reproducible encapsulation of mMTHPC (generic name:
Temoporfin) into Lipidots and their extensive characteri-
zation [15]. While our physico-chemical and photophysi-
cal data indicate that these particles may be well suited for
PDT applications, results about their biological activity are
only very preliminary yet [15]. In the present study we have
thus set out to investigate PDT effects of mTHPC-loaded
Lipidots for the first time in an advanced in vitro 3-dimen-
sional (3D) head and neck cancer cell model. To estimate
their potential for clinical PDT use, we produced Lipidots
with two sizes (50 and 120 nm) and, after mTHPC encap-
sulation, compared their in vitro effects to free mTHPC
in terms of light-induced toxicity, penetration properties,
dispersion behaviour, PDT effects, cell death mechanisms
and gene expression patterns.

Methods
Chemicals
MTHPC was obtained from Biolitec, Jena, Germany as
powder. A stock solution of 1.47 mM (1 mg/mL) in 100 %
ethanol was prepared and stored at 4 °C in the dark.
1,1'-dioctadecyl-3,3,3’,3'-tetramethylindodicarbocyanine

50
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perchlorate (DiD) was purchased from Life Technologies
(Carlsbad, USA). If not otherwise indicated, chemicals
were purchased from Sigma-Aldrich, Buchs, Switzerland.

Nanoparticle preparation

Lipidots were prepared according to Delmas et al. [9] and
Navarro et al. [15]. Briefly, the manufacturing process
consists of mixing an aqueous phase and a lipid phase
which are separately prepared, including on the one hand
MyrjS40 surfactant dissolved into 1X phosphate buff-
ered saline (PBS) (154 mM NaCl, 0.1 M Na,HPO,, pH
7.4) and on the other hand soybean oil and wax (Sup-
pocire NB) under melted state. The ultrasonication step
is performed using a VCX750 ultrasonic processor dur-
ing 20 min (power input 190 W, 3-mm probe diameter,
Sonics). MTHPC was incorporated into the lipid mix-
ture as a concentrated solution in ethyl acetate and after
vacuum elimination of organic solvent, the oily phase
was added to the aqueous phase and emulsification was
performed as previously described [15]. For 50 nm Lipi-
dots, the dispersion is composed of 37.5 % (w/w) of lipid
phase (with a lecithin/PEG surfactant weight ratio of 0.19
and a surfactant/core weight ratio of 1.20) whereas for
120 nm Lipidots, the dispersion is composed of 43.0 %
(w/w) of lipid phase (with a lecithin/PEG surfactant
weight ratio of 0.21 and a surfactant/core weight ratio of
3.0). The Lipidots were loaded with mTHPC (thereafter
called M-Lipidots) at two different ratios of numbers of
PS per nanoparticle for 50 and 120 nm-sized Lipidots,
respectively (920 and 4600 molecules of mTHPC/par-
ticle, respectively). The mTHPC concentrations were
determined by high-performance liquid chromatography
(HPLC) analysis. HPLC of prepared samples was car-
ried out on a Sunfire C18 column (250 mm x 4.6 mm,
id. 5 pum) at 30 °C. The mTHPC compound was eluted
at 2.10 min using a isocratic mobile phase of acetonitrile/
H,O trifluoroaceticacid, 0.1 %: 9/1 at 1 mL/min flow rate
after injection of 30 pL. The UV detection is operated at
425 nm. The mTHPC concentrations were assessed using
a calibration curve in the range of 1-12 pug/mL. For com-
parisons at constant PS content, all working solutions
were diluted using PBS to obtain equivalent mTHPC
amounts in solution to be added in cell culture media for
PDT treatment (3.67, 7.34, 14.69 uM mTHPC content).
For in vitro additional fluorescence imaging and flow
cytometry purposes, dye-doped nanoparticles, thereafter
called D-Lipidots, were prepared as previously described
[16] by incorporating DiD lipophilic indocyanine into the
oily core of 50 nm Lipidots.

Monolayer cell culture
CAL-33 tongue squamous cell carcinoma cells (DSMZ,
Braunschweig, Germany), were grown in RPMI without
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phenol red, 10 % FCS, 2 mM Glutamax (Life Technolo-
gies), and 1 % Penicillin/Streptomycin (LifeTechnologies).
Cells were kept in 75 cm? cell culture flasks at 5 % CO,
and 37 °C. Cell counting was performed with a Neubauer
chamber (Laboroptik Ltd., Lancing, UK) on an aliquot of
cells after staining with 0.1 % (w/v) nigrosin in PBS.

Spheroid cell culture

The bottoms of 96 well plates were coated with 65 pL
1.5 % (w/v) agarose (Life Technologies) in cell culture
medium without supplements. 3D cell culture spheroids
were prepared by putting 96 drops of 5000 CAL-33 cells
in 10 pL complete cell culture medium on the inner side
of the lid of a 96 well plate. Then the lids with the hanging
drops were put back on the plates and incubated for 24 h.
Thereafter, 190 uL of complete cell culture medium was
added to the wells and the drops were spun down shortly
in a centrifuge (Virion, Zirich, Switzerland) and incu-
bated for another 72 h. By that time the spheroids had
reached an average diameter of 200 um and were imme-
diately used for the experiments [17].

Light microscopy

Monolayer cells

CAL-33 cells were seeded on 12 mm glass cover slips
(Karl Hecht, Sondheim, Germany) and incubated with
7.34 uM mTHPC or M-Lipidots or 1 uM D-Lipidots in
cell culture medium for up to 28 h in the dark. The cover
slips were washed twice with PBS and subsequently
fixed for 20 min with 4 % (w/v) formaldehyde (FA)/PBS.
After washing they were mounted on microscopic slides
(Menzel, Braunschweig, Germany) with Glycergel (Dako,
Glostrup, Denmark) and analyzed with a confocal laser
scanning microscope (Leica SP5, Heerbrugg, Switzer-
land). MTHPC was excited at 488 nm and fluorescence
was detected between 590-660 nm. Images were ana-
lyzed with the imaging software Imaris (Bitplane, Belfast,
UK).

Spheroids

Spheroids were incubated with 7.34 uM of mTHPC or
M-Lipidots in 100 pL cell culture medium for up to 28 h
in 96 well plates in the dark. Spheroids were picked with
a 1 mL pipette and transferred to microcentrifuge tubes.
After washing twice with PBS spheroids were fixed in
4 % (w/v) FA/PBS for 1 h, washed in PBS and analyzed
in 18-well p-slides (IBIDI) by widefield fluorescence
microscopy (Leica DMI 6000) or confocal laser scanning
microscopy (Leica, SP5). Per time point, 3—5 images were
acquired using differential interference contrast (DIC)
and epifluorescence and mean fluorescence was calcu-
lated from regions of interest (ROIs) which were drawn
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around the cell assemblies in the DIC channel with Leica
AS lite software. Confocal laser scanning microscopy
(Leica SP5) was performed on 3-5 fixed spheroids per
condition with a 20x objective (HC Plan APO). After
spheroid integrity was confirmed by DIC imaging, optical
sectioning was performed with an argon laser at 488 nm
for excitation of mTHPC. Pictures from the center of the
spheroids were taken and processed with the imaging
software Imaris (Bitplane, Belfast, UK).

Cytotoxicity assessment

Spheroids were incubated with 3.67, 7.34 and 14.69 uM
of mTHPC or M-Lipidots for 24 h in 96 well plates in the
dark. Substance-mediated damage (i.e. dark toxicity) was
assessed by either measuring spheroid areas as ROIs with
widefield microscopy and the Leica AS imaging software
or by means of an ATP luciferase viability assay (Pro-
mega, Fitchburg, USA). For the ATP luciferase viability
assay 100 pL of Cell Viability Assay solution was added to
each well after drug incubation, the contents were mixed
by pipetting and the plate was transferred for 20 min to a
shaker. Subsequently bioluminescence was measured in a
microplate reader (Biotek, Vermont, USA).

Phototoxicity assessment

Spheroids were incubated with 3.67, 7.34 and 14.69 uM
of mTHPC or M-Lipidots for 24 h in 96 well plates in the
dark. Subsequently the plates were subjected to PDT by
illuminating with white light from 2.5 cm above (3440 lx;
fluorescent tube SYLVA-NIA standard F15 W/154, day-
light) for 20 min. To ensure an even illumination, the
outer rim of the well plates was never used for experi-
mentation and the sequence of samples within the plate
was changed between repetitions. Spheroid areas were
microscopically determined as described above and cell
survival was determined by ATP luciferase viability assay
5 h after irradiation as described above.

Apoptosis assay

Spheroids were incubated with 7.34 M mTHPC or
M-Lipidots for 24 h. After illuminating for 1 min (con-
ditions as described above) spheroids were incubated
for another 1.5 h with 100 pL 15 uM Hoechst 33342 and
30x Flica reagent (FAM Flica Poly Caspase kit, Immu-
noChemistry Technologies, Enzo Life Sciences, Lausen,
Switzerland). The spheroids were subsequently harvested
with a 1 mL pipette and transferred to microcentrifuge
tubes. After washing twice with wash buffer (FAM Flica
Poly Caspase Kit) they were fixed for 1 h in fixing solu-
tion (FAM Flica Poly Caspase Kit) and analyzed in 18 well
p-slides (IBIDI) with a confocal laser scanning micro-
scope (Leica SP5, Heerbrugg, Switzerland) within 24 h.



Hinger et al.  Nanobiotechnol (2016) 14:68

Electron microscopy

Spheroids were incubated for 24 h with 3.67 pM
mTHPC or 50 nm M-Lipidots and irradiated for 1 min
as described above. One hour after light treatment they
were washed and fixed and sequentially treated with
0OsO, and uranylacetate. After dehydration they were
embedded in Epon/Araldite and sections were contrasted
with uranyl acetate and lead citrate. They were examined
with a CM100 transmission electron microscope (FEI,
Eindhoven, The Netherlands) or with an Auriga 40 scan-
ning electron microscope (Zeiss, Oberkochen, Germany).
For a more detailed description see Additional file 1.

Quantitative reverse transcription polymerase chain
reaction (QRT-PCR)

A total of 120 spheroids were incubated with 3.67 uM
mTHPC or 50 nm M-Lipidots for 24 h. After illuminat-
ing for 1 min as described spheroids were incubated for
another 2 h, subsequently harvested with a 1 mL pipette
and transferred to microcentrifuge tubes. They were
washed twice with PBS and resuspended in 600 pL lysis
buffer (Qiagen, Venlo, The Netherlands), vortexed vigor-
ously and passed 30 times through a 1 mL syringe with
a 20 gauge needle. Total RNA was extracted with the
RNeasy Micro Kit (Qiagen) as described per manufac-
turer’s instructions, processed with a cNDA synthesis kit
(Qiagen) and the obtained cDNA used for a quantitative
PCR array (Human Cancer Drug Targets RT? Profiler
PCR Array, Qiagen). For further details please refer to the
Additional file 1.

Flow cytometry

Flow cytometry analysis of the interaction of fluorescent
D-Lipidots with cells was performed using a 9 colors
FACS BD LSR2 equipped with lasers emitting at 488 and
633 nm (BD, Franklin Lakes, USA). CAL-33 cells were
seeded at a density of 10° cells per well in 12 well plates
and incubated for 24 h. D-Lipidots with a diameter of
50 nm were incubated at the corresponding concentra-
tion of 1 uM DiD in presence of cell monolayers for 2, 3
or 6 h in complete cell culture medium. Thereafter, cells
were rinsed with PBS (x2), harvested by the addition of
trypsin followed by a centrifugation, and then fixed with
2 % FA before flow cytometry analysis. 10,000 to 20,000
events were recorded. The data from fluorescence meas-
urements at an emission wavelength of 660 nm for DiD
were analyzed using DIVA v8.1 software (BD) by using
the overlay option.

Statistical evaluation and graphical modelling

Two-way ANOVA of cell toxicity and phototoxic-
ity data was analyzed from at least two independent
experiments and five replicates per condition. Means
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are plotted + standard deviations. Statistics and graphi-
cal plots were established and analyzed with GraphPad
Prism software (Graphpad Software, La Jolla, USA).

Results

Nanoparticle preparation

To investigate the effect of particle size and PS payload
on transport and delivery, two series of nanoparticles
were prepared with two different payloads. For the 50 nm
nanoparticles, mMTHPC was incorporated with a content
of 920 molecules/particle whereas for 120 nm particles,
the amount of mMTHPC was estimated at 4600 molecules/
particle. Therefore one 120 nm nanoparticle contains
fivefold more molecules of mTHPC than one 50 nm
nanoparticle. Expressed in equivalent mTHPC concen-
tration (3.67, 7.34 and 14.69 pM) the solution of 50 nm
nanoparticles contains fivefold more particles than the
solution of 120 nm particles. As observed in our prelimi-
nary study [15], mTHPC was efficiently encapsulated into
lipid nanoparticles without affecting neither the colloidal
properties of the carrier nor photophysical properties of
the loaded PS. Indeed, an aggregation of mTHPC inside
the lipid core of nanoparticles can be observed only for
50 nm particle at high payload (>4 %w/w total lipid, data
not published). Estimated from the whole excipients ini-
tially incorporated in the Lipidot formulation, mTHPC
was loaded in our study at 2.8 and 1.0 % w/w for 50 and
120 nm particles, respectively (Table 1).

Particle size and size distribution of lipid nanoparticles
Dynamic light scattering (DLS) technique was used to
determine the particle hydrodynamic diameter (in nm),
particle size distribution (expressed by polydispersity
index PDI) using Zetasizer Nano ZS (Malvern Instru-
ments, France). At least three different nanoparticle
batches (lipid dispersed phase weight fraction: 10 %)
are measured per condition. Data were expressed as
mean + standard deviation of three independent meas-
urements performed at 25 °C (Table 1).

Lipidot size drives uptake kinetics in CAL-33 cells

Using confocal laser scanning microscopy and CAL-
33 monolayers and spheroids, uptake of 50 and
120 nm M-Lipidots was investigated over time and com-
pared to free mTHPC (Fig. 1). In CAL-33 monolayer
cultures, fluorescence of free mTHPC could be read-
ily detected after 2 h of incubation as a diffuse signal
throughout the cytoplasm, sparing the nucleus. In con-
trast, no fluorescence from our nanoparticle formula-
tions was apparent at this time point. Only after 6 h both
sizes of M-Lipidots were visible with the same distribu-
tion pattern as free mTHPC, however, the fluorescence
was markedly weaker with 120 nm M-Lipidots compared
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Table 1 Physicochemical characterization of Lipidots
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Lipid (mg/mL) Numberof parti- MTHPC mol- mTHPC (pg/mL) Drug loading® Hydrodynamic  Poly-dispersity
cles/mL ecules/particle diameter (nm) index
50 nm M-Lipidot 50 7.27565 x 10™ ~920 722 2.8 % 477 £1.1 0.153 £0.01
120 nm M-Lipidot 50 526306 x 10" ~4600 262 1.0 % 1112422 0.103 £ 0.01
50 nm Lipido‘[b 50 7.27565 x 10" - - - 495415 0.170 £ 0.07
120 nm Lipidot® 50 526306 x 10° - - - 954434 0.120 4 0.05

Data with standard deviation
2 Expressed w/w of total lipids (included in nanoparticle formulation)

® Empty Lipidots

Fig. 1 Confocal laser scanning microscopy images of CAL-33 cells incubated for 28 h with free mTHPC (a, d), 50 nm M-Lipidots (b, e) and
120 nm M-Lipidots (¢, f) in monolayers (a—c) and spheroids (d-f). Concentration for all treatments: 7.34 uM mTHPC. Scale bar 50 um

to 50 nm M-Lipidots. The intracellular distribution pat-
tern stayed similar until 28 h but fluorescence accumu-
lated over time for all formulations (Fig. la—c).

To obtain further information with regard to uptake
kinetics, flow cytometry was used to measure in CAL-33
the fluorescence of 50 nm D-Lipidots over time (Fig. 2).
These 50 nm D-Lipidots show the same accumulation
behavior as 50 nm M-Lipidots (Fig. 2a), but are better
suited for flow cytometry applications. Data confirmed
microscopic observations in CAL-33 cells, showing an
increase of fluorescence intensity after 6 h of incubation
as compared to earlier time points (Fig. 2b).
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To better predict the in vivo behavior, uptake was then
investigated in CAL-33 spheroids (Fig. 1d—f). In this 3D
model of an avascular mini tumor, free mMTHPC accumu-
lated in the outer cell layer at about the same time as in
monolayer cells (2 h), however, it took up to 6 h until the
PS was penetrating further into the spheroid. Eventually
it reached the spheroid core at 24 h with a modest overall
fluorescence increase until 28 h. At these late time points,
fluorescence signals showed a homogeneous distribution
within the spheroid. The weaker fluorescent signals of
50 nm M-Lipidots were apparent in the outer cell layers
after 4 h, and continued to penetrate slowly deeper into
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Fig. 2 a Confocal laser scanning microscopy image of CAL-33 cells incubated with 1 uM D-Lipidots (50 nm) for 6 h. Scale bar 20 um. b Flow cytom-
etry analyses of CAL-33 cells incubated with 1 uM D-Lipidots (50 nm) for 2 h (pink), 3 h (light brown), 6 h (red), as compared to control (grey)

the spheroid center. At 28 h the core was fluorescent, but
the signal displayed a more punctuate and less homoge-
neous pattern. Compared to 50 nm M-Lipidots, penetra-
tion of 120 nm M-Lipidots was retarded, most of which
did not reach the center even at 28 h as evidenced by a
less fluorescent spheroid core.

Semiquantitative analyses of microscopy data con-
firmed that time dependent uptake curves were dif-
ferent between free mTHPC and M-Lipidots in the
spheroid model (Fig. 3). Free mTHPC was taken up in
a nonlinear, asymptotical way with high initial uptake
rates and quickly decreasing rates over time whereas
120 nm M-Lipidots were taken up by the spheroid in an
almost linear fashion during the whole time of the exper-
iment at a very low initial uptake rate. The uptake curve
of the 50 nm M-Lipidots presents an uptake in a nonlin-
ear way but at a lower initial uptake rate as free mTHPC.
Based on uptake studies, further studies were therefore
performed after a 24 h exposure to the compounds.

The nanoformulations are less cytotoxic than the free
substance at high drug concentrations

To obtain information about a possible cytotoxicity
of our nanocarriers, we first tested empty Lipidots by
means of an ATP luciferase viability assay that measures
cell viability in CAL-33 spheroids (Fig. 4a). A compari-
son revealed that both 50 and 120 nm Lipidots are well
tolerated for concentrations of particles correspond-
ing to the equivalent mTHPC concentration from 0 to
14.69 uM (269.3-692.9 pg/mL lipid [50 nm]; 190.7 pg/
mL-1.90 mg/mL lipid [120 nm]), with the smaller parti-
cles being slightly superior (p < 0.01). While the 50 nm
particles did not exhibit any toxicity at the tested concen-
trations the 120 nm particles reduced viability by 10 %.
As a next step, cytotoxic effects of PS-loaded M-Lipidots
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were compared to free mTHPC in CAL-33 spheroids
(Fig. 4b). While free mTHPC showed a clear toxicity
(68 % viability) in the dark at the highest concentration
tested (14.69 uM), encapsulation of mMTHPC into Lipidots
resulted in a significantly reduced dark toxic effect (78 %
viability with the 50 nm Lipidots; 86 % viability with the
120 nm Lipidots, p < 0.001).

The 50 nm M-Lipidots show high photodynamic potency
similar to free mTHPC

The PDT effects mediated by M-Lipidots or free mTHPC
were investigated in CAL-33 spheroids (Figs. 5, 6). Our
microscopic analyses showed that PDT with both free
mTHPC and 50 nm M-Lipidots induced a pronounced
and comparable destruction of the spheroids (Fig. 5).
Although the size reduction was difficult to microscopi-
cally measure under conditions of high destruction, the
results correlated with the respective ATP luciferase
viability assays (Fig. 6b). The 50 nm Lipidots as well as
free mTHPC reduced spheroid sizes by 100 % at higher
concentrations (p < 0.001). However, after PDT with
120 nm M-Lipidots, even at the highest concentration
(14.69 pM), only mild phototoxic effects were visible with
size reductions by only 34 % (Figs. 5, 6a, p < 0.001). These
limited PDT effects of 120 nm M-Lipidots could also be
confirmed by ATP luciferase viability assays (Fig. 6b).
Viability after PDT with the highest concentration
(14.69 uM) was 1.8 % with mTHPC, 6.6 % with the 50 nm
particles and 66.2 % with the 120 nm particles (p < 0.001).

Free mTHPC causes apoptosis and necrosis

while 50 nm M-Lipidots cause mostly apoptosis

By “FLICA” apoptosis assays high pan-caspase activ-
ity was detected in CAL-33 spheroids after PDT with
50 nm M-Lipidots (Fig. 7c) and, to a lesser extent, after
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Fig. 3 Time dependent uptake curves of free mTHPC (a),

50 nm M-Lipidots (b) and 120 nm M-Lipidots (c) established by wide-

field fluorescence measurement in CAL-33 spheroids. RFU relative

fluorescence units. Concentration for all treatments: 7.34 uM mTHPC

treatment with free mTHPC and irradiation (Fig. 7b).
Very low caspase staining occurred after PDT with
120 nm M-Lipidots (Fig. 7d) which was barely more
intense than staining of control spheroids (Fig. 7a).

An investigation of CAL-33 spheroids at the ultra-
structural level with electron microscopy confirmed
different modes of cell death as observed after PDT
with mTHPC or 50 nm M-Lipidots (Fig. 8). Untreated
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controls showed intact spheroid structures and most
cells displayed well preserved cell organelles (Fig. 8a,
d). MTHPC-induced PDT seemed to disrupt spheroid
structure as a whole, causing cells to die either in an
apoptotic or in a necrotic manner (Fig. 8b, e). Apoptosis
was recognizable by the condensed chromatin structure
and well preserved cell membranes of some dying cells.
However, necrotic features like destroyed cell organelles
and membranous cellular debris were present as well.
Inside several cells inclusion bodies with grainy depos-
its were visible that may be aggregated and contrasted
mTHPC (Fig. 8g). PDT with 50 nm M-Lipidots was pri-
marily damaging the spheroid center leaving an outer
rim of cells intact under these conditions (Fig. 8c). In the
spheroid center cells were primarily showing features of
apoptotic cell death, as described above (Fig. 8f). Addi-
tionally, in the outer cell layer, close to the cytoplasmic
membrane, vesicles with enclosed sphere-like structures
of about 50 nm were present that may represent M-Lipi-
dots (Fig. 8h).

Lipidot-PDT affects similar pathways as mTHPC-PDT

To further explore possible differences between mTHPC-
and 50 nm M-Lipidot-mediated PDT, we analyzed the
expression of 84 known cancer drug target genes by
means of qRT-PCR (Fig. 9). Compared to the untreated
control, no gross differences in overall expression pat-
terns could be discovered after PDT, since the same 33
genes were upregulated after both regimes. However,
the upregulation was generally stronger after mTHPC-
PDT. This was e.g. obvious for the expression of PTGS2,
TXNRDI1, AKT1, NFKB1, EGFR, PIK3C3, NRAS, PLK2,
PLK3, RHOB, and HSP90AA1, where a more than two-
fold higher upregulation was found after mTHPC-PDT
compared to M-Lipidot-PDT. However, it should be
noted that the same pathways were affected in the same
direction (only upregulation, no downregulation) after
both PDT regimes. Among others, we detected signs
for abnormal regulation of KRAS and NRAS and an
increase of transcription factors ATF2, HIF1A, NFKBI,
TP53 despite of the upregulation of histone deacety-
lases HDAC1, HDAC2 and HDAC4. Genes that were not
expressed and/or unaltered after both PDT regimes are
summarized in Additional file 1: Table S1.

Discussion

The powerful PS mTHPC is approved in several European
countries for palliative PDT of patients with advanced
head and neck cancer. However, mTHPC formulations
that e.g. improve solubility of this highly hydrophobic
drug, reduce its dark toxicity, enhance its intratumoral
accumulation and/or increase PDT efficacy would be
beneficial for systemic clinical applications [18].
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Fig. 4 Cell viability ATP assays of CAL-33 spheroids after 24 h incubation. a Cytotoxic effects (dark toxicity) of empty Lipidots with an equalized
amount of lipid content as in b. b Cytotoxic effects (dark toxicity) of 3.67 uM (7), 7.34 uM (2) and 14.69 uM (3) mTHPC or 50/120 nm M-Lipidots.
*p < 0.01. **p < 0.001

Fig.5 Light microscopy of CAL-33 spheroids incubated for 24 h with 3.67, 7.34 and 14.69 uM mTHPC or 50/120 nm M-Lipidots after light irradiation
with 3440 Ix for 20 min
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Fig. 6 a Light microscopic measurements of spheroid areas of CAL-33 spheroids incubated with 3.67 uM (1), 7.34 uM (2) and 14.69 uM (3) mTHPC
or 50/120 nm M-Lipidots with (+) and without (—) light irradiation with 3440 Ix for 20 min. b Cell viability ATP assays of CAL-33 spheroids incubated
at the same conditions as in a. *p < 0.05. ***p < 0.001

Fig. 7 Confocal laser scanning microscopy images of the fluorescent labeled inhibitor of caspases (FLICA) apoptosis assay after irradiation of CAL-
33 spheroids with 3440 Ix for 1 min. FLICA: green, Hoechst 33342 nuclear stain: blue, mTHPC (red). Untreated control (a) and incubations with mTHPC
(b), 50 nm M-Lipidots (¢) or 120 nm M-Lipidots (d). Concentration for all treatments: 3.67 uM mTHPC. Incubation time 24 h. Scale bar 50 um
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Irradiation 1 min at 3440 Ix. Scale bar (a—c) 50 um. Scale bar (d-h) 2.5 um

Fig. 8 Transmission electron microscopy images of CAL-33 spheroids. Untreated control (a, d) and incubations with mTHPC (b, e, g) or
50 nm M-Lipidots (c, f, h). Arrows (g) vesicles with precipitate. Arrows (h) engulfed Lipidots. Concentration 3.67 uM mTHPC. Incubation time 24 h.

Recently, we introduced solid lipid nanoparticles as
stable, easy to produce and efficient carriers for mTHPC
[15]. However, while physico-chemical and photophysi-
cal evaluations indicated their excellent suitability for
PDT, only scarce information is available yet with regard
to their behavior in biological systems. In the present
study we have therefore chosen an advanced in vitro can-
cer spheroid model to investigate for the first time PDT
effects of these particles (called M-Lipidots) at the cellu-
lar level and compare it to effects of free mTHPC. Cancer
spheroids are multicellular 3D grown minitumors that
display features which better mimic the biology of solid
tumors than standard monolayer cultures, among oth-
ers in terms of intercellular contacts, matrix deposition,
physiological barriers, cellular inhomogeneity or prolif-
eration properties [19]. Also with regard to ROS diffusion
and PS penetration a 3D environment may be advanta-
geous. Spheroids have thus been proposed not only as
superior predictive platforms for testing of drugs but also
of drug delivery systems [20].

Since diameters of Lipidots can be reliably adjusted
between 30 and 120 nm by varying wax, oil and sur-
factant content [15], we have here included two exem-
plary sizes of mTHPC-Lipidots, namely 50 and 120 nm.

58

In both, monolayer cultures (that served as a reference)
and spheroids, we found that free mMTHPC was taken up
in a shorter time frame compared to mTHPC encapsu-
lated into Lipidots. The quicker and higher accumulation
of free mTHPC may be explained by the fact that lipo-
philic PSs can bind to serum proteins and uptake can be
mediated by low lipid density protein receptors, which is
considered an efficient mechanism [18]. For in vivo appli-
cations this slower accumulation of M-Lipidots must of
course be considered but may be outweighed by advan-
tages of Lipidot’s PEG chains that offer a stealth mecha-
nism to avoid fast recognition by the immune system
[21].

Our experiments further indicated favored uptake
and superior spheroid penetration properties of the
50 nm M-Lipidots over the 120 nm M-Lipidots. These
results are in accordance with most literature reports for
other nanocomposites which suggest a size dependency
of the uptake behavior and smaller diameters being more
readily internalized by cells in monolayers [22]. There are
fewer studies investigating size dependent penetration
of nanoparticles into spheroids, however, in a work with
gold nanocomposites the authors also reported a supe-
rior uptake of smaller 50 nm particles over larger 100 nm
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Fig. 9 Fold expression change in spheroids after 24 h incubation with 3.67 uM mTHPC or 50 nm M-Lipidots and light illumination from 2.5 cm
above with white light for 1 min at 3440 Ix. Gene expression data was normalized against an untreated control and the RPLPO house keeping gene.
CFTR/MRP ATP-Binding Cassette, Sub-Family C, ABCCT Member 1, PTGS2 Prostaglandin-Endoperoxide Synthase 2, TXNRDT Thioredoxin Reductase 1,
AKT1 V-Akt Murine Thymoma Viral Oncogene Homolog 1, AKT2 V-Akt Murine Thymoma Viral Oncogene Homolog 2, ATF2 Activating Transcription
Factor 2, HIF1A Hypoxia Inducible Factor 1, Alpha Subunit, NFKBT Nuclear Factor Of Kappa Light Polypeptide Gene Enhancer In B-Cells 1, TP53 Tumor
Protein P53, BCL2 B Cell CLL/Lymphoma 2, CDK7 Cyclin-Dependent Kinase 7, CDK9 Cyclin-Dependent Kinase 9, MDM2 MDM2 Proto-Oncogene, E3,
EGFR Epidermal Growth Factor Receptor, ERBB2 Erb-B2 Receptor Tyrosine Kinase 2, ERBB3 Erb-B2 Receptor Tyrosine Kinase 3, HDACT Histone Dea-
cetylase 1, HDAC2 Histone Deacetylase 2, HDAC4 Histone Deacetylase 4, PIK3C2A Phosphatidylinositol-4-Phosphate 3-Kinase, Catalytic Subunit Type
2 Alpha, PIK3C3 Phosphatidylinositol 3-Kinase, Catalytic Subunit Type 3, PIK3CA Phosphatidylinositol-4,5-Bisphosphate 3-Kinase, Catalytic Subunit
Alpha, KRAS Kirsten Rat Sarcoma Viral Oncogene Homolog, V-Ras Neuroblastoma RAS Viral, NRAS Oncogene Homolog, PLK2 Polo-Like Kinase 2, PLK3
Polo-Like Kinase 3, PRKCD Protein Kinase C, Delta, PRKCE Protein Kinase C, Epsilon, RHOB Ras Homolog Family Member B, TOP2B Topoisomerase
(DNA) Il Beta 180 kDa, CTSB Cathepsin B, TNKS Tankyrase, and Heat Shock Protein 90 kDa Alpha (Cytosolic), Class A Member 1 (HSP9OAAT)
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ones [23]. However, we cannot exclude that the stronger
fluorescence signal observed after incubation with
50 nm M-Lipidots may also be due to the fact that five-
fold more particles were present in the working solution
of 50 nm M-Lipidots compared to 120 nm M-Lipidots.
This is related to manufacturing processes and the aim
to reach equivalent mTHPC concentrations with both
M-Lipidot sizes. Furthermore, fluorescence with the nan-
oparticles was markedly weaker when compared to free
mTHPC which is why we cannot exclude that quenching
effects occur in the presence of cells.

For the following PDT experiments, we used a white
light source rather than a laser to activate the PS. In a
previous study we have shown that this is perfectly fea-
sible and may be advantageous to detect (subtle) differ-
ences between effects of treatment regimes [24]. With the
aim to preserve some morphology and avoid complete
RNA degradation [25, 26] for our microscopic and RNA
studies, we furthermore had to reduce the illumination
time from 20 to 1 min. We observed a strong and compa-
rable light-induced destruction of spheroids exposed to
free mMTHPC or 50 nm M-Lipidots. This similar PDT effi-
ciency was despite our observation of a slightly different
microscopic fluorescence distribution pattern within the
spheroid of free mTHPC and M-Lipidots, respectively.
The observed PDT effects complemented our previous
study, where we have shown in a cell-free environment
that 30, 50 and 100 nm mTHPC-Lipidots are capable
of producing high quantum yields after illumination
and that singlet oxygen may diffuse through the Lipi-
dot shell to the surrounding [15]. As predicted because
of their observed delayed and weaker cellular uptake,
120 nm M-Lipidots caused almost no PDT effects under
the applied mild activation conditions. While effects may
be improved with stronger illumination regimes, we have
shown previously that ROS diffusion from larger Lipidots
is anyway worse than from smaller ones [15].

From EM studies and the apoptosis assay, it was evi-
dent that spheroid centers were more damaged after PDT
with the 50 nm Lipidots, although fluorescence accumu-
lation was highest at the spheroid periphery. We propose
that a decreasing nutrient gradient towards the spheroid
center may render those cells more susceptible to PDT,
and therefore also low PS doses will be sufficient to kill
them.

Although PDT with both the free PS as well as the
50 nm M-Lipidots efficiently destroyed spheroids, under-
lying mechanisms turned out to feature differences under
our experimental conditions, i.e. necrosis and apoptosis
with mTHPC-PDT, and apoptosis with 50 nm M-Lipi-
dot-PDT. The reasons for that are not clear yet. While
it is well known that the subcellular localization of a PS
governs PDT cell death pathways [27], we found similar
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cytoplasmic fluorescence patterns of mTHPC with both
formulations. However, necrotic mechanisms have been
reported to occur with stronger cellular photodamage
[27]. Since light doses were the same, it may therefore
be speculated that under the same conditions treatment
with M-Lipidots initiated slightly milder PDT effects
than free mTHPC. Whether this is a consequence of
quantitative PS uptake, exact intracellular distribution or
the nanocarrier has to be investigated.

Stronger photodamage after PDT with free mTHPC
may also be concluded from our RNA expression stud-
ies where we detected always a more pronounced
gene regulation. For several genes a more than two-
fold higher upregulation was found after mTHPC-PDT
compared to M-Lipidot-PDT. As the same pathways
were affected in the same direction (only upregulation,
no downregulation) after both PDT regimes, it indi-
cates common mechanisms of free and Lipidot-encap-
sulated mTHPC. The changed expression patterns
reflect the cell’s complex acute responses to (oxidative)
stress due to our PDT regimes. Many of the upregu-
lated genes may have dual roles for apoptosis or anti-
apoptosis and it is not clear yet whether we observe the
cell’s efforts to initiate rescue mechanisms or the begin-
ning of cell death. Apparently, many different pathways
are dysregulated in parallel. Among others, we detected
signs for abnormal regulation of the RAS signalling
pathway, chromatin remodeling or an increase of tran-
scription factor RNA despite of the upregulation of his-
tone deacetylases.

In accordance with our previous studies with 30, 50 and
100 nm particles in MCF-7 monolayer cultures [14] the
biocompatibility of empty 50 and 120 nm Lipidots could
be here confirmed for CAL-33 spheroids. The observed
slightly higher cytotoxicity of 120 nm Lipidots may be
caused by their increased lipid concentration compared
to 50 nm Lipidots, as observed before [14]. However, this
difference may not be biologically relevant, leaving more
than 90 % of cells vital.

Dark toxicity of PSs is an important issue for clinical
PDT applications that may cause detrimental effects on
healthy cells. This also applies to the strong PS mTHPC
for which cytotoxic effects without light activation are
well known. In our spheroid model we could demon-
strate that the encapsulation of mTHPC into Lipidots
significantly reduced unwanted dark toxicity of this PS
at high concentrations. However, we cannot exclude
that the lower toxicity is at least partially due to a lower
uptake of mTHPC into the cells. Still, considering the
outstanding biocompatibility of our carrier it may allow
for systemic applications of higher doses of mTHPC for
improved PDT without the risk for light-independent
effects in patients.
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Various different approaches have been proposed
in the past, including the development of e.g. lipo-
somal mTHPC formulations [28, 29] or the encap-
sulation of mTHPC into nanoparticles composed of
poly(lactic-co-glycolic acid) [30], poly(lactic-co-glycolic
acid)-b-poly(ethylene glycol) [31], poly(ethylene gly-
col) methacrylate-co-2-(diisopropylamino)ethyl meth-
acrylate copolymers [32], human serum albumin [33],
organic-modified silica [34] or calcium phosphate. [35]
These studies describe promising carriers for mTHPC by
improving solubility and reducing dark toxicity however
it is not possible to directly compare them as very differ-
ent model systems were used in each case. Furthermore,
nanotoxicology will be very different depending on the
materials used in the formulation and can differ greatly
between in vitro and in vivo studies.

The 50 nm Lipidots display several favorable character-
istics with regard to in vivo applications. Concerning size
Tang et al. [36] e.g. could show in vivo that tumor per-
meation and retention of 50 nm silica particles (the EPR
effect) was superior to smaller 20 nm ones and larger
200 nm ones. Furthermore, in two of our former in vivo
studies with Lipidots as carrier for indocyanine green we
could report on high chemical stability of the particles of
over 6 months and a prolonged tumor labelling of over
1 day [7, 37]. Additionally, Lipidots displayed good long-
term plasma stability and tolerability with low hemolytic
activity [7, 37].

Conclusions

In conclusion, in an advanced 3D cell culture model,
50 nm Lipidots have presented themselves as nontoxic
nanocarriers for hydrophobic photosensitizers such as
mTHPC that preserve its functionality in PDT. Lipidots
are not only fully biocompatible and easy to produce,
but may solve two important problems of mTHPC that
currently prevent a more widespread clinical use of this
efficient PS by rendering it water soluble and reducing
its dark toxicity. The slightly milder PDT effects with
M-Lipidots may be beneficial in certain clinical settings,
e.g. where an apoptotic cell death (without inflammation)
is clinically preferred, such as for tumor ablation.

Additional file

{ Additional file 1. Additional material.
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Abstract

Background: Photodynamic therapy (PDT) as promising alternative to conventional cancer treatments works by
irradiation of a photosensitizer (PS) with light, which creates reactive oxygen species and singlet oxygen ('0,), that
damage the tumor. However, a routine use is hindered by the PS's poor water solubility and extended cutaneous
photosensitivity of patients after treatment. In our study we sought to overcome these limitations by encapsulation of
the PS m-tetrahydroxyphenylchlorin (mTHPC) into a biocompatible nanoemulsion (Lipidots).

Results: In CAL-33 tumor bearing nude mice we compared the Lipidots to the existing liposomal mTHPC nanofor-
mulation Foslip and the approved mTHPC formulation Foscan. We established biodistribution profiles via fluorescence
measurements in vivo and high performance liquid chromatography (HPLC) analysis. All formulations accumulated in
the tumors and we could determine the optimum treatment time point for each substance (8 h for mTHPC, 24 h for
Foslip and 72 h for the Lipidots). We used two different light doses (10 and 20 J/cm?) and evaluated immediate PDT
effects 48 h after treatment and long term effects 14 days later. We also analyzed tumors by histological analysis and
performing reverse transcription real-time PCR with RNA extracts. Concerning tumor destruction Foslip was superior
to Lipidots and Foscan while with regard to tolerance and side effects Lipidots were giving the best results.

Conclusions: We could demonstrate in our study that nanoformulations are superior to the free PS mTHPC. The
development of a potent nanoformulation is of major importance because the free PS is related to several issues such
as poor bioavailability, solubility and increased photosensibility of patients. We could show in this study that Foslip is
very potent in destroying the tumors itself. However, because the Lipidots'biocompatibility is outstanding and supe-
rior to the liposomes we plan to carry out further investigations and protocol optimization. Both nanoformulations

show great potential to revolutionize PDT in the future.

Keywords: Nanoemulsion, mTHPC, Head and neck cancer, PDT, Liposome

Background

Photodynamic therapy (PDT) has received more atten-
tion in recent years as attractive alternative to conven-
tional cancer treatments such as chemotherapy, surgery
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or radiotherapy [1, 2]. The principle of photodestruction
on which it relies on works by exposure of a so called
photosensitizer (PS) to light of an appropriate wave-
length, which in turn depends on the kind of PS used.
The PS reacts with oxygen upon irradiation and gener-
ates reactive oxygen species (ROS) and singlet oxygen
(*O,) which damage surrounding tissue [3—5]. However,
the short lifetime of singlet oxygen (<0.04 ps) and low dif-
fusion potential with a small radius of action (0.02 pm)
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limits the damage to the irradiated spot [6]. In addition to
this direct killing of malignant cells [7] tumor destruction
can also be accomplished by targeting the tumor associ-
ated vessels [8]. However, a third possibility is to create
longer lasting effects via stimulation of the immune sys-
tem which subsequently may prevent tumor recurrence
[9].

PDT is a strictly local modality that offers certain
advantages over established anti-cancer regimes. It is
e.g. minimally invasive, does not have a maximal lifetime
dose and can therefore be repeated [1], gives an excellent
cosmetic and functional outcome [10], does not produce
drug resistance [11], and is not associated with severe
systemic side effects [12]. PSs are preferentially taken
up by malignant cells and therefore exhibit an inherent
selectivity [13]. For this reason PSs can also be used as
imaging probes in photodiagnosis (PDD) [14]. However,
the selectivity leaves still room for improvement. The
currently most widely used PSs are porphyrin deriva-
tives. In an attempt to improve their optical properties
modifications to the porphyrin structure have been made
and led to the discovery of several second generation PSs
like phthalocyanines [15] and chlorins [16]. The power-
ful chlorin PS m-tetrahydroxyphenylchlorin (mTHPC) is
a well characterized substance and was highly successful
in various in vitro, in vivo studies and clinical trials which
has ultimately led to its approval for palliative treatment
of head and neck cancer in Europe [17-20]. Although
very promising its routine use in the clinic is hampered
by poor water solubility which leads to aggregation, prob-
lematic systemic administration and suboptimal biodis-
tribution. Moreover extended photosensitivity of patients
after treatment impairs applicability [5, 21].

A possible solution to these drawbacks can be offered
by encapsulation of PSs into nanocarriers. With this
approach several problems could be tackled at once. First
of all the solubility can be drastically improved, easing
intravenous injections. Furthermore cancer selectivity
could be increased by passive targeting, profiting from
the enhanced permeability and retention effect (EPR)
of nanoparticles in solid tumors [22]. Due to the high
payload of nanoformulations, accumulation of greater
pharmacological PS doses within the tumor may be facil-
itated, which could improve PDT effects by lowering the
risk of an unwanted photosensitivity of healthy tissues,
such as the skin.

We recently developed a biocompatible nanoemul-
sion (Lipidots) [23] as carrier for mTHPC with excel-
lent optical properties which we subsequently tested in
two in vitro studies [24, 25]. It could be demonstrated
that Lipidots can significantly lower the dark toxicity
of mTHPC while maintaining its photodynamic activ-
ity. In the course of our research we identified the most
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promising Lipidot formulation which we decided to fur-
ther test in vivo.

In the present study we compared this novel mTHPC
nanoemulsion (Lipidots) with a liposomal mTHPC for-
mulation (Foslip) [26], which has been shown to pro-
duce promising results with regard to tumor destruction
in cats [27, 28], and the approved mTHPC formulation
(Foscan), in CAL-33 tumor bearing nude mice.

Methods

Drug and nanoparticle preparation

MTHPC and the liposomal mTHPC formulation Fos-
lip were obtained from Biolitec Research GmbH, Jena,
Germany as powder. A stock solution of 1 mg/mL Fos-
can was prepared by dissolving the mTHPC powder in
a 40/60 ethanol/propylene glycol mixture and filtered
through a syringe filter (0.22 um pore size; TPP, Trasa-
dingen, Switzerland). Foslip (20 mg/mL DPPC/DPPG,
2.2 mM mTHPC, 50 mg/mL Glucose) was reconsti-
tuted with sterile water, giving a stock solution of
1.5 mg/mL (%2.2 mM) mTHPC content, with an aver-
age particle size of 135 nm and a polydispersity index
(PDI) of 0.089. A nanoemulsion containing mTHPC
(Lipidots, 50 mg/mL lipid, 1.06 mM mTHPC) with an
average particle diameter of 50 nm and a PDI of 0.17
was prepared according to Delmas et al. [23] and Nav-
arro et al. [24].

Briefly, Lipidots were manufactured by selecting the
suitable weight ratios of core/shell excipients to design
50 nm diameter nanoparticles. The dispersion is com-
posed of 37.5 % (w/w) of lipid phase (with a lecithin/
PEG surfactant weight ratio of 0.19 and a surfactant/core
weight ratio of 1.20). The Lipidots were loaded with 920
molecules of mTHPC/particlee. MTHPC was incorpo-
rated into the lipid mixture as a concentrated solution in
ethyl acetate and after vacuum elimination of organic sol-
vent, the oily phase was added to the aqueous phase and
emulsification was performed as previously described
[24]. The mTHPC concentrations were determined by
high-performance liquid chromatography (HPLC) anal-
ysis. Separation was achieved on a Sunfire C18 column
(250 mm x 4.6 mm, i.d. 5 um) at 30 °C. The mTHPC
compound was eluted at 2.10 min using a isocratic
mobile phase of acetonitrile/H,O trifluoroacetic acid,
0.1 %: 9/1 at 1 mL/min flow rate after injection of 30 pL.
The UV detection is operated at 425 nm. The mTHPC
concentrations were assessed using a calibration curve
in the range of 1-12 pg/mL. Physicochemical characteri-
zation data of Lipidots can be found in the supplements
(Additional file 1: Table S1).

All solutions were stored at four degrees Celsius in the
dark and further diluted with sterile phosphate buffered
saline (PBS) for injection (0.15 mg/kg mTHPC).
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If not otherwise indicated, all chemicals were pur-
chased from Sigma-Aldrich, Buchs, Switzerland.

Cell culture

CAL-33, tongue squamous cell carcinoma cells (DSMZ,
Braunschweig, Germany), were grown in RPMI-1640
medium without phenol red and with 10 % fetal calf
serum (FCS), 2 mM Glutamax (Life Technologies, Carls-
bad, USA), 1 % Penicillin/Streptomycin as supplements.
Cells were kept in 75 cm? cell culture flasks at 5 % CO,
and 37 °C. Cell counting was performed with a Neubauer
chamber (Laboroptik Ltd., Lancing, UK) on an aliquot of
cells after staining with 0.1 % (w/v) nigrosin in PBS.

Husbandry conditions of mice & tumor model
Female immune deficient CD1-FoxnI™ nude mice
(4-6 weeks old) were obtained from Charles River,
Sulzfeld, Germany. The mice were kept as groups of 5 in
individually ventilated cages (IVC) under specific patho-
gen free (SPF) conditions and provided with food and
water ad libitum.To establish the tumor model 9 mice
each were subcutaneously injected into the right flank
with 1.0 x 10% 1.5 x 10° or 2.0 x 10° CAL-33 cells in
0.1 mL ringer lactate (Kantonsapotheke, Zurich, Switzer-
land) using a 26 G needle and one mL syringe (B. Braun,
Melsungen, Germany). The animals were examined at
least every third day for up to 42 days. Upon examina-
tion the mice were weighed and scored for abnormalities
in behavior and appearance. Tumor sizes were measured
with a Vernier caliper.

All animal experiments were implemented with
approval of the Swiss cantonal ethics committee for ani-
mal experiments (No. 156/2012).

Biodistribution studies

To determine pharmacokinetics Foscan, Foslip and Lipi-
dots were injected intravenously into 10 mice each at a
final concentration of 0.15 mg mTHPC/kg bodyweight
(bw). Fluorescence measurements were carried out
four, 8, 12, 24, 48 and 72 h after drug injection, by press-
ing the optic fiber of a spectrometer (PDT fluorometer;
JETI Technische Instrumente GmbH, Jena, Germany) on
three different spots on the tumor while holding the mice
restrained. Three different spots on the skin were also
analyzed as a reference. After the last measurement the
mice were sacrificed and the tissues (tumor, skin, liver,
spleen, kidney) were weighed, cut in small pieces and
snap frozen in liquid nitrogen. For HPLC analysis the tis-
sue was freeze dried (Christ Freeze drying system Alpha
1-4 LSC). The resulting powdered tissue was weighed
and approximately 10-20 mg was transferred to a two
milliliter reaction tube. Then 1.5 mL of methanol:DMSO
(3:5, v:v) was added followed by immediate mixing for
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three times five sec using a vortex mixer (Merck Eurolab,
MELB 1719) operating at 2400 rpm and then incubated
at 60 °C while continuously shaking for at least 12 h.
All samples were then spun at 16,000¢ in a centrifuge
(Microfuge, Heraeus, Germany) for 5 min. One milliliter
of each supernatant was transferred to a HPLC vial and
analysed by HPLC.The HPLC system consisted of the
solvent module “System Gold 126” (Beckman Coulter,
Brea, USA), autosampler “Triathlon” (Spark), fluores-
cence detector “RF-10A XL” (Shimadzu, Kyoto, Japan)
with SS420x interface set for excitation wavelength at
410 nm and for emission wavelength at 654 nm, online
degasser (ERC3415 alpha, ERC), column thermostat Jet-
Stream Plus set at 30 °C (Thermotechnic Products), col-
umn LiChroCART250-4 with Purospher STAR RP-18
endcapped and guard column LiChroCART4-4 with
Purospher STAR RP-18e endcapped (Merck). The mobile
phase was composed of acetonitril: 0.1 % trifluoro-
acetic acid in water (57.5:42.5 v/v) and the flow rate set
at 1 mL/min. The retention time for mTHPC was about
10 min and the injection volume was 50 pL. The measur-
ing range was from 0.25 to100 pg/uL (r* = 0.9998) and
the detection limit 0.05 pg/pL. The software used was 32
Karat Software, Version 5.0, Build 1021 (Beckman Coul-
ter). The tissue concentration of mMTHPC was determined
from a calibration curve constructed by plotting the peak
height of mTHPC standard solutions versus their con-
centrations. The calibration was linear within this range.

In vivo PDT

Before treatment 90 tumor-bearing mice were injected
subcutaneously with 1.5 mg/kg bw of the painkiller
Metacam (Kantonsapotheke). Subsequently they were
intravenously injected with one of the drug formula-
tions (£0.15 mg mTHPC/kg bw) and treated at the opti-
mum time point according to the biodistribution study.
For laser irradiation the mice were covered with a sur-
gical drape, leaving only the tumor unprotected (= an
irradiation area of 1.5 cm in diameter). Mice were held
restrained tightly and irradiated with a Ceralas PDT laser
652 (Biolitec) for either 100 or 200 s (210 or 20 J/cm?
100 mW/cm?). To monitor treatment effects tumor sizes
were measured with a Vernier Caliper every 3 days and
all mice were photographed with an 8 MP camera (Sam-
sung, Seoul, South Korea) before treatment and up to
14 days later.

Histology and Immunohistochemistry

In order to screen for short term and long term PDT
effects 48 h and 14 days after laser irradiation half of the
mice (n = 45) were sacrificed in each group. Liver, kid-
ney, spleen and tumor were taken and rinsed with PBS.
The organs were subsequently fixed with four per cent
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formaldehyde (FA)/PBS for 12 h and transferred to PBS
or snap frozen in liquid nitrogen. FA fixed samples were
dehydrated with an increasing alcohol series and embed-
ded in paraffin. Five micrometer sections were cut and
transferred to Superfrost glass slides (Thermo Fisher,
Waltham, USA). The sections were deparaffinized and
either stained with haematoxylin and eosin or processed
for immunohistochemistry. For the latter the slides were
washed repeatedly in Tris buffered saline (TBS) and
blocked for 30 min in 1 % bovine serum albumin (BSA)/
TBS. The slides were incubated with an anti-ki-67 anti-
body (Abcam, #ab15580, Cambridge, UK) over night at
four degrees Celsius (1:100 in TBS). All following steps
were performed at room temperature. After another
washing step with TBS anti-rabbit-biotin antibody (Bio-
Science Products AG, Emmenbriicke, Switzerland)
was added (1:100 in BSA/TBS) for 30 min. After wash-
ing with TBS, the slides were incubated with Streptavi-
din Peroxidase (Biospa, Milano, Itlay, 1:100 in TBS) for
30 min. Another washing step with TBS followed, then
the endogenous peroxidase was blocked by placing the
slides in 0.3 % H,0,/TBS for 20 min. After another wash-
ing step with TBS the slides were incubated with 0.7 mg/
mL 3,3’-diaminobenzidine/H,O for 3—20 min. The slides
were washed with dH,O and mounted with glycergel
(Dako, Glostrup, Denmark).

Quantitative reverse transcriptase polymerase chain
reaction (QRT-PCR)

Twenty mg frozen tumor tissue was transferred to Mag-
NALyser Green Beads tubes (Roche, Basel, Switzerland)
and 600 microliter lysis buffer (RNeasy Mini Kit, Qiagen,
Venlo, The Netherlands) was added. Tissue homogeniza-
tion was carried out according to manufacturer’s instruc-
tions with a Precellys 24 Homogenizer (Bertin, Montigny
le Bretonneux, France). The lysate was centrifuged for
1 min at 11.000g and transferred to RNeasy Mini Spin
columns (Qiagen). RNA extraction was performed
according to manufacturer’s protocols. Five hundred

Table 1 Sequences of primers
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ng of purified RNA were subsequently used for cDNA
synthesis with QuantiTect Reverse Transcription Kit
(Qiagen), which was carried out according to the manu-
facturer’s recommendations. QRT-PCR was performed
with hydrolysis probes from a Universal Probe Library
(Roche) on a LightCycler 480 (Roche). The PCR program
consisted of an activation phase of 10 min at 95 °C fol-
lowed by 45 cycles with 15 s at 95 °C and 1 min at 60 °C.
Data was analyzed with the LightCycler480 software
and REST software (http://www.gene-quantification.de).
Primer sequences are listed in Table 1.

Data analysis and statistics
For the measurement of tumor volumes (V) the follow-
ing formula was used: V = Z x L x W where L corre-
sponds to the length of the tumor and W to width of the
tumor.
All groups consisted of at least five individuals.
Measurement raw data was transformed by square root
transformation and 1-way ANOVA was performed on
data sets of day zero, five and 14 after treatment.

Results

The HNSCC model in nude mice worked best with a
subcutaneously injected inoculation volume of 100 pL
ringer lactate solution containing 1.5 x 10° CAL-
33 cells. While for the concentrations 1 x 10° and
2 x 10° cells no exponential tumor growth phase was
reached (Additional file 1: Fig. S1 A,C), after injection
of 1.5 x 10° cells solid tumors with a calculated average
volume of 150 mm?® developed within 24 days (Addi-
tional file 1: Fig. S1 B).

The biodistribution profile established by spectro-
metric fluorescence measurements of mTHPC revealed
that all formulations accumulated in the tumor but the
distribution patterns were different for the three sub-
stances (Fig. 1). After Foscan injection the fluorescence
in the tumor increased fast until 8 and then the curve
reached a plateau. Tumor and skin accumulations were

Gene Primer forward 5’-3/ Primer reverse 5'-3’ Probe
Human GAPDH CAGCAAGAGCACAAGAGGAA GTGGTGGGGGACTGAGTGT #3
Human TACSTD AGAGAGGGAGTGAGAGAAATTAAGG GCGACTCCCTTTTCGTTCTT #23
Human MMP7 GCTGACATCATGATTGGCTTT TCTCCTCCGAGACCTGTCC #72
Human ALDHTA3 TGGTGGCTTTAAAATGTCAGG TATTCGGCCAAAGCGTATTC #53
Human MKI67 CCAAAAGAAAGTCTCTGGTAATGC CCTGATGGTTGAGGCTGTTC #39
Human GLUT1 CTTTTCGTTAACCGCTTTGG CGAGAAGCCCATGAGCAC #62

Probe numbers relate to the Universal Probe Library (Roche)

GAPDH Glyceraldehyde 3-phosphate dehydrogenase; TACSTD2 Tumor-Associated Calcium Signal Transducer 2; MMP7 Matrix Metalloproteinase-7; ALDH1A3 Aldehyde
Dehydrogenase 1 Family, Member A3; MKI67 Marker of Proliferation Ki-67; GLUTT Glucose Transporter 1
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Fig. 1 Spectrometric fluorescence measurements in skin and tumor

after injection of Foscan (a), Foslip (b) and Lipidot (c)

rather similar in trend but after 8 h, 48 h and 72 h slightly
higher tumor fluorescence could be detected. Therefore
8 h was selected as the optimum drug-light interval for
Foscan (Fig. 1a). Foslip accumulation in the tumor rose
sharply until 12 h with the curve flattening afterwards.
The detected fluorescence was higher in the tumor when
compared to skin between 24 and 72 h. Accordingly
24 h was chosen as ideal treatment timepoint for Foslip
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(Fig. 1b). Lipidots accumulated strongly in the skin, peak-
ing at 12 h after injection. Fluorescence accumula-
tion within the tumor was increasing over time but was
delayed when compared to skin. Fourty eight hours after
injection Lipidots started to be cleared from the skin
while accumulation within the tumor persisted. Although
accumulation in the tumor was not higher 72 h was cho-
sen as drug-light interval when less Lipidots were pre-
sent in the skin (Fig. 1c). As a result of these fluorescence
biodistribution profiles, the drug-light interval selected
and applied for all further in vivo experiments are 8 h for
Foscan, 24 h for Foslip and 72 h for Lipidot.

HPLC analysis confirmed mTHPC accumulation in
the tumor 72 h after injection of all drug formulations
(Fig. 2). Concentrations of Lipidots and Foslip were com-
parable, while the mTHPC concentration was lower with
the Foscan formulation at this time point. Kidneys as well
as skin showed high accumulation with Lipidots and Fos-
lip and lower accumulation with Foscan. Foslip concen-
tration was also high in the spleen whereas Lipidots and
Foscan were present in this organ to a much lower extent.
Very low concentrations were found in the lung with all
three formulations and no drug could be detected in the
liver with either formulation at 72 h.

Therapeutic effects after PDT treatment, analyzed
by tumor size measurements indicated a treatment
response to all three drug formulations (Fig. 3). The best
results were accomplished by Foslip induced PDT which
finally resulted in complete tumor remission with both
light doses (10 and 20 J/cm? 100 mW/cm?) (Fig. 3a, b).
Foscan-PDT was also effective but tumors stopped to
decrease further in size after 12 days with the lower light
dose of 10 J/cm? (Fig. 3a). Tumor residues of around 40 %
of the initial tumor volume (i.e. before treatment) were
still present 14 days later with both light doses (Fig. 3a,
b). Lipidots, although diminishing the tumor masses sig-
nificantly failed to decrease the tumor size further after

Fig. 2 Tissue concentration of mTHPC (ng/mg wet tissue weight)
72 h after injection, as determined by HPLC analysis
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Fig. 3 Caliper measurements of tumor volume changes after PDT (day 0) with 10 J/cm? (a) and 20 J/cm? (b)

6 days with the lower light dose (Fig. 3a). The higher
light dose (20 J/cm?) resulted in continuous reduction of
tumor masses down to around 60 % of the initial tumor
volume (Fig. 3b). Fourteen days after treatment Foslip
was significantly superior to both, Foscan and Lipidots at
lower light doses (p < 0.05) and significantly superior to
Lipidots at higher light doses (p < 0.01).

Fourty eight hours after Foscan and Foslip mediated
PDT skin burns were visible at the irradiated spot with
both light doses but only slight burns occurred after
Lipidot-PDT, even with the higher light dose (Figs. 4, 5).
One week after PDT necrotic tissue and crusts were vis-
ible with all three drug formulations at both light doses.
Fourteen days after Foslip-PDT visible tumor masses
had disappeared completely and the skin had healed
with minimal scarring. Tumors treated with Foscan-
PDT had diminished significantly in size and the skin
had started to heal but small crusts and residual tumor
tissue remained. Lipidot-PDT treated tumors had also
diminished in size after 14 days but with this formulation
an outer rim of the tumor remained with a crust from
destroyed tissue in the middle. Generally the destructive
effects as well as the burning of the skin were more severe
with the higher light dose in all cases which, however, did
not seem to affect healing negatively.

A drop of body weight was observed in mice after Fos-
can and Foslip mediated PDT but more severe in case
of Foscan (Fig. 6a). Also the higher light dose lead to a
stronger body weight drop (Fig. 6b). Lipidots on the other
hand did not result in any loss of body weight with nei-
ther light dose. If anything it delayed the body weight
gain of the juvenile mice slightly (Fig. 6a, b).

A change in behavior of mice during and after admin-
istration of Foscan was apparent. The mice curled upon
injection, which seemed to be painful to the rodents.
Also during and after PDT the mice struggled and tried
to avoid strongly to be touched, despite being treated
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with analgesics. Foslip and Lipidot injections as well as
PDT seemed to be well tolerated with mice not showing
any unusual behavior.

Histological analysis was in accordance with cali-
per measurements revealing vascularized vital CAL-33
tumors in untreated mice (Fig. 7a). Fourty eight hours
after Foscan mediated PDT the tumors showed clear fea-
tures of destruction with lamellar appearing tumor parts
and flattened cells (Fig. 7a). Lipidot-PDT created the
same lamellar features but a larger area in the outer part
of the tumors appeared to be left intact (Fig. 7c). Foslip-
PDT, however, led to lamellar parts and strongly flattened
cells throughout the whole tumor mass (Fig. 7d).

To distinguish between vital, proliferating cancerous
and damaged tumor tissue a proliferation marker (ki-67)
was used (Fig. 8). Antibody staining supported the tumor
size measurements confirming diminished proliferation
corresponding to less ki-67 expressing cells 48 h after
PDT with all formulations. Foscan-PDT treated tumors
showed little ki-67 positive cells when compared to
untreated tumors after 48 h (Fig. 8b). Tumors after Lipi-
dot mediated PDT still exhibited several ki-67 positive
cells but less than untreated controls (Fig. 8c) and tumors
that had been subjected to Foslip-PDT exhibited no ki-67
stained cells at all (Fig. 8d).

Histological and immunohistochemical analyses of
tumors 14 days after treatment supported caliper meas-
urement data. Tumors which had been subjected to Fos-
lip-PDT were completely eradicated just leaving fibrotic
scar tissue behind. Tumors after Foscan-PDT were not
fully destroyed leaving some tumor tissue intact while
the tumors after Lipidot-PDT were only partly destroyed
with some cells positive for ki-67, thus still proliferating
(data not shown).

Possible side effects of the treatments were investigated
by analyzing livers, kidneys and spleens 48 h and 14 days
after PDT. Liver damage was recognizable by deformed
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Fig. 4 Images of tumors after PDT with 10 J/cm?. The irradiation area had a diameter of 1.5 cm (circle)
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Fig. 5 Images of tumors after PDT with 20 J/cm? The irradiation area had a diameter of 1.5 cm (circle)
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Fig. 6 Body weight changes before and after PDT (at day 0) with 10 J/cm? (@) and 20 J/cm? (b)

Fig. 7 H&E stain of CAL-33 tumors. a Untreated control tumor. Tumor 48 h after PDT with Foscan (b), Lipidot (c) and Foslip (d). Laser light irradiation
20 J/cm?. Asterisk (b, €) : tumor tissue. a, d: only tumor tissue

blood vessels and condensed nuclei of hepatocytes 48 h  reversible as 14 days later all livers displayed similar mor-
after Foscan and Foslip mediated PDT but not after phological appearance. No damage of other organs was
Lipidot-PDT. However, the morphological changes were  detectable neither 48 h after nor 14 days after PDT.
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Laser light irradiation 20 J/cm?

Fig. 8 Ki-67 immunohistochemistry for CAL-33 tumors. a Untreated control tumor. Tumor 48 h after PDT with Foscan (b), Lipidot (c) and Foslip (d).

We tested possible expression changes of five genes
(TACSTD, MMP7, ALDH1A3, MKI67, GLUT1) in
tumors 48 h and 14 days after mTHPC and Lipidot medi-
ated PDT compared to untreated tumor controls (Fig. 9).
Foslip-PDT destroyed the tumors completely and there-
fore no RT-PCR analysis was performed. MMP7 and
ALDHI1A3, that are stem cell markers for squamous
cell carcinoma [29, 30], were not expressed in neither
treated nor untreated tumors. TACSTD as marker for
tumor aggressiveness [31] was not present in relevant
abundance either. GLUT1, that may reflect the grade of
malignancy [32], showed upregulation 48 h after mTHPC
mediated PDT but not after Lipidot-PDT. However, these
alterations were not present 14 days later. The prolifera-
tion marker gene MKI67 [33] did not reveal a significant
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Fig. 9 QRT-PCR data from tumors 48 h and 14 days after mTHPC-PDT
and Lipidot-PDT. Laser light irradiation 20 J/cm?
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expression change although it was expressed to a slightly
higher extent in tumors after Lipidot-PDT when com-
pared to tumors that had been exposed to Foscan-PDT.

Discussion

Many preclinical studies provide evidence that PDT has
great potential as anti-cancer modality. However, the
hurdles of limited solubility of photosensitizers and pho-
tosensitivity of patients hamper routine use in the clinics
and made encapsulation of PSs into nanocomposites an
attractive option. Recently, the successful encapsulation
of mTHPC in several nanocarriers had been described,
such as polymeric nanoparticles [34, 35] and calcium
phosphate nanoparticles [36]. In a similar approach in
our former studies we presented the successful encap-
sulation of mTHPC into fully biocompatible and biode-
gradable lipid nanoemulsions and showed first data in
monolayer cells [23, 24]. In our subsequent investiga-
tions in multicellular tumor spheroids we identified a
formulation with a high mTHPC payload that featured
the same excellent PDT effects as the free mTHPC but
with a reduced dark toxicity (Lipidots) [25]. This nanoe-
mulsion consists of a phospholipid (lecithin) monolayer,
protected by a PEG-shell with a soybean/wax core, where
mTHPC is incorporated. The average particle diameter of
the most promising formulation was 50 nm with a PDI of
0.17 and a zeta potential close to —7 mV.

In the present study we now report for the first time on
in vivo PDT with these novel PS-loaded Lipidots using a
cancer xenograft nude mouse model. To better compare
PDT effects of Lipidots, we included treatments with the
conventional and approved mTHPC formulation Foscan
[37-39] as well as the liposomal mTHPC formulation,
Foslip, that already gave promising results in the treat-
ment of cancer in cats [28, 40] and mice [40—-42]. The
lipsomes in the Foslip solution had an average particle
size of 135 nm and a PDI of 0.089 with a zeta potential of
around -13 mV.

One of the prerequisites for successful PDT is a high
accumulation of the PS within the tumor site. While it
is known that PSs are preferentially taken up by cancer
cells compared to normal cells [13], in vivo intratumoral
doses of PSs may actually often be low due to solubility
problems and/or interactions with plasma proteins [42].
Increasing the PS dose, however, bears the risk of high
circulating PS amounts and photosensitivity of skin and
eyes.

We here showed that after intravenous injection Fos-
can accumulates in cancer xenografts and that treatment
with Foscan-PDT significantly reduced tumor volumes
under the selected conditions. However, our histological
analyses confirmed that Foscan-mediated PDT did leave
tumor residues behind in most cases. These residues were

72

Page 10 of 14

still present 14 days after treatment. Our HPLC data indi-
cated a lower cancer accumulation of Foscan when com-
pared to the other formulations 72 h after injection. The
low accumulation, probably due to solubility problems,
might be an explanation for the suboptimal PDT success.
Also the other organs presented with less mTHPC con-
tent in the case of Foscan. Apart from solubility issues,
an interaction with plasma proteins or, when taking into
account the late time point of the HPLC measurement,
faster systemic clearance could be at work.

Immunohistochemistry with ki-67 antibodies revealed
that after Foscan-PDT, proliferating cells were still pre-
sent in these samples but not more than in untreated
cancers. Since elevated ki-67 is thought to be indicative
for an unfavorable prognosis in head and neck cancers
[43], incomplete PDT apparently did not select for this
phenotype. To further characterize surviving tumor cells
after PDT with Foscan, we performed qPCR studies for
selected genes. Gene expression analyses revealed that
cancer stem cell markers MMP7 and ALDH1A3 were
neither transcribed before nor after PDT in CAL-33 cells.
However, one genetic marker of tumor aggressiveness,
GLUT]1, was upregulated after Foscan-PDT. To the best
of our knowledge, this is the first report on an increase
of GLUT1 mRNA due to Foscan-PDT. The upregulation
may have been the result of a PDT-related acute stress
response as GLUT1 has previously been described as cell
stress response gene [44]. However, 14 days after Fos-
can-PDT GLUT1 expression returned to control levels,
suggesting that no permanent cell transformation into
a GLUT1-related aggressive subtype had taken place.
Although in our model remaining tumor cells did not
start to proliferate in an aggressive manner we cannot
exclude that they changed their phenotype. It is known
that PDT can cause resistance in tumor cells under cer-
tain conditions and an acute stress response is one of
them [11]. Thus, it would be interesting to investigate
PDT resistance mechanisms in a follow up study by irra-
diating the tumors repeatedly.

Despite the different nature of the nanoformulations
both, Lipidots and Foslip, accumulated in the xenografts
and could reduce tumor volumes significantly after PDT.
The observed slower cancer accumulation rate of Lipi-
dots compared to Foscan is in line with our previous
in vitro results from cancer spheroids [25] where pen-
etration of Lipidots into the spheroid core was delayed.
However, while tumor residues were still present after
Lipidot-PDT, Foslip mediated PDT could eradicate the
cancers completely. After Lipidot-PDT primarily the
outer rim of the tumor seemed to be left intact, which
was confirmed by histological analyses. Interestingly,
we have observed a similar outcome already in our pre-
vious in vitro study with multicellular tumor spheroids
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[25] where spheroids were dying in the center but outer
cell layers were left intact. The reason for this phenom-
enon is not clear yet. We can only speculate that e.g. the
cells in the center are more susceptible to PDT due to
poor nutrient supply or that in the outer layers a kind of
quenching effect might occur. Another possible explana-
tion could be that the particles stay intact when entering
the cell and are therefore less accessible for light activa-
tion. Ki-67 staining also revealed proliferating cells after
Lipidot PDT as seen in the case of Foscan, while after
Foslip PDT no such cells were present. QRT-PCR data
showed no GLUT1 upregulation after PDT for neither of
the particles, indicating that encapsulation changes cer-
tain cellular effects of the PS in vivo. This result is well
in line with our previous in vitro results where we could
show that encapsulation into Lipidots can dampen the
expression response after mTHPC mediated PDT for a
wide range of genes [25]. With regard to drug resistance
encapsulation might thereby offer an advantage over the
use of the free formulation.

Both particles, Lipidots and Foslip, contain the same
drug and drug amounts were kept constant for all for-
mulations. Furthermore, 72 h after injection quantitative
HPLC analysis showed similar mTHPC amounts in the
xenograft for both nanoformulations. According to these
observations the difference in therapy outcome is most
likely due to the nanoparticle itself.

While in the Foscan solution mTHPC is solubilized by
use of a solvent consisting of propylene glycol/alcohol in
the liposomes the PS, because of its amphiphilic nature,
is entrapped in the phospholipid bilayer. In contrast in
the nanoemulsion (Lipidots) with a phospholipid mon-
olayer hull the PS is incorporated into the oil/wax core.
Due to the different structure cells might interact with
each nanoparticle in a different way and might cause or
might not cause PS release by an uptake event. Further-
more, it is well known that the nature of the particle can
have a major impact on its later subcellular localization,
which is an import factor for the success of PDT [45].
Additionally both particles consist of different lipids
and contain different lipid amounts in their formulation
which is fivefold higher in the case of Lipidots.

From our biodistribution studies we have chosen
drug-light intervals of 8 h and 24 h for Foscan and Fos-
lip, respectively. To avoid high PS levels in the skin, for
Lipidots, we extended the drug-light interval to 72 h.
The idea behind this approach was to minimize the
damage to healthy tissue by irradiation and to reduce
the risk of subsequent scarring. However, with care-
ful shielding as in our study, an earlier treatment time
point might have been advantageous, since it has been
shown that the drug-light interval determines in which
compartment the PS accumulates preferentially. It has

73

Page 11 of 14

been demonstrated e.g. by Lassalle et al. [46] that at
early time points Foslip is circulating mostly within the
blood stream, only after several hours it can reach the
tumor site and at later time points it is mainly located
within the cancers of mammary carcinoma bearing nude
mice. It might have been the case that at the late treat-
ment time point blood vessels were not affected by PDT,
which would have been necessary to avoid subsequent
tumor regrowth. In the present study, biodistribution was
investigated by two complementary methods, i.e. spec-
trometric fluorescence in vivo measurements and HPLC
endpoint analyses. Clearly, certain discrepancies between
results of these methods arose that may have been caused
by different optical measurement conditions after injec-
tion of the formulations that were most likely influenced
by differences in subcellular distribution, aggregation
behavior or localization of the PS within the tissue. It is
well known that the nature of the nanocarrier may have a
strong influence on these parameters, which can in turn
lead to decreased detectability by methods that rely on
fluorescence and might ultimately hamper a treatment
response. Considering the different size and composition
of the nanocarriers a distinctively different biodistribu-
tion profile was to be expected.

However, differences in the detectability made it very
difficult to predict the optimal treatment time point.
On the other hand, use of HPLC detection for all treat-
ment time points would have called for a huge amount
of rodents, which we deliberately refrained from. Never-
theless a better correlation between fluorescence meas-
urements and HPLC should be established for future
experiments.

Furthermore, it has to be stated that for successful
PDT, dosimetry, that means the appropriate drug and
light dose, as well as the optimal drug-light interval
are of uttermost importance. In the case of Foscan and
Foslip appropriate treatment schemes had already been
established previously [28, 46], while for Lipidots no
such protocol exists. We therefore cannot exclude that
the drug-light interval used in our mouse model was
not optimal for all substances, especially for the Lipidot
formulation.

A factor which is often neglected in the therapy of can-
cer patients is their overall constitution. Because their
body is already massively weakened by the disease it is of
uttermost importance that the administered drugs do not
unnecessarily deteriorate their health status by causing
additional side effects. When it comes to treatment toler-
ance Lipidots were clearly performing best. Convenient,
painless injection, no change in behavior of mice and no
body weight loss indicate a highly biocompatible nano-
formulation. In contrast Foscan was problematic in this
regard, causing painful injections and severe weight loss.
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Foslip was also superior to Foscan in this matter. Injec-
tions were unproblematic; however a slight weight loss
was apparent. Furthermore our HPLC data showed high
spleen accumulation only for Foslip, which leads to the
conclusion that it is particularly susceptible to elimina-
tion from the blood stream via the reticuloendothelial
system. Given the fact, that the particles are not pro-
tected by a PEG layer, it is not surprising that they are
inferior to Lipidots in this regard.

As evidenced by histology, both Foslip and Foscan
caused acute liver toxicity while the Lipidots seemingly
had no such effect. However, 14 days after treatment
all livers morphologically recovered. This is in line with
our HPLC data which showed that already after 72 h no
mTHPC was detectable in the livers, pointing towards a
fast liver clearance as it had already been shown by Rov-
ers et al. [47].

The high skin accumulation of Lipidots after systemic
injection was a surprising finding as not much can be
found in the literature concerning this phenomenon.
Moreover no real explanations are given. However, many
studies about topical nanoparticle administration and
skin distribution exist. One explanation for prolonged
skin accumulation in a study by Mittal et al. is e.g. a pos-
sible accumulation in hair follicles [48]. It would be very
interesting to study the distribution of Lipidots in the
mouse skin to investigate if this is the case and to deter-
mine their exact localization. These results might further
clarify the interestingly different particle behaviour of
both nanoformulations.

We also detected high mTHPC accumulation in the
kidney with both nanoformulations. Bearing in mind that
both intact particles are generally regarded as being too
big for fast effective renal clearance [49] it is not surpris-
ing to still find mTHPC traces in this organ after 72 h, as
clearance may be retarded through encapsulation. There-
fore it can be assumed that free mTHPC will be cleared
faster from the kidneys. Furthermore the overall biodis-
tribution of mMTHPC is expected to be worse due to solu-
bility issues and unspecific aggregation.

Interestingly, despite the high mTHPC load, the kidney
did not show signs of histological impairment, neither
did other organs. Although we did not test for specific
markers of organ function, we propose that none of the
mTHPC formulations used cause severe side effects in
kidney, spleen, lung and liver.

Conclusions

In conclusion we could confirm in our study the supe-
riority of nanoformulations to the free PS mTHPC.
Bearing in mind that the free substance is related to
several issues such as poor bioavailability, solubility and
increased photosensibility of patients the development of
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a potent nanoformulation is a necessity. We could show
that Foslip on the one hand is very effective in destroying
the tumors itself. However, because the Lipidots’ biocom-
patibility is outstanding and superior to the liposomes we
declare further investigations and protocol optimization
a priority in the future.

Additional file

Additional file 1: Fig.S1. CAL-33 tumor model in CD1-Foxn1™ nude
mice. Tumor growth after injection with 1 x 10° CAL-33 cells (A), 1.5 x
10° CAL-33 cells (B) and 2 x 10° CAL-33 cells. Table S1. Physicochemical
characterization data of Lipidots.
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Abstract

Background: \We investigated the particles released due to abrasion of wood surfaces pressure-treated with micro-
nized copper azole (MCA) wood preservative and we gathered preliminary data on its in vitro cytotoxicity for lung
cells. The data were compared with particles released after abrasion of untreated, water (0% MCA)-pressure-treated,
chromated copper (CO)-pressure-treated wood, and varnished wood. Size, morphology, and composition of the

released particles were analyzed.

Results: Our results indicate that the abrasion of MCA-pressure-treated wood does not cause an additional release
of nanoparticles from the unreacted copper (Cu) carbonate nanoparticles from of the MCA formulation. However, a
small amount of released Cu was detected in the nanosized fraction of wood dust, which could penetrate the deep
lungs. The acute cytotoxicity studies were performed on a human lung epithelial cell line and human macrophages
derived from a monocytic cell line. These cell types are likely to encounter the released wood particles after inhalation.

Conclusions: Our findings indicate that under the experimental conditions chosen, MCA does not pose a specific
additional nano-risk, i.e. there is no additional release of nanoparticles and no specific nano-toxicity for lung epithelial

cells and macrophages.

Keywords: Cytotoxicity, Copper particles, Debris, Exposure, Inhalation, Wood dust

Background

Thousands of tons of wood chips and sawdust are being
generated each day by industry, domestic environ-
ment, or improper disposal of debris. Further, the pres-
ence of wood preservatives may pose an environmental
and human health risk due to release of toxic metals like
arsenic and copper (Cu). Such an exposure pathway has
already been recognized for various preservatives, in par-
ticular for chromated Cu arsenate (CCA) [1, 2]. We are
currently experiencing an increased use of particulate Cu
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wood preservatives in order to effectively protect wood
from decay and lengthen its service life. More specifically,
basic Cu carbonate particulate systems with a size range
between 1 nm and 25 um were introduced for wood pro-
tection in the US market in 2006 [3]. This has resulted in
more than 11,800,000 m® of wood treated with micro-
nized Cu (MC) formulations [4], which corresponds to
over 75% of residential lumbers produced in the US [4].

Micronized Cu wood preservatives include a nanosized
fraction of basic Cu carbonate, which may be of high
concern: there is a strong indication that different Cu-
based nanoparticles (NPs) have a high toxicity for aquatic
organisms [5—10], terrestrial plants [11], mammals [12—
17], and humans [18-23].

To date, the environmental fate of Cu carbonate parti-
cles from MC-pressure-treated wood has mostly assessed
their leachability [24—28]. However particles generated
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by abrasion of MC-treated wood may be more hazardous
than wood dust untreated or treated with conventional
wood preservatives, due to the presence of Cu-based
NPs. Platten et al. [29] and Santiago-Rodriguez et al.
[30] recently assessed how exposure to Cu from wood
dust originated from MC-pressure-treated wood can
occur via dermal transfer or oral ingestion. Therefore, it
is extremely important to determine the dust composi-
tion that can be inhaled after exposure—occupational
or not—to abraded particles from MC-pressure-treated
wood and its hazard to human lungs.

The current study characterizes the particles released
from MC azole (MCA)-pressure-treated wood and
compares them with particles generated from wood
untreated, pressure-treated with the conventional wood
preservative chromated Cu (CC), and with varnished
untreated and MCA-pressure-treated wood. Subse-
quently, it assesses acute cytotoxic reactions of MCA,
its components tebuconazole and Cu*", as well as parti-
cles abraded from MCA-, CC-pressure treated wood and
untreated wood to lung epithelial cells and macrophages.

Methods

MC characterization

We used a commercially available MC azole (MCA) for-
mulation. This is the same as the formulation with high
amount of tebuconazole MCA_HTBA we used in a previ-
ous investigation [31]. A full characterization of the Cu
particles in the MCA formulation is available from the
latter study. To summarize briefly, the measured particle
size distribution of MCA was 104 + 1.7 nm with an aver-
age zeta potential of —21 &+ 0.4 mV.

Wood sample preparation

Octagonal specimens of Scots pine (Pinus sylvestris L.)
sapwood (90 mm diameter x 20 mm height) were used
for the abrasion study. The specimens were prepared and
pressure-treated with 2% aqueous suspensions of MCA
or CC reference preservative, prepared according to the
European standard ENV 807 [32]. After an 8-week dry-
ing procedure, some of the MCA-pressure-treated sam-
ples were coated three times with intervals of 24 h with
a primer, i.e. solution of deck lacquer (90%) and white
spirit (10%). The control materials were composed of:
untreated wood samples and samples pressure-treated
with a 0% MCA solution in distilled water, varnished
untreated wood samples.

Abrasion setup

The experimental setup has been described by Schlagen-
hauf et al. [33]. To simulate the abrasive process, a Taber
Abraser (Model 5135, Taber, North Tonawanda, NY) was
used. While the wood sample rotates, the Taber Abraser
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uses one abrasive wheel that abrades the sample con-
tinuously at the point of contact. The sample rotates 60
times/min and the weight applied on the wheel is 0.75 kg.
The samples were abraded with S-42 sandpaper strips
(Taber) mounted on a CS-0 (Taber) rubber wheel. A con-
ductive silicone tube (TSI) with a rectangular inlet at the
tube entrance with a 4.8 mm? suction area was placed
directly behind the abrasion area to collect the particles.
The air flow was driven by a pump (N816.1.2KN.18, KNF,
Germany). Devices for aerosol characterization and par-
ticle collection were included in the tubing system.

Wood dust characterization

The generated particles were characterized in tripli-
cates both in the aerosol form by particle size distribu-
tion measurements with an aerodynamic particle sizer
(APS, Model 3321, TSI, Shoreview, MN) and a scanning
mobility particle sizer (SMPS) consisting of a differential
mobility analyzer (DMA) equipped with a long DMA
column (Model 3080, TSI) and a condensation particle
counter (CPC) (Model 3775, TSI). During each measure-
ment, three particle size distributions were recorded. The
recording time for each distribution was 195 s. The back-
ground distribution (without abrasive processes) of each
experiment was measured three times. The experimen-
tal setup was verified by means of an atomizer aerosol
generator (Model 3079, TSI). The particle size distribu-
tions obtained were processed as described by Schlagen-
hauf et al. [33]. In addition, the particles were collected
on stubs and analyzed by means of scanning electron
microscopy (SEM, Hitachi S-4800; Hitachi High-Tech-
nologies US and Canada, Illinois, USA). The stubs were
plasma gold-sputtered (Polaron Equipment, SEM coat-
ing Unit E5100, Kontron AG, Switzerland; 5 mA, 1 mbar)
prior to image acquisition.

The presence of Cu in the generated particles was
assessed in the collected particles through ICP-MS
(PerkinElmer Elan 6100, detection limit: 0.004 upg/L)
and two distinct ICP-OES (Perkin-Elmer OPTIMA
3000, Jobin—Yvon HORIBA Ultima 2, detection limit for
both instruments: 0.005 mg/L) instruments. In this way,
we could benefit from the two different detection lim-
its, as well as identify any effect of the instrumentation
and—especially—of sample preparation on the detected
amount of Cu. Analyses were carried out on the whole
size range of abraded particles and on particles <1 pm
collected on Nucleopore track-etch membrane filter
(111106, pore size 0.2 pm, Whatman, UK). For ICP-MS
and Perkin-Elmer OPTIMA 3000 ICP-OES Cu content
analysis, the collected particles were dissolved nitric acid
(HNO,, 65%, Supra Pure) and hydrogen peroxide (H,O,,
30%, Supra Pure) and subsequently underwent micro-
wave digestion (MLS 1200 MEGA, Milestone, Leutkirch,
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Germany). Cu plasma standard solutions (1 g/L) were
used for calibration. For Jobin—Yvon HORIBA Ultima 2
ICP-OES analysis a similar procedure was used, but with-
out the addition of hydrogen peroxide. The detector volt-
age was set using a 100 mg/L standard solution, while a 7
levels calibration curve was employed for quantification.

Cell culture

The human alveolar epithelial cell line A549 (ATCC:
CCL-185) was grown in Roswell Park Memorial Institute
(RPMI-1640) medium (Sigma-Aldrich) supplemented
with 10% fetal calf serum (FCS) (Lonza), 2 mM L-glu-
tamine (Gibco), 50 pg/mL penicillin (Gibco), 50 pg/mL
streptomycin (Gibco), and 100 pg/mL neomycin (Gibco)
at 37 °C in a humidified atmosphere containing 5% car-
bon dioxide (CO,, hereafter referred to as complete cell
culture medium and standard growth conditions, respec-
tively). Cells were subcultured at approximately 80-90%
confluency once a week using 0.5% Trypsin—-EDTA
(Sigma-Aldrich).

Formation of reactive oxygen species (ROS)

The formation of ROS in A549 cells was determined
using the 2/,7'-dichlorodihydrofluorescein-diacetate
assay (H,DCF-DA), as described by Roesslein et al. [34].
For experimental details see Additional file 1.

Cell viability

To assess mitochondrial activity as a measure of cell via-
bility/cell death in A549 cells Cell Titer96® Aqueous One
Solution (Promega) containing 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxy  phenyl)-2-(4-sulfophenyl)-
2H (MTS) as a water-soluble tetrazolium compound
was used according to the manufacturer’s protocol. In
brief, 1.5 x 10* A549 cells were seeded in 200 pL com-
plete cell culture medium in a 96-well plate and grown
over night under standard growth conditions. Thereaf-
ter medium was removed and cells were incubated for
3 or 24 h in 200 pL complete cell culture medium con-
taining the respective stimuli (abraded particles from
MCA-, CC-pressure-treated wood or untreated wood,
or eluates derived thereof as described below). Cad-
mium sulfate (CdSO,) in different concentrations served
as positive control, untreated cells as negative control.
After appropriate incubation times (3, 24 h) medium was
replaced by 120 puL of MTS working solution (composed
of 20 uL MTS plus 100 pL of phenol-red-free RPMI-1640
w/o supplements) per well and cells were incubated for
60 min at standard growth conditions. Absorption was
detected at 490 nm using an ELx800 microplate reader
(BioTEK Instruments).
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Data processing

Blank samples treated exactly the same way but contain-
ing no cells were run with every cell-based assay. Values
given in the graphs are blank-corrected and subsequently
normalized to the untreated sample. The mean of at least
three independent experiments (each run with technical
triplicates) and the corresponding standard deviations
are shown.

Sample preparation for cytotoxicity analysis

Cytotoxicity was assessed in two different scenarios: (i)
Abraded particles released from MCA-, CC-pressure-
treated as well as untreated wood were diluted in appro-
priate media and directly applied to cultured cells. (ii)
Eluates from the same abraded particles were used to
assess the cytotoxicity of active soluble components
contained in and released from the wood. Therefore,
4 mg of abraded wood particles per mL elution medium
were incubated for 24 h at 37 °C on a rotating platform.
Supernatant was collected after centrifugation at 500g
for 5 min. Elution medium for ROS detection was Hank’s
Balanced Salt Solution (HBSS; for experimental details
see Additional file 1). For cell viability assessment and
cytokine detection (see Additional file 1) eluates were
produced in phenol-red free RPMI (without supple-
ments) which was supplemented after centrifugation
with 10% FCS, 2 mM L-glutamine, 50 pg/mL penicillin,
50 pg/mL streptomycin, and 100 pg/mL neomycin. The
HBSS supernatant as well as the supplemented RPMI
supernatant contain the highest possible amount of
released components and were labeled “100% eluate”.
Serial 1:2 dilutions were performed in the respective
media and concordantly termed “50, 25%, etc. eluates”

Determination of Cu content in eluates

The Cu content in eluates of the abraded particles from
untreated, CC- and MCA-pressure-treated wood was
determined by ICP-MS (Sector Field SF-ICP-MS Element
2 from Thermo Finnigan, detection limit: 0.004 ug/L).
Prior to analysis, the specimens were acidified with nitric
acid (HNOg, 65%, Supra Pure) and hydrogen peroxide
(H,O,, 30%, Supra Pure) and subsequently underwent
microwave digestion (MLS 1200 MEGA, Milestone,
Leutkirch, Germany). Cu plasma standard solutions
(1 g/L) were used for calibration.

Production of cytokines. The release of the pro-inflam-
matory cytokine TNF-a was assessed in macrophages
derived from the monocytic cell line THP-1 (ATCC: TIB-
202) using the Ready—SET—Go!® Elisa kit (eBioscience)
according to the manufacturer’s protocol. For cell culture
conditions and experimental details see Additional file 1.
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Results and discussion

Wood dust particle size

The particle size distributions for the different wood
samples (untreated, 2% MCA-pressure-treated, 2% CC-
pressure-treated, 0% MCA-pressure-treated, varnished,
2% MCA-pressure-treated and varnished) are shown in
Fig. 1(a, b). More specific, Fig. 1a represents the particle
size distributions measured by SMPS below 1 pm, while
Fig. 1b presents the distributions measured by APS above
1 pm. All the samples show a similar pattern below 1 pum,
with peaks at about 400 nm; while two different outlines
are visible above 1 pm: one for the abraded particles from
varnished samples, and another for the abraded par-
ticles of unvarnished samples. In the first case the peak
is between 700 nm and 1.3 pum, while in the second one
it is around 2.3 pum. Therefore, the set up maximizes the
release of coarse (PM10), fine (PM2.5) and ultrafine par-
ticles (generally defined as smaller than 100 nm). These
three particle size fractions are commonly associated
with adverse health effects in humans, as demonstrated
by Schwartz et al. [35], Raaschou-Nielsen et al. [36], and
Oberdorster et al. [37]. In addition, the setting fitted the
purpose of detecting any variation in the generated wood
dust at the nanoscale, which may have occurred due to
the presence of Cu carbonate NPs. In any case, no addi-
tional release of a nanosized fraction was observed for
the 2% MCA-treated wood.

We could observe how the application of varnishes
influences the particle size released increasing the aver-
age dimensions, reducing the exposure to ultrafine
particles.

The APS results on the aerodynamic particle diam-
eter are in good agreement with the study from Thorpe
and Brown [38], in which the wood dust size distribu-
tion after different sanding processes was assessed. The
mean particle diameter was comprised between 1.52 and
2.65 um. However, further different abrasive processes,
e.g. cutting, grinding, welding, may cause the release
of wood dust with different particle size distributions.
Despite that, as our abrasive set up maximizes the release
of coarse, fine and ultrafine particles, we can suppose
that different abrasive processes would not release more
nanoparticles than our system.

Our tests focused on Scots pine only, however differ-
ent wood species may release particles that differ in the
size distribution, due to the wood properties, as demon-
strated by Lehmann and Frohlich [39] and Ratnasingam
et al. [40]. In the case of MCA-treated wood, the wood
species features may also influence the amount of Cu car-
bonate particles present in the wood after impregnation.

In terms of human exposure, our results indicate that
a fraction of the abraded particles produced by the dif-
ferent wood samples could penetrate the lower airways
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(tracheo-bronchiolar regions or even the alveolar sacs),
due to their small size. The application of varnishes alter
the size distribution of the abraded particles and by that
would shift the particle deposition to the nasopharyn-
geal and tracheo-bronchiolar regions [41]. However, the
broad size range of the particles does not allow a precise
quantification of particle deposition in the respiratory
tract.

Wood dust particle morphology

The generated particles from untreated, CC-, and MCA-
pressure-treated wood were morphologically assessed
by SEM (Fig. 1c—e). Visual inspection of all the SEM
images collected confirmed the presence of particles
below 10 pm, as well as the presence of bigger particles
(10* pum), beyond the APS and SMPS detection limits
adopted. In addition, no difference between the different
wood samples (Fig. 1d, e) was encountered, indicating
no mechanical alteration due to the wood treatments, in
accordance with the APS and SMPS results. In all cases,
the generated particles appeared mostly fibrous, although
irregular and heterogeneous in shape and size. The sur-
faces were not always flat.

Various studies reported similar features from SEM
investigations on wood dust from various wood species
[42, 43]. In particular, Mazzoli and Favoni [44] reported
no difference in wood dust particle size and morphology
from different wood species, suggesting no dissimilarity
for in vitro cytotoxicity. However, wood species that are
documented to be carcinogenic, e.g. beech [45], were not
assessed. In that case, different structures responsible for
the increased adverse effects may be observed. In addi-
tion, the abrasive process may also generate wood dust
particles that differ in size and morphology.

Cu content in wood dust

By means of ICP-OES and ICP-MS analyses we could
assess the different concentrations of Cu in wood dust
from untreated and MCA-pressure-treated wood sam-
ples, as shown in Table 1. Combining the ICP-OES
and ICP-MS results, which are concordant, we deter-
mined a baseline amount of Cu in untreated wood at
0.01 £ 0.02 mg/g. Similarly, when the wood was varnished
the baseline amount was found at 0.02 + 0.01 mg/g.
When MCA-pressure-treated wood was abraded, the
amount of Cu released was 2.02 = 0.09 mg/g, corre-
sponding to 0.20% w/w of the total amount of treated
wood, and it drastically reduced when varnish was
applied (0.23 £ 0.01 mg/g). This difference may be due to
the higher release of varnish instead of wood, therefore
implying that varnishes may prevent release of Cu dur-
ing mechanical abrasion of treated wood. The amount
of Cu release was almost double in CC-pressure-treated
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Fig. 1 Characterization of the abraded particles. a Particle size distributions of untreated wood (control), water-treated wood (0% MCA), MCA-
treated wood (2% MCA), and CC-treated wood (CC) measured by SMPS. Most of the abraded particles had a diameter of 400 nm. Data represented
as mean of three repetitions. b Particle size distributions of untreated wood (control), water-treated wood (0% MCA), varnished wood (varnished),
CC-treated wood (CC), MCA-treated wood (2% MCA), and varnished MCA-treated wood (2% MCA varnished) measured by APS. Most of the abraded
particles had a diameter of about 1 um. When varnish is applied, the average diameter shifts towards 2.3 um. Data represented as mean of three

repetitions. ¢, d SEM images of wood dust generated by the abrasion process on 2% MCA-treated wood. @ SEM image of wood dust generated by
the abrasion process on untreated wood (control)
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Table 1 Cu content in sawdust particles and eluates thereof
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Wood treatment

ug Cu/mg abraded particles

pug Cu/mL medium (eluates?) [release in %]

Untreated 0.01 £0.02
MCA-pressure treated 2.02 £ 0.09
CC-pressure treated 4264001

RPMI medium (w/o wood) na

0.01£0.01
0.36 £ 0.01 [4.4%]
0.75£0.01 [4.4%]
0.00 £ 0.01

@ 4 mg abraded particles were incubated in 1 mL phenolred free RPMI for 24 h at 37 °C on a rotating platform; after centrifugation at 500 g for 5 min supernatants

were further processed for ICP-MS measurements

wood (4.26 + 0.01 mg/g). This is due to differences in
the formulations: in fact, the amount of Cu in the initial
CC formulation doubles the amount in MCA. Since 2%
is an economically feasible concentration, generally used
in the timber industry, the result indicate that at simi-
lar dilutions (2%) MCA-pressure-treated wood would
release less Cu due to mechanical abrasion. The percent-
age of Cu released from MCA-pressure-treated wood
is in good agreement with studies on indoor sawing of
CCA-treated wood: Decker et al. [46] reported 0.3% Cu
in wood dust, while Nygren et al. [47] 0.1%. In addition,
a comparison can be made between our results and the
ones from the less invasive wiping experiment reported
in the EPA report [24]. In fact, in the latter, the amount of
Cu released from MCA-pressure-treated wood was lower
and comprised between 0.0135 and 0.072 mg.

The amount of Cu detected in the wood dust nanosized
fraction was below the Cu concentration in the whole
wood dust, both from untreated and MCA-pressure-
treated wood. In particular the concentration of Cu in
the nanosized dust generated by MCA-pressure-treated
wood was 1.50 = 0.30 mg/g (0.15% w/w). Therefore, com-
bining these data with the SMPS results we can conclude
that most of the Cu released was bound to the larger
wood particles, however a small amount of Cu bound to
the nanosized fraction would deposit in the deep lungs,
if inhaled. Therefore, toxicological studies are required to
fully assess the hazard on human health.

Cytotoxicity assessment

The most critical exposure route for sawdust particles
is the lung. Therefore, we focused our in vitro study on
the lung epithelial cell line A549 and macrophages dif-
ferentiated from the monocytic cell line THP-1. Both cell
types are likely to be among the first cell types getting
in touch with inhaled particles. We investigated poten-
tial adverse effects of sawdust particles abraded from
untreated wood, MCA-pressure treated wood and CC-
pressure treated wood. Furthermore, to assess the effects
caused by soluble compounds, rather than by wood dust
per se, eluates from these three types of wood parti-
cles were included in the cytotoxicity evaluation. These
results were compared to the toxicity induced by direct
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treatment of lung epithelial cells with MCA and its active
components tebuconazole and Cu®>" ions from copper
sulfate pentahydrate (CuSO,-5H,0).

According to the ROS paradigm [34] the interaction
of (nano) particles with cells is likely to induce elevated
cellular levels of ROS. Subsequent oxidative stress reac-
tions can then cause severe damage to biomolecules
(proteins, lipids and nucleic acids), induce inflammatory
reactions and finally lead to cell death. Therefore we ini-
tially assessed the overproduction of ROS using the DCF
assay. As shown in Additional file 1: Figure S1, only the
positive controls Sin-1 and MWCNT led to a consider-
able increase of ROS levels in A549 cells. All eluates and
abrasion particles tested did not elevate ROS formation.
However, cell death can also be triggered by ROS inde-
pendent pathways. We therefore investigated cell viabil-
ity of A549 lung epithelial cells using the MTS assay. The
assay internal positive control CdSO, induces cell death
in a dose-dependent manner (Fig. 2a) thus indicating that
toxicity can be reliably detected under the experimental
conditions.

The cytotoxicity of MCA itself was determined up to
a concentration of 2% (v/v) in cell culture medium. In
parallel, its active compounds tebuconazole and Cu?**
were analyzed in equivalent amounts (Fig. 2b; Additional
file 1). Our results reveal a toxicity ranking of tebucona-
zole < Cu®t < MCA, which indicates an additive effect of
tebuconazole and Cu*". Further, our results suggest that
the cytotoxicity of MCA is likely to be caused by Cu*"
ions than nanoparticles.

The highest, technically feasible, concentration of
abraded particles that could be applied to A549 cells was
80 ug/mL equaling to a growth area of 47 pg/cm?. For all
three types of sawdust particles no cytotoxicity could be
detected up to this concentration and over an incubation
period of 24 h (Fig. 2c). According to Table 1 the highest
amount of 80 pg particles from MCA- or CC-pressure-
treated wood contain 0.16 or 0.34 pg Cu*", respectively.
Measurements of eluates of the respective abraded par-
ticles revealed that only a fraction of 4.4% of Cu®' is
released into the medium over a period of 24 h (Table 1).
Therefore we do not expect concentrations above
0.007 pg/mL or 0.015 pg/mL Cu?* for the two samples,
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present in MCA as described in Additional file 1

Fig. 2 Cell viability assessment in A549 lung epithelial cells. Cells were treated for 24 h with the indicated concentrations of a CdSO, as the positive
control b MCA, tebuconazole and Cu ¢ abraded sawdust particles from untreated, MCA-pressure treated and CC-pressure treated wood d eluates
of the respective wood particles. Cell viability was assessed using the MTS assay. *Tebuconazole and Cu?* were applied in the respective amounts

respectively. In relation to Fig. 2b, were Cu®" ion cyto-
toxicity starts above 5 pg/mL (=0.01%), these values
appear very low. However, the following considerations
will relate the chosen in vitro doses to an inhalation sce-
nario for wood workers. If we consider an inhalation
volume of 1.9 L per breath and roughly 26 breathes per
min during heavy exercise [48] we can assume a total vol-
ume of 24 m? air to be inhaled during an 8 h working day.
According to Decker et al. [46], wood dust concentrations
in air may range from 0.6 mg/m® (sampled at outdoor
working sites over a period of 229 min) to a maximum
of 49 mg/m? (sampled during indoor sanding operations
over a period of 127 min). With these data a total amount
of 3.8-555 mg inhaled particles per working day can
be estimated. Considering 102 m? of total lung surface
area [49] and assuming all the wood dust particles to be
deposited in the lung we can estimate a total deposited
amount of wood dust particles of 0.004—0.545 pg/cm?. In
this scenario the 47 pug/cm? in vitro dose is a rather high
concentration mimicking a repeated exposure over at
least 17 weeks (indoor) to a whole lifetime (49 working
years; outdoor). Nevertheless, spatially restricted effects
due to particle deposition, cellular uptake of particles and
potential intracellular Cu>" release cannot be addressed,
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neither by in vitro toxicity tests nor by the above demon-
strated exposure calculations. In summary the doses cho-
sen in the present study adequately reflect a worst case
exposure scenario for wood workers.

Furthermore, we analyzed eluates produced from the
three types of abraded wood particles and assessed the
cytotoxicity of soluble factors released from the sawdust
on A549 cells. As shown in Fig. 2d no cytotoxicity could
be detected after 24 h of incubation with eluates from
untreated as well as MCA-pressure-treated wood. Eluates
from CC-pressure-treated wood particles reduced cell
viability at the highest concentration tested to 63% viable
cells compared to untreated control cultures. This high-
est eluate concentration (Table 1) contained only 0.8 pg/
mL Cu®". As Cu®" ion cytotoxicity started at concentra-
tions beyond 5 pg/mL (=0.01%) (Fig. 2b) Cu®* is most
likely not the main reason for the observed effect, but
rather chromium. Further investigations are necessary
to prove a real human hazard from CC-pressure-treated
wood, which was not the scope of the present study.
Besides that, our results clearly indicate that there is no
additional nano-specific effect, as abraded particles from
MCA-pressure-treated wood as well as eluates thereof
did not induce any cytotoxicity under the experimental
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conditions tested. This provides further evidence to the
hypothesis that Cu*" ions rather than nanoparticles are
responsible for any adverse effects.

Besides cell viability, inflammatory reactions at suble-
thal concentrations can be an indication for non-acute
but nevertheless relevant adverse effects. Therefore we
assessed the release of the pro-inflammatory cytokine
TNF-a from immune responsive cells in vitro using the
enzyme-linked immunosorbent assay (ELISA) tech-
nique. We used macrophages differentiated from THP-1
monocytes as the model cell line. Initially, cell viabil-
ity was investigated to assure sublethal concentrations
were applied for subsequent cytokine release experi-
ments. THP-1 macrophages were exposed to the respec-
tive stimuli for 8 h and cell viability was assessed using
the MTS assay. For technical details see Additional file 1.
CdSO, served again as the assay internal positive control
and induced cytotoxicity in a dose-dependent manner
(Additional file 1: Figure S2a). Following the same experi-
mental design as described for A549 cells MCA and its
active components tebuconazole and Cu’*" were applied
in equivalent amounts (Additional file 1: Figure S2b). In
this case, the effects of Cu>*™ and MCA were comparable,
therefore even in this case the effects from MCA appear
to be caused by Cu®" ions rather than nanoparticles.
Cell viability was affected at concentrations above 0.05%
MCA in a dose-dependent manner. All three abraded
wood particle types (up to 80 pg/mL) as well as eluates
thereof did not induce an adverse response (Additional
file 1: Figure S2c, d) in THP-1 macrophages. Accordingly,
for cytokine release measurements MCA, tebucona-
zole and Cu”*" were used at concentrations below 0.05%
MCA-equivalents and abraded wood particles were used
up to 80 pg/mL. Lower eluate concentrations (6.25 to
25.00%) showed an increase in cell viability rather than
a decrease. Therefore we used concentrations below
25.00% for ELISA experiments. Treatment with the posi-
tive control lipopolysaccharides (LPS) led to a 16- and
25-fold increase in TNF-a release at 10 and 100 ng/mL
LPS, respectively (Additional file 1: Figure S3). However,
no significant release of TNF-a could be observed after
treatment with MCA, its active components, abraded
wood particles or eluates thereof at any of the concentra-
tions tested (Additional file 1: Figure S3). Thus, even in
this case no specific nano effect was observed.

In summary our findings on the cytotoxicity reveal
(1) a toxicity ranking of tebuconazole < Cu®’* < MCA
(2) no induction of cytotoxicity for abraded particles
up to 80 pg/mL (3) only a minor toxicity was found for
the highest concentration of eluates resulting from CC-
pressure-treated wood, which was only observed for
A549 lung epithelial cells, and it is likely due to the pres-
ence of chromium in the formulation; most importantly
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(4) no additional nano hazard (caused by the presence of
Cu-based NPs per se) was identified. Furthermore, our
cytotoxicity study indicates low adverse effects for low-
frequency consumer exposure. However, woodworkers
can be continuously exposed to wood dust, in particu-
lar since dust-exposed woodworkers do not always wear
appropriate respirators approved for wood dust [50]. The
wood being processed may have been pressure-treated
with Cu-based formulations, and the particles released
can increase the adverse effects due to the presence of
Cu. However, MCA is likely to be the safest alternative: no
nano hazard was evidenced, and the amount of Cu, espe-
cially easily bioavailable Cu, in CC was double the amount
in MCA. Furthermore, both types of human cells tested
showed lower adverse effects (higher cell viability) when
compared to cells exposed to CC. In conclusion, the abra-
sion of MCA-pressure-treated wood does not constitute
a nano-specific risk. Nonetheless, further more advanced
toxicity studies on tissues and in vivo are required.

Additional file

Additional file 1: Figures S1, S2, S3. Concentration considerations of
MCA components; Formation of reactive oxygen species (ROS); Culture
conditions and cell viability assessment of THP-1 cells; Production of
cytokines.
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Abstract

Several forms of nanocellulose, notably cellulose nanocrystals and nanofibrillated cellulose, exhibit attractive property
matrices and are potentially useful for a large number of industrial applications. These include the paper and card-
board industry, use as reinforcing filler in polymer composites, basis for low-density foams, additive in adhesives and
paints, as well as a wide variety of food, hygiene, cosmetic, and medical products. Although the commercial exploita-
tion of nanocellulose has already commenced, little is known as to the potential biological impact of nanocellulose,
particularly in its raw form. This review provides a comprehensive and critical review of the current state of knowledge
of nanocellulose in this format. Overall, the data seems to suggest that when investigated under realistic doses and
exposure scenarios, nanocellulose has a limited associated toxic potential, albeit certain forms of nanocellulose can be
associated with more hazardous biological behavior due to their specific physical characteristics.

Keywords: Nanocellulose, Cellulose nanocrystals, Human health, Risk, Exposure, Hazard, Nanofibers, Nano-object-cell

interactions, Nanotoxicology

Background

Since the emergence of nanotechnology as a field in its
own right, a continuously increasing number of new
nanomaterials have been developed, which are poten-
tially useful for applications that range from healthcare
products to high-performance engineering materials [1—
3]. Several forms of nanocellulose, in their raw format,
have been demonstrated to exhibit attractive property
matrices and are potentially useful for the paper indus-
try, as a reinforcing filler in polymer composites, basis
for low-density foams, in packaging materials, additive
in colloidal systems such as adhesives and paints, zero-
calorie filler/thickener/stabilizer in a wide variety of food
products, and in hygiene, cosmetic, and medical prod-
ucts [4, 5]. Although (microcrystalline) cellulose has long
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been used in healthcare products such as wound healing
tissue and dialysis membranes, as well as a food addi-
tive, little is known as to the potential adverse biologi-
cal impact of its nanoscale variants, whose commercial
exploitation only begun in the last few years [6, 7].
Cellulose, the most abundant polymer in the world,
is found in plant cell-walls, certain sea creatures, e.g.
tunicates, and algae, e.g. Valonia. It is also produced by
several bacteria such as Acetobacter xylinum [8—11]. Cel-
lulose is a carbohydrate, whose repeat unit is constituted
by two anhydroglucose units that are linked by a -1,4
glycosidic bond. Cellulose chains assemble via complex
inter- and intramolecular H-bonding into crystalline
structures [12, 13]. Crystalline sheets pack in a paral-
lel fashion, building up filiform structures that can be
isolated from the native material as cellulose nanocrys-
tals (CNCs), which are also referred to as nanocrystal-
line cellulose (NCC) or cellulose nanowhiskers (CN'Ws).
These rod-shaped, high-aspect-ratio nanoparticles
(HARN; aspect ratio = length/diameter > 3 [14]) exhibit
a diameter of 5-40 nm and a length that can vary from
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100-500 nm, when derived from plant sources, or from
1-3 pm when extracted from tunicates or algae (Fig. 1)
[15-19]. In plant-derived cellulose, CNCs are fur-
ther integrated into longer fibers that are composed of
amorphous and crystalline domains and are commonly
referred to as cellulose nanofibrils (CNF), nanofibrillated
cellulose (NFC) or microfibrillated cellulose (MFC) [15,
20]. Thus, deconstruction of the hierarchical structure
of plant cellulose by mechanical treatment and/or enzy-
matic [21] or chemical [22] treatments permits the isola-
tion of CNFs [23]. The degradation of cellulose pulp into
CNCs is generally achieved by hydrolysis of the non-
crystalline domains with mineral acids such as hydro-
chloric [18], sulfuric [9, 24] or phosphoric acid [25]. In
the case of the latter two acids, a frequently observed
side-reaction is the formation of sulfate or phosphate
ester groups with the surface hydroxyl groups of nano-
cellulose. The degree of functionalization and the nature
of the functional groups determine the charge density
and thereby the dispersibility of nanocellulose in liquid
solvents or polymer matrices. The presence of surface
ester groups also negatively affects the thermal stability
of the nanocellulose and may affect their toxicological
behavior [26, 27]. Bacterial cellulose (BC) is produced by
bacteria in the form of continuous fibers with a diameter
of 3-8 nm, which assemble into macroscopic meshes of
high purity and crystallinity [11, 28, 29].
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The high degree of crystallinity and the uniaxial ori-
entation of the polymer chains bestow CNCs with an
extraordinarily high stiffness (120-168 GPa) and strength
[30, 31]. Other attractive features include a low density,
low cost, the renewable nature of the source, and biodeg-
radability. The high density of surface hydroxyl groups
allow CNCs to interact with another and also polymeric
matrix materials via H-bonding, which promotes very
efficient stress transfer and makes CNCs ideal candidates
as reinforcing fillers for polymers [9, 32]. It was shown
that the H-bonding interactions can be switched “oft”
on demand, i.e. by exposure to a competing hydrogen-
bond forming agent, and this has enabled the fabrica-
tion of stimuli responsive materials whose stiffness can
be changed over several orders of magnitude [9, 33, 34].
CNCs can further form lyotropic phases, display a high
surface area, and the abundance of surface hydroxyl
groups makes the chemical modification of the sur-
face readily possible. All these features make CNCs and
other nanocellulose types interesting for a broad range
of new applications including, use as a reinforcing filler
in polymer nanocomposites [35, 36], the basis for stim-
uli responsive materials [9, 37, 38], as a nucleating agent
[39, 40], a carrier for the controlled delivery of molecules
[41], biosensors [42], and a component of tissue engi-
neering scaffolds [43, 44]. In addition, the substitution
of microcrystalline cellulose, which has long been used

etal. [96] © (2014) American Chemical Society

Fig. 1 Transmission electron microscopy images of selected nanocellulose types. CNCs isolated by HCl (a) and H,SO,, hydrolysis (b) from bacterial
cellulose, H,SO, hydrolysis from tunicate mantles (c) or wood pulp (f) and nanofibrillated cellulose obtained by enzymatic (d), mechanical (e), or
2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO) mediated oxidative (g) degradation of wood pulp. The figure is reprinted with permission from Sacui
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as rheology modifier in food products and cosmetic for-
mulations, and as an excipient in tablets, with nanocellu-
lose types can be envisioned to bring significant benefits
beyond those described above.

The commercial production of CNCs and NFC has
recently been launched and a gross world product of $600
billion is expected by 2020 [45]. For example, based on
the technology developed by FPInovations and under the
supervision of Domtar (Domtar Coorporation, Montreal,
Canada), CelluForce® built a semi-commercial facility in
2010 with a capacity to produce 1000 kg CNCs per day
[46, 47], whilst Innventia®© reported a production of 100
kg CNFs per day in 2011 [48]. Several other entities have
in the meantime installed production facilities for CNFs
and CNCs that expand these initial capacities. The man-
ufacturing of final products such as coatings, packaging
materials, composite materials, aerogels for insulation
or water filtration containing different types of nano-
cellulose has already commenced [49, 50]. Given these
developments, the potential human health risks associ-
ated with exposure to these nanomaterials, especially in
the form of respirable nanofibers as either a final prod-
uct (e.g. in food and health care products), after extrac-
tion from a more complex material (e.g. after aging and
degradation of a polymer nanocomposite or mechanical
treatment of the latter), or at production or processing
facilities (e.g. occupational exposure) must be under-
stood [51, 52]. This is considered for all main portals of
entry to the human body, including the skin, gastrointes-
tinal tract, systemic circulation, and arguably, the most
important, the lung [53]. The latter is considered the pri-
mary route of exposure to humans for any nanoparticle
released into the environment (including, and especially,
an occupational scenario) [54].

Since the first findings regarding the adverse bio-
logical impact of HARN, and their potential association
with lung diseases were identified [55], special attention
is being paid to the toxicology of engineered nanofib-
ers [56]. The most prominently known fact surrounding
fibers, is that exposure to asbestos fibers was associated
with the development of epidemic lung disease states
such as fibrosis, asbestosis, lung cancer, mesothelioma
and pleural plaques [57]. Further studies on the toxicol-
ogy of synthetic vitreous fibers (SVF), which are a group
of inorganic materials containing aluminum or calcium
silicates, led to the development of the fiber pathogenic-
ity paradigm [58-60]. The fiber paradigm states that
the length of a fiber is a key parameter that impacts the
ability of a macrophage to phagocytize it; this results in
frustrated phagocytosis [58], subsequent stimulation of
inflammatory factors leading towards potential fibrosis
or carcinogenic effects if the fiber is too long. However,
the length is not the unique parameter involved in the
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toxicology of fibers; indeed the biopersistence of a fiber
has been specifically identified as the key factor govern-
ing the biological response following (chronic) exposure
[58, 61].

The fiber paradigm therefore highlights the impor-
tance of the form, shape and biological interaction of a
substance when brought into contact with mammalian
cells/tissue(s). Based on this understanding, and with the
development of a disease commonly referred to as ‘brown
lung; observed in workers of the cotton industry exposed
to cotton dust [62—64], several studies investigated the
possible health risks associated with cellulosic materials.
Tatrai et al. [65] administrated a single dose intratrache-
ally (15 mg) of either cellulose powder, pine wood dust
or a fiber-free extract from the same wood dust and
observed after one month following exposure, granu-
lomatous inflammation, fibrosis and alveobronchiolitis
in vivo. The authors also observed in microscopic stud-
ies the presence of birefringent fibrous structures in the
cytoplasm of formed multinucleated giant cells. However,
these effects were not observed in fiber-free samples. In
addition, other parameters such as the biopersistence of
cellulose have been evaluated in several studies in vivo
[66, 67] and in vitro [68]. Davis [67] reported in a 28-day
inhalation study with rats the formation of alveolitis and
granulomata. By contrast, a further in vivo study con-
ducted by Warheit et al. [66]. that involved a 2-week
inhalation period, no significant pulmonary effects were
detected 3 months post exposure following exposure to
microcellulose. Nevertheless, the authors reported the
extremely limited rate of clearance of the fibers from the
lungs of the animals which, as mentioned before, is an
important parameter in fiber toxicology. Muhle et al. [69]
also conducted an in vivo study and reported, after one
year of exposure, a higher durability of cellulose fibers in
the lung of rats (2 mg dose intratracheally) than chryso-
tile, a common form of asbestos. The biopersistence of
cellulose nanofibers was also assessed in vitro using arti-
ficial lung airway lining fluid and macrophage phagolyso-
somal fluid, further supporting the durability of cellulosic
fibers in a biological environment [68]. In light of these
findings, and in further consideration of the differences
between bulk and nanoscale materials, there is an imper-
ative need to understand the potential hazard posed by
nanocellulose, due to its nanoscale (1-100 nm) dimen-
sions [53]. As a result, a number of studies have recently
been conducted to shed light on this aspect. The objec-
tive of the present review is to summarize and critically
discuss this recent work, and elucidate which key indica-
tors can be utilized in the future in order to safely apply
nanocelluose in different industries. It is important to
note, that the discussion centered around this review is
based upon the raw form of nanocellulose, and not that
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already applied in e.g. a polymer matrix. For a compre-
hensive review on applied forms of nanocellulose, please
refer to [5].

Life-cycle of nanocellulose

In order to evaluate the potential risk of any form of
nanocellulose towards human health and the environ-
ment, its life-cycle must be studied in order to identify
and analyze possible high- and low-risk scenarios. Dur-
ing the life-cycle of any manufactured nanomaterial, and
product containing nanomaterials, several stages can
be identified (Fig. 2): production of raw materials (Stage
1), manufacture (Stage 2), transportation (Stage 3), con-
sumer use (Stage 4) and disposal (Stage 5). In a new
life-cycle risk assessment framework (NANO LCRA)
proposed by Shatkin and Kim [70], the different exposure
scenarios during the life-cycle of nanocellulose in food
packaging were evaluated and ranked as a function of
the potential, magnitude, likelihood and frequency of the
hazard. The authors identified the top four exposure sce-
narios to be (1) inhalation of dry, raw material by a facility
employee during production, (2) application of dry, raw
nanocellulose to create a film and inhalation during man-
ufacturing, (3) inhalation of dry, raw nanocellulose pow-
der during mixing with other materials to manufacture a
product, and (4) inhalation by incidental contact with the
raw form of nanocellulose. It has to be noted that trans-
portation was not considered during evaluation of the
life-cycle and that the risk assessment was performed
for a specific application of nanocellulose, e.g. construc-
tion materials. However, analysis of the data suggests
that the main exposure route would be the inhalation of
(raw) nanocelluose, in whatever form, within an occu-
pational setting. It is also important to note that the first
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exposure scenario at a consumer level appeared in tenth
position, notably as the inhalation of sprayed wet nano-
particles [70]. It must be emphasized, however, that for
other applications, such as the production of reinforced
materials or the use as a food additive for example, other
factors would have to be taken into consideration. In the
case of polymer nanocomposites, for example, the release
and inhalation of cellulose/polymer particles during pro-
cessing steps such as drilling, cutting, and sanding, might
be a concern [71]. Moreover, for many applications such
as uses in healthcare products, cellulose might be surface
functionalized, imparting new properties to the material
and possibly triggering the need of an independent case
study [72, 73].

Although first studies suggest that the inhalation of
raw CNCs or CNFs would be the main exposure route
for humans, little is known about the exposure concen-
trations or doses [74]. These parameters will strongly
depend on each scenario, i.e., exposure concentrations in
occupational activities are likely to be higher than those
in consumer applications. Vartiainen et al. [75] meas-
ured the occupational exposure during grinding and
spray-drying activities in a CNF production pilot plant.
Under normal working conditions, e.g., with the grind-
ing device placed inside a fume hood, the measured
particle concentration in the air was as low as <4.000 par-
ticles/cm® with some peaks reaching >8.000 particles/
cm®. When the measurement was carried out inside
the fume hood, the measured particle concentration
reached 41.000 particles/cm® with 75% of particles rang-
ing between 10 and 30 nm in diameter. Similarly, during
spray-drying the average particle concentration near the
instrument was <10.000 particles/cm® with a particle
diameter between 20 and 60 nm. These findings suggest

permission of The Royal Society of Chemistry

Fig. 2 Life cycle of nanocellulose based composite materials where 5 different stages can be identified: production of raw materials or isolation
(Stage 1), manufacture (Stage 2), transportation (Stage 3), consumer use (Stage 4) and disposal (Stage 5). Adapted from Shatkin et al. [70], with
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that humans can be readily exposed to nanocellulose in
a variety of occupational settings at heightened concen-
trations. Nonetheless, understanding of the impact of
chronic, repeated exposure to these airborne concentra-
tions to human health however, remains, at best, limited.

Biological impact of nanocellulose

Since human exposure, and to a lesser extent based on
the current understanding, environmental exposure,
to nanocellulose has been shown to be of a significant
increase to normal airborne particle concentrations
[75], and further to the concerns surrounding the poten-
tial hazard associated with HARN and nanomaterials
in general [58], understanding of the structure—activity
relationship of nanocellulose is vital. The purpose of the
remainder of this review therefore, is to provide a criti-
cal overview of research directed towards exploring the
biological impact and potential hazard of nanocellu-
lose. An overview of key studies is provided in Table 1.
In Table 1, together with the physical characteristics of
the nanocellulose investigated, a description of the test
system utilized, as well as the results of tests designed to
assess cytotoxicity, (pro-)inflammatory response follow-
ing nanocellulose exposure, the oxidative stress status of
the biological system studied, as well as the potential for
nanocellulose to elicit genotoxicity. Throughout the par-
ticle and fiber toxicology field, these endpoints are rec-
ognized as the most important drivers of nanomaterial
toxicity [54]. For convenience, Table 1 provides a brief
summary of the overall conclusions from each of these
studies, although it is acknowledged that in some cases
the entries may be overly simplified. It is important to
further highlight that the biological systems highlighted
through the main text and in Table 1 cover both in vitro,
in vivo and ecosystem orientated models. This is a con-
sidered approach to convey the current understanding of
the biological impact of raw nanocellulose, and its vary-
ing forms (which also change study-by-study) in terms of
the biological response measured.

Cytotoxicity

One of the first important studies regarding the eco-
toxicological impact of cellulose nanocrystals derived
from ‘kraft pulp’ (CNC dimensions: 200 x 10 x 5 nm)
was published by Kovacs et al. in 2010 [76]. The authors
presented results from a realistic exposure scenario, i.e.,
suspension experiments with relevant dose ranges (0.03—
10 g/L), that were based on the potential effluent in the
vicinity of a CNC production site. The study included
aquatic organisms from all trophic levels from bacteria,
algae, crustacean, cnidarian to fish and investigated acute
lethality (LC;, = the lethal concentration that reduces
the biological system population to 50% viability),
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reproduction, growth, morphology, embryo development
and cytotoxicity. Taking all results into consideration, the
authors summarized the outcome as “non-concerning”

Further to this, several studies on cellulose-human
interactions confirmed the limited toxic potential of
nanocellulose in terms of cytotoxicity in various experi-
mental systems [77, 78]. A sophisticated triple-cell
co-culture model of the human epithelial tissue bar-
rier (formulated of a layer of epithelial cells, compli-
mented by human blood monocyte derived macrophages
and dendritic cells on the apical and basolateral sides
respectively) was used in a study that showed no sig-
nificant cytotoxicity of two different CNC types iso-
lated from cotton (170 + 72 x 19 + 7 nm) and tunicates
(2.3 &£ 1.4 pm x 31 = 7 nm) that were deposited onto
the cells in realistic doses (0.14 + 0.04, 0.81 &+ 0.03 and
1.57 4 0.03 pg/cm?) from aerosolized water-based sus-
pensions [79, 80]. However, clearance, albeit based upon
a dose, time and CNC-dependent manner, of deposited
CNCs by macrophages was observed when cells were
exposed to both of these types CNCs, with a lower effi-
ciency associated with the tunicate CNCs (Fig. 3) [79].
Jeong and co-workers used bacterial cellulose (BC; no
dimensions given [81]) in in vitro experiments with
human umbilical vein endothelial cells (HUVECs) [81].
Neither of their experiments measuring cytotoxicity via
the MTT assay, observing the morphology with light
microscopy or assessing apoptosis/necrosis (Annexin
V/Propidium Iodide staining) and cell-cycle via flow
cytometry, showed significant altered outcomes after
24 or 48 h towards the exposure to high BC concentra-
tions (0.1-1 mg/mL) compared to the negative con-
trol. Furthermore, in vivo exposure of 0.5-5 mg/mL
BC administered via intraperitoneal injection to C57/
Bl6 male mice showed no adverse effects after 7 days in
comparison to sham exposures. Similar results with BC
(50-1500 x 3—-5 nm) were obtained by Moreira et al. [82]
who could not detect significant changes in morphol-
ogy or proliferation rates of mouse fibroblasts (3T3) and
Chinese hamster ovary cells (CHO) in exposures ranging
from 0.1-1 mg/mL.

However, there are also studies that have shown cyto-
toxic effects upon exposure to nanocellulose. Mahmoud
and co-workers investigated uptake and membrane
integrity in human embryonic kidney cells (HEK 293)
and Sf9 insect cells and found that exposure to 0.1 mg/
mL of negatively charged CNCs ({-potential —46.4 mV),
which had been isolated from enzyme treated flax fib-
ers (130-200 x 10-20 nm) and labeled with FITC
(fluorescein isothiocyanate), led to membrane rupture
under physiological pH in contrast to exposure to posi-
tively charged, RBITC-labeled (rhodamine B isothiocy-
anate) CNCs ((-potential 8.7 mV) [83]. Similar cytotoxic
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Fig. 3 Length dependent clearance of CNCs by macrophages. Confocal laser scanning microscopy images of the triple-cell co-culture model
exposed to 0.56 & 0.25 ug/cm? rhodamine-labeled CNCs isolated from cotton (green a—d) or 0.67 & 0.09 pg/cm? CNCs isolated from tunicates
(e-h) via the ALICE system. Co-cultures were either immediately fixed (a, ) or after 1 (b, f), 24 (¢, g), or 48 h (d, h) post exposure and stained for
cytoskeleton (red) and nuclei (cyan). Images are presented as surface rendering (top), xz-projection of the z-stacks (middile), or twofold optical zoom
(bottom). Boxes indicate digitally enlarged (x2) areas. Arrow shows fiber-F-actin interactions. Scale bars 30 um. Reprinted with permission from Endes
etal.[79] © 2015 American Chemical Society
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reactions were also reported using typical CNCs in
exposures to algae [84] or bronchial cells (BEAS 2B)
[85]. However, in both studies extremely high nano-
cellulose concentrations in respect to mammalian cell
culture (0.25-5 mg/mL) were used [86-88]. Of note
in this regard is the study by Colic and co-authors [89],
who showed that only the exposure to extremely high
concentrations of long, entangled cellulose nanofibrils
(33 £ 2.5 yum x 10-10 nm; 0.25-1 mg/mL), the highest
one covering the L929 monolayers almost completely,
lead to impaired metabolic activity and reduced cell pro-
liferation [89]. Furthermore in vivo, Yanamala measured
elevated cytotoxicity (as determined by an increase in the
activity of the enzyme lactate dehydrogenase) after the
aspiration of wood pulp derived CNCs in mice (50, 100
and 200 pg/mouse), detecting similar strong reactions in
the context of cytotoxicity compared to asbestos aspira-
tion (50 pg/mouse) [90].

Overall, the incidence of benign results in terms of
cytotoxicity, viability and impact upon mammalian cell
morphology seems to be prevalent in the current liter-
ature upon the risk of nanocellulose. Despite this, the
existence of adverse effects observed following nano-
cellulose exposure has to be taken into consideration
when evaluating the total hazard posed by this mate-
rial. Summarizing, single, low doses administration
of nanocelluloses hint at the non-hazardous nature of
nanocellulose, yet lack a degree of realism when con-
sidering human exposure. The importance of relevant
exposure systems (cell type), dose, nanocellulose type/
treatment/origin together with a clear material char-
acterization is especially highlighted by the seemingly
directly opposing results obtained by Mahmoud and
co-authors (0.1 mg/mL FITC-labeled CNCs elicit cyto-
toxicity in human embryonic kidney cells (HEK 293)
ovary cells (Sf9)) [83] vs. Dong et al. (0.01-0.05 mg/
mL FITC-labeled CNCs induce no measurable cytotox-
icity in a wide range of barrier and immune cell types
in vitro) [78].

Inflammation

One of the key aspects of the nanoparticle-cell inter-
action is the potential for nanoparticles to elucidate a
(pro-)inflammatory response from the cellular system
being studied. In a realistic in vitro model of the human
epithelial tissue barrier, it has been demonstrated that
the exposure to CNCs does not induce a significant
amount of (pro-)inflammatory mediators tumor necro-
sis factor-a (TNF-a) and interleukin-8 (IL-8), in contrast
to asbestos fibers [91, 80]. The latter study [80] involved
CNCs isolated from cotton (170 £+ 72 x 19 + 7 nm) and
tunicates (2.3 £+ 1.4 um x 31 £ 7 nm) that were applied
via nebulizing aqueous suspensions at a concentration

95

Page 9 of 14

range from 0.14 & 0.04 to 1.57 % 0.03 pg/cm? by an air—
liquid exposure approach. These results are underpinned
by a study of Catalan et al, who exposed monocyte
derived macrophage monocultures to 30-300 pg/mL
cotton CNCs (135 &+ 5 x 7.3 & 0.2 nm) with no detec-
tion of TNF-a and IL-1f in comparison to microcrystal-
line cellulose (CNC aggregates that were micron-sized)
[92]. Interestingly, Colic and co-workers showed an
anti-inflammatory influence of cellulose nanofibril expo-
sures on PBMCs (peripheral blood mononuclear cells)
in vitro, as measured by downregulation of IL-2, IFN-y
(interferon-y) and IL-17, of, which was only observed
at considered high doses (0.25-1 mg/mL) [89]. How-
ever, Clift et al. (220 & 6.7 x 15 &= 5 nm) [91], who used
the same 3D triple-cell co-culture model of the human
epithelial tissue barrier highlighted above and applied
CNCs via aqueous suspensions, showed an increase in
IL-8 response when exposed to 30 pg/mL cotton CNCs.
An extensive screening study by Yanamala and col-
leagues that explored the administration of CNCs after
different processing steps (wood pulp CNCs applied as
isolated in suspension and kept in suspension vs. iso-
lated and freeze dried to powder before re-suspension)
found that both preparations of CNCs have the poten-
tial to induce inflammatory effects following pharyngeal
aspiration in mice [90]. The authors detected signifi-
cantly elevated pulmonary influxes of total cells, espe-
cially PBMCs compared to negative controls and mice
exposed to asbestos. Increased expression of cytokines
(IL-1a, IL-1B, IL-5, IL-6, IL-12 p40, G-CSF, GM-CSF,
KC, MCP-1, MIP-1a, MIP-1f, and TNF-a) involved
in acute inflammatory reactions compared to the con-
trol could be detected. Interestingly, depending on the
pre-treatment from which the CNCs were applied,
either a T-helper cell subtype 1 (Th1l) mediated immune
response (freeze dried before resuspension) or the
induction of a Th2 associated response (only suspension)
could be observed.

Despite the data discussed the above paragraph
(Table 1), there remains a prominent lack of coherent
data to substantially, and specifically evaluate the poten-
tial of nanocellulose to pose a relevant hazard towards
human health via an inflammatory immune response.
Nevertheless, the existing studies point out that the phys-
ico-chemical characteristics, especially the aggregation
status, of CNCs can have a (direct) detrimental impact
towards elucidating a (pro-)inflammatory response [90].
Moreover, overload exposures often mask the underlying
specific mechanisms of toxicity and can only point at a
general direction of potential hazard. In terms of inflam-
mation, especially the chronic or repeated low dose expo-
sure as the most realistic scenario for human exposure
must be focused upon in future research.
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Oxidative stress
Little is known about the radical forming poten-
tial of nanocellulose in cell-free and cellular environ-
ments, with studies mainly reporting insignificant
impact on the oxidative stress status of the cells unless
extremely high concentrations are applied (cotton CNFs,
85-225 pm X 6—18 nm; 2—5 mg/mL, bovine fibroblasts),
similar to the endpoints of cytotoxicity and inflamma-
tion [88]. Only a few studies include the measurement
of radical oxygen species formation [68, 89], the activity
of antioxidant enzymes such as superoxide dismutase
(SOD) or peroxiredoxin [88], and the depletion of anti-
oxidant peptides such as glutathione [80, 89]. Interest-
ingly, Stefaniak et al. observed significantly increased
radical formation ((OH) by CNCs (~105 x 10 nm) and
CNFs (~165 x 11 nm) in a cell free experiment in con-
trast to benchmark MCC (<10 um x <2 pm) with absent,
consecutive cellular reactions in macrophages [68].
These results are especially alarming as the study also
revealed a high durability in artificial lung fluid. In sum-
mary, it has been commonly reported that no significant
oxidative stress is evident in vitro following nanocellu-
lose exposure, i.e. using cotton (170 £ 72 x 19 £ 7 nm)
or tunicate (23 £ 14 um x 31 + 7 nm) CNCs
(0.14 £+ 0.04 — 1.57 £ 0.03 pg/cm?) in the human epi-
thelial tissue barrier model previously described [80],
nanofibrillated celluloses (9.5-950 pg/cm?) on bronchial
cells (BEAS 2B) [93], CNFs in high dose experiments
with bovine fibroblasts (85-225 um x 6—18 nm; 2—5 mg/
mL) [88] and CNFs in lower doses to human fibroblasts
(L929; >10 um x 10-35 nm; 31.5 pg/ml-1 mg/ml) [89].
However, measurable biological effects were shown by
Pereira et al. as a slight increase in SOD activity in the
algae Chlorella vulgaris after exposure to 1, 50 and
100 pg/mL cotton CNFs (85-225 pm x 6—18 nm) [88].
The oxidative stress status of a cell has a relevant influ-
ence most importantly in chronic exposures where it,
together with its intrinsic biopersistence, can lead to
severe damage and resulting disease as seen with other
HARN materials [56]. The findings in cell-free experi-
ments Stefaniak and colleagues [68] should point out
the importance to substantiate the research in this direc-
tion regarding the potential adverse biological impact of
nanocellulose.

Genotoxicity

In recent years the investigation of damage to or changes
in the genetic information within a cell induced by
nanoparticle exposure came into focus; including the
measurement of DNA strand breaks, formation of micro-
nuclei and the potential for mutagenicity. Only a few
studies have so far investigated the genotoxic influence
of nanocellulose. Although the typical dimensions of
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nanocellulose result in an unlikeliness of nuclear trans-
location however is not to be excluded without further
evidence. Nevertheless, the hindrance of cell-division,
viability or indirect genotoxicity has to be especially
highlighted when surface functionalizations are used to
alter the bare and so far benign surface of nanocellulose.

Of the studies pertinent to this biological endpoint
regarding nanocellulose, no effects in terms of micro-
nuclei formation could be observed with BEAS 2B cells
at low concentrations of cotton CNCs (2.5-100 pg/mL;
135 & 5 x 7.3 £ 0.2 nm) over 48 h [92]. Kovacs et al.
reported no changes in DNA quality after exposures
to up to 2 mg/mL kraft pulp CNCs (200 x 10 x 5 nm)
in primary rainbow trout hepatocytes [76]. Similar
results were obtained when CNCs isolated from BC
(50-1500 x 3-5 nm) were used in a comet assay and
the AMES test in a concentration of 0.1 — 1 mg/mL after
48 h [82]. However, 0.01-1% white, colored cotton and
curaua nanofibers (white 135 & 50 x 14 =+ 4 nm, brown
140 £ 45 x 11 £ 3 nm, green 180 = 45 x 13 &+ 2 nm, ruby
130 £ 25 x 10 =+ 4 nm and curaua: 80—-170 x 6—10 nm)
showed the ability to induce negative changes in the rela-
tive mitotic index and chromosomal aberration of Allium
cepa cells as well as DNA strand breaks in concentrations
of 0.1% of brown cotton and curaua fibers in animal cells
(human lymphocytes, 3T3 mouse fibroblasts) [87]. Fur-
thermore, Hannukainen et al. reported a potential geno-
toxic effect by the exposure of BEAS 2B epithelial cells
to NFC (950 pg/cm? 24 h) measured by the comet assay
[93].

Finally, important recent research has shown that some
CNCs are able to induce all four biological endpoints,
highlighting that through complex cellular cascades,
that all four biochemical processes can induce deleteri-
ous effects, albeit only in males in vivo. In recent studies
by Shvedova et al., and Farcas et al, it has been shown
that following pulmonary exposure of CNCs to C57BL/6
mice, that, after analysis over a chronic period, male mice
were more susceptible to exhibit increased cytotoxicity,
which was further associated with a heightened inflam-
matory and oxidative stress response compared to female
mice. Further evidence was shown that these biochemi-
cal effects led to significant genotoxicity [94]. In a further
study, a similar author team elucidated further that the
genotoxic effects were highly detrimental to the male
reproductive system [95].

Summary

It is apparent from the research conducted regarding the
potential hazard posed by various forms of nanocellulose,
especially towards human and environmental health, that
the current understanding of its structure—activity rela-
tionship is equivocal and incoherent. Whilst a multitude
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of studies show the overall benign nature of nanocellu-
lose, others stress the potential for adverse effects (over-
view Table 1).

It appears that many of the observed differences can be
attributed to the variation in cell systems, material origin,
treatment and characterization, cell exposure doses reach-
ing non-realistic concentrations of nanocellulose, expo-
sure scenarios or the lack of thorough characterization
of the administered CNCs and/or the biological systems
used. Some studies focus on the inhalation route as one
of the main entry portals for particulates in occupational
settings [79, 80, 91, 92, 96]. Others focus on the reac-
tion of immune cells as important drivers of toxicity [90].
Some of the observed cellular responses are the result of
heavily overloaded systems and the outcomes, therefore,
are deemed to be an effect of the dose and not the nano-
materials themselves [88]. So far, the approach of most of
the experiments is a general hazard assessment with lit-
tle regard to realistic exposure doses, particle characteris-
tics during exposure, time frames or exposure scenarios.
Additionally, due to the nature of nanocellulose it is chal-
lenging to track it during uptake and fate due to a lack of
analytical methods feasible to measure nanocellulose in
biological systems. Therefore, the morphological impact
or organ distribution after exposure is limited. Neverthe-
less, the overall results could be interpreted that most of
the studies hint at a limited hazard potential of nanocellu-
lose. From the data highlighting a potential hazard associ-
ated with nanocellulose however, such possibilities can be
circumvented or diminished by avoiding those nanocellu-
lose types with extreme length (>5 um), overload doses or
in a physical format that induces biological adverse effects
such as freeze-dried and re-suspended powder. It seems
that the limiting factor in guiding the scientific output
regarding nanocellulose toxicity is the lacking knowledge
of incidence and in situ exposure doses as well as the spe-
cific types of nanocellulose mostly used, i.e. commercial
products should be tested instead of in house products.
Clear understanding of the specific physical and chemical
properties of currently produced and used nanocellulose
and realistic exposure doses is of the utmost importance
and inevitable.

Finally, data in acute exposure scenarios reported upon
the structure—activity relationship of nanocelluloses indi-
cate that they do not pose as greater risk to human (and
environment) health as other HARN currently being pro-
duced and potentially used in similar applications (e.g.
CNTs). Until further results elucidate the potential of
adverse health/environmental effects posed by nanocel-
lulose, avoiding exposure with specialized personal pro-
tection gear and release is the best way for protection.
Clarity must be obtained as to the health implications of
low dose, chronic and repeated exposure to nanocellulose
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in its many different forms, as this holds the key to their
potential advantageous use across a multitude of disci-
plines and applications.

Abbreviations
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Abstract

Engineered nanoparticles (NPs) offer site-specific delivery, deposition and cellular uptake due to their unique phys-
icochemical properties and were shown to modulate immune responses. The respiratory tract with its vast surface
area is an attractive target organ for innovative immunomodulatory therapeutic applications by pulmonary admin-
istration of such NPs, enabling interactions with resident antigen-presenting cells (APCs), such as dendritic cells and
macrophages. Depending on the respiratory tract compartment, e.g. conducting airways, lung parenchyma, or lung
draining lymph nodes, APCs extensively vary in their number, morphology, phenotype, and function. Unique char-
acteristics and plasticity render APC populations ideal targets for inhaled specific immunomodulators. Modulation of
immune responses may operate in different steps of the immune cell-antigen interaction, i.e. antigen uptake, traf-
ficking, processing, and presentation to T cells. Meticulous analysis of the immunomodulatory potential, as well as
pharmacologic and biocompatibility testing of inhalable NPs is required to develop novel strategies for the treatment
of respiratory disorders such as allergic asthma. The safe-by-design and characterization of such NPs requires well
coordinated interdisciplinary research uniting engineers, chemists biologists and respiratory physicians. In this review
we will focus on in vivo data available to facilitate the design of nanocarrier-based strategies using NPs to modulate

pulmonary immune responses.

Keywords: Biomedical nanoparticles, Immune-modulation, Specific targeting, Pulmonary antigen presenting cells, In

vivo models

Background

The human respiratory tract provides a vast epithelial
surface area for air conduction and gas-exchange with a
combined surface area that is about 150 m In particular,
the gas exchange region provides the major part of sur-
face, where the structural barrier between air and blood
is reduced to a mean arithmetic thickness of 2.2 um or
thinner tissue layers in the alveoli [1]. The vast surface
and direct contact with environment makes lung the
most important portal of entry for inhaled xeniobiot-
ics such as particulate matter (reviewed in [2]). This has
raised concerns that particles may cause respiratory
disease or trigger adverse effects as seen with ambient

*Correspondence: fabian.blank@dkf.unibe.ch

! Respiratory Medicine, Bern University Hospital, University of Bern,
Murtenstrasse 50, 3008 Bern, Switzerland

Full list of author information is available at the end of the article

( ) BiolVled Central

combustion-derived particles recognized as an impor-
tant cause of cardiovascular morbidity and mortality in
areas with air pollution [3-5]. On the other hand, the
unique lung characteristics render this organ ideal for
novel biomedical applications by inhalation of specifically
designed nanomaterials [6]. Nano-sized carriers [e.g.
mainly nanoparticles (NPs) with all three dimensions
below 100 nm (ISO/TS, 2008)] have been proposed as
promising novel diagnostic, therapeutic, and vaccination
approaches for a variety of human diseases [7-9].

Drug delivery through the pulmonary route offers sev-
eral advantages over oral or parenteral delivery. This is
primarily due to the presence of a dense vasculature, the
circumvention of the first pass effect, and a lower concen-
tration of drug-metabolizing enzymes in the lung com-
bined with the highly dispersed nature of an aerosol [10,
11]. Furthermore, size-dependent deposition and size-
dependent uptake by specific immune cell subsets (as
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discussed later) in the pulmonary compartment may lead
to modulation specific downstream immune responses
with reduced side-effects due to targeted delivery by NPs.
Novel NPs may be employed to deliver drugs or may act
as immunomodulators, either on the entire lung surface
or by targeting a particular cell population localized in a
specific compartment of the respiratory tract. Knowledge
about the anatomical compartments in the respiratory
tract and resident cells is a prerequisite to understand
the interplay between APCs and inhalable NPs. In addi-
tion, each NP type requires thorough characterization
and testing in vitro, before being considered for animal
experimentation and clinical applications. Characteri-
zation begins during and immediately after synthesis of
NPs to monitor physicochemical properties, size, shape
and stability. In a subsequent step, cell-free assays can
be employed to investigate how particles interact with
constituents of biological solutions, such as free pro-
teins and enzymes [12, 13]. Mechanisms of particle-cell
interaction and cytotoxicity are investigated by in vitro
experiments using either cell mono-cultures or more
advanced and complex 3D co-culture systems that simu-
late specific human organs or organ compartments [13].
To study effects of NPs on the entire organism, in vivo
animal models are necessary in species that represent
appropriate models for the human anatomy, physiol-
ogy, and immunology as closely as possible. Extensive
short, intermediate and longterm in vivo characteriza-
tion of both unwanted biological effects and efficacity
of particle are a prerequisite before clinical testing can
be performed. Such a cascade of characterization of bio-
compatibility and immunogenicity on multiple levels of
increasing complexity will allow the development of NPs
of acceptable safety and accurately defined effects regard-
ing targeting, interplay with target cells/tissues and per-
sistence. In particular safety regarding toxicological and
immunomodulatory effects of newly developed biomedi-
cal NPs should be of major concern.

In this review we will summarize the anatomy of the
respiratory tract regarding the different immune cell
subsets which are populating its diverse compartments.
Furthermore, we will focus on recently emerged in vivo
models to monitor the immunomodulatory potential of
biomedical NPs while discussing characteristics of poten-
tial biomedical NPs, which are important in order to
modulate immune responses in the lung.

General anatomy of the respiratory tract

As previously outlined, the lung provides an attractive
portal of entry in the human body for non-invasive appli-
cations using biomedical NPs. Detailed knowledge on the
macroscopic structure of the lung anatomy, i.e. different
compartments; and in particular the distribution and
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function of immune cells within different compartments
of the respiratory tract is crucial to develop and engineer
specific inhalable NPs. The human respiratory tract is
structurally designed for gas exchange in the human body
through a huge internal surface area of about 150 m?
(i.e. alveoli and airways) closely enmeshed with a dense
capillary network [1]. The respiratory tract is anatomi-
cally subdivided into four regions: (1) the extra thoracic
region comprising the anterior nose and the posterior
nasal passages, larynx, pharynx and mouth; (2) the bron-
chial region consisting of the trachea and bronchi; (3) the
bronchiolar region consisting of bronchioles and termi-
nal bronchioles; and finally (4) the alveolar-interstitial
region consisting of respiratory bronchioles (bronchioles
with some alveoli apposed), the alveolar ducts and sacs
with their alveoli and the interstitial connective tissue,
inside the interalveolar septa.

The epithelial tissue changes its architectural and
cellular characteristics from the upper airway to the
periphery. Beginning at the trachea/bronchi, the airway
epithelium is pseudostratified with ciliated epithelial
cells, i.e. mucocilary escalator, and at the level of smaller
bronchioles it is of cuboidal appearance. Toward the lung
periphery, the alveoli are lined by squamous cells, the
alveolar type I epithelial cells which cover about 95% of
the surface and share a basement membrane with the
endothelial cells covering the pulmonary capillaries,
and also contain alveolar type II epithelial cells, which
secrete lung surfactant (surface active agent) to prevent
alveolar collapse [14, 15]. The structural barrier between
air and blood is reduced to a mean arithmetic thick-
ness of 2.2 um or thinner tissue layers in the alveoli [1].
More than 40 different cell types, amongst others differ-
ent types of epithelial cells, endothelial cells, fibroblasts,
nerve cells, lymphoid cells, gland cells, dendritic cells and
macrophages, add to the complexity of the epithelium in
the lung. All four regions in the respiratory tract contain
lymphatic tissue or specific components of it [14].

There are approximately 400 million alveoli in the lungs
[16], with a combined surface area that is about 140 m?
and with an alveolar epithelium which can be as thin as
0.1 um [1, 15]. The interstitium of the alveolar septum
is for most parts extremely thin and endothelial cells,
which cover the inner surface of the capillaries, fuse with
basement membranes of epithelial cells to minimize the
air-blood barrier. At the thicker parts, where the base-
ment membranes of endothelial and epithelial cells are
separated, elastic fibers, collagen fibrils bundles as well
as fibroblasts are present in the extracellular matrix. This
large surface area, combined with an extremely thin bar-
rier between the pulmonary lumen and the capillaries,
creates conditions that are well suited for efficient gas
transfer [14].
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Lung barriers and particle clearance

A series of structural and functional barriers protect the
respiratory system against both harmful and innocuous
xenobiotics [17]. The airway mucosa, with its respira-
tory epithelium sealed by apically localized tight junction
complexes, provides a mechanical barrier that protects
against effects of inhaled and on the lung cell surface
deposited xenobiotics. Furthermore, ciliated epithelial
cells and mucus producing goblet cells, together with
locally produced secreted immunoglobulins (mainly
IgA), provide effective mechanisms for mucociliary clear-
ance of inhaled particulate antigens [18]. In addition,
airway epithelial cells have key roles in the regulation of
lung homeostasis by secretion of a range of regulatory
and effector molecules (e.g. mucins, surfactant proteins,
complement and complement cleavage products, antimi-
crobial peptides) that are involved in front-line defence
against pathogens [19].

The clearance kinetics in the lung periphery is much
slower due to the absence of mucociliary action, and
particles are eliminated by (1) phagocytosis with subse-
quent transport by macrophages, (2) dendritic cells with
trafficking to draining lymph nodes, as well as (3) direct
translocation via the air-blood tissue barrier into the cir-
culation. All these mechanisms by which the particles are
eliminated from the inner surface of the respiratory tract
have to be taken into account for the design of new NPs
[20].

The immune system in the respiratory tract
APCs such as alveolar and interstitial macrophages, as
well as dendritic cells (DCs) (Fig. 1), play an important
role in the regulation of the immune response.
Respiratory tract macrophages play an important
role in the maintenance of immunological homeosta-
sis and host defense. In the lungs the key population is
composed of alveolar macrophages. Under steady state
conditions, the most important function of alveolar mac-
rophages is phagocytosis and sequestration of antigen
from the immune system to shield local tissues from the
development of specific immune responses [21]. Alveolar
macrophages have been shown to take up most of the par-
ticulate material that is delivered intranasally [22]. Since
alveolar macrophages do not migrate to the lung draining
lymph nodes [23], their antigen presentation capabilites
are limited to interact with local effector T cells only, in
contrast to pulmonary dendritic cells which, as profes-
sional antigen presenting cells, migrate to the lymph
nodes in order to activate naive T cells and to direct their
differentiation into effector T cells, as described later.
Besides clearance of inhaled particulates, macrophages
are involved in diverse functions that are achieved by
the plasticity of these cells that, depending on signals
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present in their microenvironment, can polarize into
a plethora of different phenotypes [24, 25]. Cytokines,
such as interferon (IFN)-y and tumor necrosis factor
(TNF)-«a, or bacterial products, such as lipopolysaccha-
ride (LPS), induce polarization of macrophages into a
proinflammatory phenotype through the transcription
factor IFN regulatory factor 5 (IRF5). Such macrophages
were conventionally named M1-dominant macrophages
and release proinflammatory cytokines interleukin (IL)-
12, IL-1B, and TNF-a. They are thus important in host
defense against intracellular pathogens [24, 26]. Further-
more, macrophages induced by the proallergic asthma
cytokines IL-4 and IL-13, in the past conventionally also
known as M2 macrophages that are important in wound
healing and host defense against helminth infections.
This macrophage subset is characterized by upregulation
of the mannose receptor (CD206) and, in mice, produc-
tion of the chitinase-like protein YM1. However, recent
literature has challenged the existence of an M1 and
M2 paradigm of macrophage activation and proposed a
more complex system of macrophage polarization [27].
Another macrophage phenotype consists of anti-inflam-
matory macrophages that are induced by compounds and
mediators such as corticosteroids, IL-10, or prostaglan-
din E, PGE,. Such anti-inflammatory macrophages are
also characterized by upregulation of CD206, but pro-
duce the anti-inflammatory cytokine IL-10 [28].

Fig. 1 Interactions of DCs and T cells in the airway mucosa visualized
by laser scanning microscopy. Micrograph shows a scanned area from
a cross section through a trachea (rat). T cells (CD3, blue) are visible
closely interacting with DCs (MHC class II, green) inside the airway
epithelium (EP) and the lamina propria (LP)
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The mucosa of the airways and the lung parenchyma
also contains dense networks of DCs that develop early
in life [29]. DCs are professional APCs that link innate
and adaptive immunity, and therefore occupy a key role
in regulating the body’s immune responses [30]. They are
strategically positioned for antigen uptake both within
and directly below the surface epithelium and extend
protrusions into the airway lumen [31], or the alveolar
space [32] similar to what has been demonstrated for
DCs in intestinal tissue where DCs have been shown to
form tight junction complexes with epithelial cells [33].
This characteristic suggests that DCs can sample directly,
both from the airway lumen and the alveolar space [32]
through the intact epithelium [31] by the expression of
adherens and tight junction proteins which might help to
preserve the epithelial integrity in a trans-epithelial net-
work [34]. Morphologically characterized by dendrite-
like projections DCs are the most potent APC population
able to provide T cell activation (Fig. 1) [35].

Potential pathogens are ‘sensed’ through pattern recog-
nition receptors (PRRs) that interact with pathogen asso-
ciated molecular patterns (PAMPs), triggering innate and
adaptive immunity [36]. In DCs, activation through the
PRRs leads to upregulation of the chemokine receptor
CCR7 (CD197; the ligand is CCL19/ECL) that is essen-
tial for DC migration from the site of pathogen encounter
to lymph nodes, where activation of naive T cells occurs.
In this process of trafficking to the lymph nodes DCs dif-
ferentiate from a so-called ‘immature’ state (high capac-
ity for antigen uptake, low capacity for T cell activation)
to a ‘mature’ state (low capacity for antigen uptake, high
capacity for T-cell activation) [37]. Following migration
to lymph nodes, DCs face their most important task: that
is to instruct T cells to respond to presented antigen in
the most appropriate way. The type and activation state
of the DC, the dose of antigen, as well as the nature of
concomitant micro-environmental factors present at
the time of antigen encounter determine the nature of
the resulting T cell response [37]. Conventionally, three
different outcomes for effector T cells have been distin-
guished: T helper 1 (Thl), T helper 2 (Th2) and regula-
tory T cells (Treg). A Th1 response is characterized by the
production of IFN-y and TNF by T cells. It is the normal
outcome after an exposure of DCs to viruses or bacte-
ria. It is also the basis of the delayed type hypersensitiv-
ity reaction. Th2 differentiation usually occurs following
contact with extracellular parasites and involves the pro-
duction of cytokines IL-4, IL-5, IL-9, and IL-13 resulting
in IgE production and accumulation of eosinophils and
mast cells. Furthermore, in allergic asthma, as nonpatho-
genic environmental antigens are able to induce an inap-
propriate Th2 response and become allergens, such as the
house dust mite allergen Der p1. The third outcome is the
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induction of regulatory T cells that produce immunosup-
pressive cytokines such as IL-10 or TGF-f. This describes
probably the most prevalent response in steady-state
conditions, as it forms a constant safeguard against the
induction of inappropriate inflammatory reactions to
harmless antigen [37]. It has become increasingly evi-
dent that T cell functions are considerably more complex
and heterogeneous than originally assumed. In particu-
lar, the potential key role of Th17 cells in disease patho-
genesis has been described. As an example, some asthma
patients have been described to develop a more type 17
associated disease with dominance of neutrophils rather
than eosinophils [38]. An additional conceptual develop-
ment has emerged with the role of airway epithelial cells
in driving the selection of disease-related T cell pheno-
types through the expression of potent T cell modulatory
molecules (discussed in [19]).

T cells are also found in varying numbers in the airways
and the lung parenchyma. In the airways they are found
intraepithelially and within the underlying lamina propria.
As in the gut, most intraepithelial T cells express CD8,
whereas CD4" T cells are more frequently localized the
lamina propria. Both subsets mainly have an effector- and/
or memory-cell phenotype [19]. Both in vitro and in vivo
studies have shown that T cell proliferation upon NP treat-
ment can be affected [8, 22, 39-41]. T cells are thus prom-
ising targets for future therapies using biomedical NPs.

The lamina propria of the airways also contains mast
cells and plasma cells (mainly producing polymeric IgA)
and some loosely distributed B cells. Aside from their
central role in antibody production, it is possible that
B cells also contribute to local antigen presentation, given
the recent demonstration of such a function for B cells
in the lymph nodes that drain the lungs [42]. Figure 2
shows a simplified illustration of the innate and adaptive
immune response in the respiratory tract.

Particle deposition in different lung compartments
According to the particle size, it can be predicted in
which compartment particles will be predominantly
deposit in the lung [10, 43]. Larger particles (1-10 pm)
preferentially deposit in trachea and bronchi, whereas
smaller particles (i.e. NPs) tend to deposit in in the
deeper regions of the lung (i.e. small airways and alve-
oli). Inhaled particles may be deposited in the lung by
impaction, sedimentation and diffusion as described
in detail in [44]. While impaction is generally observed
with particles greater than 5 um, sedimentation is seen
with particles with sufficient mass and a size of 1-5 um
in diameter. Finally diffusion is observed mainly with the
smallest particles (Table 1). Therefore, solely depend-
ing on the size of particles or aerosol droplets, differ-
ent compartments of the respiratory tract and specific
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Fig. 2 Simplified schematic presentation of the human respiratory immune system. The upper respiratory epithelium, lining the inner surface of
the trachea, bronchi and bronchioles, is composed of a pseudostratified layer of ciliated cells, mucus-producing cells and basal cells, and is respon-
sible for rapid clearance of inhaled particulate antigen with the mucociliary escalator. The distal regions of the lung epithelium, the alveolar septa,
represent the site of the gas exchange. In both regions, macrophages are located at the apical side of the epithelial layer and protect it from the
inhaled antigen cells by phagocytosis. Dendritic cells will capture antigens, process and present antigen peptide to naive T cells, and trigger their
differentiation into antigen-specific effector T cells. Figure as shown in and reprinted with permission from Nanomedicine (Futuremedicine)

subpopulations of immune cells may be targeted. In addi-
tion a recent study has shown that depending on size and
charge particles deposited on the respiratory mucus are
either locally trapped or can diffuse freely [45].

A large number of different studies in the recent years
has also demonstrated that characteristics of NPs like
size, shape, surface charge, and surface modification all
play an important role in affecting the fate of the particles
in the respiratory tract with particle size, surface charge
and surface modification being among the most impor-
tant. Deposition in the respiratory tract depends, how-
ever, mainly on particle size due to the fact that different
mechanisms of particle deposition are defined based on
this characteristic.
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Based on size-dependent pulmonary deposition NPs
can be used to primarily target distal lung compartments
for prolonged persistence, since in these anatomical areas
there is only slow removal by alveolar macrophages com-
pared to the proximal lung compartments like the con-
ducting airways. Prolonged persistence allows NPs to
interact with cells of interest for a longer time in order
to become effective locally by remaining in the lung com-
partment or systemically by crossing the air-blood bar-
rier. In particular the interaction of NPs with pulmonary
immune cells is of great interest, since NPs can be easily
applied in the lungs and immediately get in contact with
different cells of the immune system after deposition. A
number of recent studies has characterized how inhaled
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Table 1 Correlation between compartments of lung depo-
sition, the mechanism of deposition and particle size

Location Size (um) Mechanism
Primary bronchi 5-10 Impaction
Secondary bronchi 1-5 Sedimentation
Bronchioles 1-3 Sedimentation
Alveoli 0.5-1 Brownian motion

NPs affect immune cells in the lung and provide valua-
ble information for the development of novel biomedical
tools for pulmonary delivery.

Immunomodulatory potential of NPs in in vivo
models

The highly complex organization of the pulmonary
immune system characterised by a multitude of cell—cell
interactions across different respiratory tract compart-
ments, highlights the essential requirement to investigate
the fate and effects of inhalable biomedical NPs. Hence
in vivo models are a crucial step in the optimization of
potential biomedical NPs following initial development
through in vitro investigations [13] before clinical stud-
ies can be considered. In the following paragraph prom-
ising nanocarriers and treatment strategies, which have
been tested in in vivo models, i.e. mainly rodents, are dis-
cussed and compared.

Screening for NP characteristics relevant for transloca-
tion in the respiratory tract, Choi et al. utilized different
NPs by varying material, size, shape, as well as surface
charge, and correlated these properties with translocation
in the body and adverse health effects, after lung instilla-
tion in rat models [46]. Briefly, administration of non-cat-
ionic NPs with a size of approximately 30 nm or smaller
resulted in a maximal translocation to mediastinal lymph
nodes and the bloodstream due to insufficient clearance.
The authors suggested to employ chemical modifications
to adapt size and the charge of NPs, so the adverse health
effects may be minimized. Focusing on particle size, we
employed in a recently reported in vivo study polystyrene
(PS) NPs intra-nasally in mice, and demonstrated size-
dependent uptake, trafficking, and modulation of down-
stream immune responses [22]. Compared to larger NPs,
those with a diameter of 20-50 nm were preferentially
captured and trafficked by pulmonary DCs to lung drain-
ing lymph nodes, while very low or no lymphatic drainage
was observed with any other particle size. In particular,
20 nm PS NPs co-administered together with the model
antigen ovalbumin (OVA) induced significantly enhanced
activation of antigen-specific T cells, compared to results
obtained with larger 1000 nm particles [22]. In contrast,
a similar study done by Hardy and co-workers showed
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a prophylactic inhibitory effect of 50 nm neutral amino
acid glycine (PS50G) NPs: Intratracheally instilled PS50G
NPs did not exacerbate but instead inhibited key features
of allergic airway inflammation including lung airway
and parenchymal inflammation, airway epithelial mucus
production, and serum allergen-specific IgE and aller-
gen-specific Th2 cytokines in the lung-draining lymph
node after allergen challenge 1 month later. Further-
more, PS50G NPs themselves did not induce any inflam-
matory response or oxidative stress in the lungs. Finally,
PS50G NPs suppressed the ability of CD11b" DCs in
the draining lymph nodes of allergen-challenged mice to
induce proliferation of OVA-specific CD4" T cells [41].
A follow-up study of the same group using the same
PS50G (50 nm) and larger PS500G (500 nm) nanopar-
ticles, investigated the uptake by antigen presenting cell
populations in the lung parenchyma and the lung drain-
ing lymph nodes following intra-tracheal instillation in
naive mice. It was found that PS50G were preferentially
taken up by alveolar and non-alveolar macrophages, B
cells, and CD11b* and CD103" DC in the lung. How-
ever, in the lung draining lymph nodes, only DCs were
found to contain particles, demonstrating transport of
NPs to the lymph nodes exlusively by DCs. Consisten
with our findings, this study excluded particle transloca-
tion via lymphatic drainage. However, both particle sizes
decreased frequencies of stimulatory allergen-laden DC
in the lung draining lymph nodes, with the smaller par-
ticles having the more pronounced effect. The authors
from these studies concluded that in allergic airway
inflammation PS50G but not PS500G significantly inhib-
ited adaptive allergen-specific immunity [47]. Another
study with results similar to our findings investigated the
trafficking of intranasal instilled 500 nm PS beads from
the respiratory tract to the mediastinal lymph nodes, in
which the majority of particles was captured by alveolar
macrophages, but particles were also detected in a small
number of DCs that had migrated to the T cell—rich
areas of the mediastinal lymph nodes [23]. Additional
studies have shown that polylactid-co-Glycolid (PLGA)
NPs (approximately 200 nm) and dendrimers (<10 nm)
may be functionalized with siRNA or drugs while sur-
face charge can be controlled during synthesis of NPs
[48-50]. Focusing on pulmonary deposition following
inhalation, Taratula et al. [51] successfully delivered a
high concentration of inhalable lipid-NP-based drug to
the respiratory tract of mice. In this study, pulmonary
deposition was more efficient compared to intravenous
injection of the same drug, in terms of organ distribu-
tion, lung tumor targeting, and anti-cancer activity. These
studies demonstrate a significant effect of particle size in
the modulation of innate and adaptive immune responses
in the respiratory tract. Particle size has therefore to be
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Fig.3 CD4™ T cell proliferation in lung draining lymph nodes was
measured after intra nasal instillation of positively charged (Au;

NH2) and negatively charged (Au~; COOH) gold NPs or polymer
shells alone followed by ovalbumin in a mouse model of ovalbumin
induced experimental allergic airways disease. Positively charged
gold NPs induced enhanced ovalbumin specific T cell proliferation
compared to controls (non-exposed), negatively charged gold NPs or
positively charged polymer alone. These findings highlight the impor-
tance of surface charge of a biomedical NP in modulating a specific

adaptive immune response. Adapted from [11]

taken in consideration for the development of biomedical
carriers for the use in pulmonary applications.

As already discussed above, not only particle size
but also surface charge of an engineered NP may affect
pulmonary immune cells and modulate downstream
immune responses. In order to address how surface
charge of a pulmonary administered NP may affect
its fate and modulate a specific immune response, we
employed modified gold NPs (AuNPs) (Fig. 3). The
AuNPs were coated with polyvinyl alcohol (PVA) con-
taining either positively (NH,) or negatively (COOH)
charged functional groups [52]. Following intra-nasal
instillation in a mouse model, all pulmonary APC sub-
sets preferentially took up positively charged AuNPs,
compared to negatively charged AuNPs. Also, positively
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charged AuNPs generated an enhanced ovalbumin-
specific CD4" T cell stimulation in lung draining lymph
nodes compared to negatively charged AuNPs. An
additional salient finding in this study was that intact
positively charged AuNPs were necessary, as immune
responses were not affected when the positively charged
polymer was utilized alone. Another recent study also
demonstrated improved therapeutic effects of a partic-
ulate biomedical carrier compared to its soluble coun-
terpart: In this study solid lipid nanoparticles (SLNs) of
Yuxingcao essential oil (YEO) with different particle size
(200, 400 and 800 nm) were prepared using Compritol
888 ATO as lipid and polyvinyl alcohol as an emulsifier.
Following intra-tracheal administration in rats, YEO
loaded SLNs not only prolonged pulmonary retention
up to 24 h, but also increased area under the curve val-
ues (15.4, 18.2 and 26.3 pg/g h for SLN-200, SLN-400
and SLN-800, respectively) by 4.5-7.7 folds compared to
the intra-tracheal dosed YEO solution and by 257-438
folds to the intravenously dosed YEO solution, respec-
tively. These results demonstrated a promising inhalable
particulate carrier with improved local bioavailability
[53]. Furthermore, a similar study showing effects of
surface charge following administration to the lung
was conducted to understand the biological impact of
superparamagnetic iron oxide NPs (SPIONs) and their
surface-modification with polyethylene glycol having
either negative (i.e. carboxyl) or positive (i.e. amine)
functional groups in a 1-month longitudinal study using
a mouse model. Genetic assessment revealed enhanced
expression of chemokine ligand 17 (CCL-17) and IL-10
biomarkers following SPIONs administration compared
to surface-modified NPs. However, SPIONs with car-
boxyl terminal showed a slightly prominent effect com-
pared to amine modification [54]. A further study used
cationic carbon dots for pulmonary delivery of DNA.
Administration of particle-DNA complexes to mouse
lungs demonstrated that these new carriers achieved
similar efficiency but lower toxicity compared to GL67A,
a golden standard lipid based transfection reagent for
gene delivery to the lungs. The authors suggested that
post-functionalization of these nanoparticles with poly-
ethylene glycol (PEG) or targeting moieties should even
improve their efficiency and in vivo biocompatibil-
ity [55]. Another recent in vivo study performed with
hydrogel rod-shaped NPs of different surface charge also
confirmed enhanced uptake of positively charged NPs
by alveolar macrophages and different subsets of pul-
monary DC, with enhanced trafficking to lung draining
lymph nodes, as compared to negatively charged NPs.
The authors concluded that cationic NPs are endowed
with an enhanced immunomodulatory potential in the
respiratory tract [56]. All these in vivo findings underline
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that size, surface charge and intact conformation of
engineered NPs play an important role in modulating
downstream immune responses in the respiratory tract
[11]. The studies discussed above highlight that differ-
ent attributes of NPs such as size and surface charge
may become important triggers to re-program adap-
tive immune responses in the respiratory tract. Inhal-
able NPs may therefore be designed to specifically
modulate pulmonary immune responses, either towards
an immune-therapy to reprogram allergic responses,
or vaccination to generate protective immunity against
a respiratory pathogen. To prevent triggering of exces-
sive inflammatory responses that may jeopardise gase-
ous exchange, meticulous development of inhalable NPs
through in depth characterisation of in vivo effects is the
final, but most crucial step in pre-clinical development.

Conclusions

The lung with its extensive internal surface harboring
different immune cell populations, provides a non-inva-
sive and promising target organ for novel therapies with
inhalable nanoparticles. NP engineering approaches is a
promising technique for non-invasive and cost-effective
pulmonary drug delivery to treat respiratory tract dis-
order. Specific NP properties such as material, size and
surface modification that can be used to stimulate or to
inhibit a specific immune reaction may be specifically
designed for the treatment of immune disease, such as
allergic asthma. In order to achieve this, close collabora-
tion and interdisciplinary research between physicians,
biologists, chemists and material scientists is essential.
Furthermore, careful design, thorough characterization
and process control in the entire NP synthesis procedure
is required in order to assure high-quality NP batches
with repeatedly reproducible and accurate results.
Sophisticated approaches using relevant animal models
can play a major role in this development since they can
provide straight-forward and reliable data which can be
the baseline of such developments.
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Abstract

Composite materials with fibrous reinforcement often provide superior mechanical, thermal, electrical and optical
properties than the matrix. Asbestos, carbon fibers and carbon nanotubes (CNTs) have been widely used in com-
posites with profound impacts not only on technology and economy but also on human health and environment.

A large number of studies have been dedicated to the release of fibrous particles from composites. Here we focus
on the transformation of the fibrous fillers after their release, especially the change of the properties essential for the
health impacts. Asbestos fibers exist in a large number of products and the end-of-the-life treatment of asbestos-
containing materials poses potential risks. Thermal treatment can transform asbestos to non-hazardous phase which
provides opportunities of safe disposal of asbestos-containing materials by incineration, but challenges still exist.
Carbon fibers with diameters in the range of 5-10 um are not considered to be respirable, however, during the
release process from composites, the carbon fibers may be split along the fiber axis, generating smaller and respirable
fibers. CNTs may be exposed on the surface of the composites or released as free standing fibers, which have lengths
shorter than the original ones. CNTs have high thermal stability and may be exposed after thermal treatment of the
composites and still keep their structural integrity. Due to the transformation of the fibrous fillers during the release
process, their toxicity may be significantly different from the virgin fibers, which should be taken into account in the

risk assessment of fiber-containing composites.

Background

A composite material can be defined as a combination
of two or more materials that results in better properties
than those of the individual components used alone [1].
The composite materials may be preferred because they
are stronger, lighter, or less expensive when compared
to traditional materials [2]. The components forming
the composites can be divided into two main categories:
matrix and reinforcement. The continuous phase is the
matrix, which can be a polymer, metal, or ceramic [1].
The reinforcement usually adds the strength and stiffness.
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In most cases, the reinforcement is harder, stronger, and
stiffer than the matrix [1]. Fibers with high length-to-
diameter ratios are common reinforcement materials.
Asbestos fibers were widely used as reinforcement in
cement to improve the tensile strength and heat resist-
ance. The most common asbestos-containing industrial
material produced worldwide has been cement-asbes-
tos [3]. Carbon fibers with diameters 5-10 um are used
in polymer matrices. With the development of material
technology, fibers with smaller diameters are getting
popular. Carbon nanotubes (CNTs) with diameters below
100 nm exhibit properties including high strength and
tensile stiffness, chirality-dependent electrical conductiv-
ity, increased thermal conductivity and one of the highest
Young’s modulus [4], therefore they have been consid-
ered as a nanofiller for composites.

© The Author(s) 2017. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://orcid.org/0000-0003-2078-137X
http://orcid.org/0000-0002-9078-6478
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-017-0248-7&domain=pdf

Wang et al. J Nanobiotechnol (2017) 15:15

With the wide applications of fiber-reinforced compos-
ites, there come the possibilities of release of the fibers
and exposure to workers and consumers. Due to their
dimensions, as well as chemical and elemental compo-
sition, concerns as to the human health risk associated
with exposure to respirable fibers have been vehemently
raised [5-7]. The toxicity of fibers is generally determined
by the three “D’s”: dose, dimension, and durability [8].
The small aerodynamic diameters of thin fibers enable
deposition beyond the ciliated airways. Donaldson et al.
[9] provided a schematic with direct comparison between
the CNTs and asbestos, showing that the long asbestos
and long and stiff CNTs deposit in the parietal pleura and
the macrophage cells cannot completely engulf such fib-
ers, resulting in incomplete or frustrated phagocytosis,
which leads to oxidative stress and inflammation. In con-
trast, the short asbestos and compact, entangled CNTs
could be cleared by the macrophage cells. The frustrated
phagocytosis effect is not limited to CNTs or asbestos,
but applicable for high aspect ratio particles [9]. The
correlation between biopersistence and adverse pulmo-
nary effects has been demonstrated [10], while the fiber
material is of minor importance [11]. Fibers with good
biopersistence produce chronic pulmonary inflamma-
tion and interstitial fibrosis; if very biopersistent, fibrosis
is followed by lung cancer and/or pleural mesothelioma
[8]. Defined by the World Health Organization (WHO),
respirable fibers have a length above 5 um, a diameter
below 3 pm, and an aspect ratio (length/diameter) above
or equal to 3 [12]. The recommended permissible expo-
sure limit (PEL) by the Occupational Safety and Health
Administration (OSHA) is 1 respirable fiber/cm? for an
8 h time weighed average [8]. There remains an impend-
ing need to undertake research initiatives that focus spe-
cifically upon determining the real advantages posed by
nanofibers, as well as underpinning their conceivable
risk to human health. Both are inextricably linked, and
therefore by devising a thorough understanding of the
synthesis and production of nanofibers to their potential
application and disposal is essential in gaining an insight
as to the risk they may pose to human health [6].

The fibers in composite materials can be released to
the environment in different phases of the life time of
the products, including production and processing, ser-
vice life, and disposal [13]. Wear and tear, cutting, drill-
ing, sanding, machining, exposure to UV light and heat,
chemical erosion, and combustion can all possibly lead
to release of fibrous fillers after production. The released
fibers may be free standing or partially embedded in the
matrix material. Harper et al. [14] suggested that CNT-
containing fragments may be turned into household dust.
The physical and chemical properties of the fibers can be
altered by the mechanical, chemical or thermal energy
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input during the release process. Therefore, the dimen-
sion and biopersistency of the released fibers may be dif-
ferent from the original materials, e.g. asbestos could be
entirely transformed to a mixture of non hazardous sili-
cate phases by thermal treatment; large carbon fibers can
be turned into respirable fibers; nanotubes may be oxi-
dized or shortened. It follows that the risk assessment of
the composites cannot be solely based on the properties
of the fibers put into the composites, but on the prop-
erties of the fibers released from the composites, with
the understanding that the properties before and after
release are closely linked. This review is not intended to
be an exhaustive review of the release studies. Instead, it
focuses on the transformation of the fibrous fillers after
their release from composites, especially the change of
the properties essential for the health impacts.

Transformation of the asbestos from construction
materials

Background

Asbestos is a family of six natural silicate minerals, con-
taining long chains of silicon and oxygen that give rise to
the fibrous nature of the mineral [15]. Asbestos is recog-
nized as a carcinogen and it has been more than 30 years
since the first national ban on asbestos in 1983 by Ice-
land [16]. To date, all the EU member states have banned
usage of all forms of asbestos [17]. However, asbestos
fibers still exist in a large number of products and the
end-of-the-life treatment of asbestos-containing materi-
als poses potential risks. An estimated 20% of buildings
in the US still contain products such as shingles, cement
pipes and insulation made from chrysotile asbestos [15].
Yet well-maintained asbestos in buildings will not spon-
taneously shed fibers into the air. Instead decay, reno-
vation or demolition of the structures can lead to the
release of fibers [15].

The most common methodology of asbestos waste
management is the disposal in special landfills for toxic
and hazardous wastes [18]. However, identifying an
appropriate location for the installation of these land-
fills is difficult, due to the specific requirements of these
sites according to current legislation and due to common
operational difficulties [18].

Waste incineration is becoming a popular method to
significantly reduce the volume of the deposited waste
and to avoid soil contamination. For example, the cur-
rent Swiss Technical Ordinance on Waste demands that
all combustible waste has to be burned before deposition.
Therefore landfilling of wastes containing asbestos and
high fraction of organic contents are forbidden. Incinera-
tion of such wastes in municipal solid waste incineration
(MSWI) plants and deposition of the slags and filter ashes
afterward seem to be a solution, because it is known that
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thermal treatment could destroy the fibrous structure of
the asbestos, transforming the asbestos to non-hazardous
materials [19, 20].

Standard detection methods for asbestos fibers are
usually based on filter collection and microscopic inspec-
tion. The National Institute for Occupational Safety and
Health (NIOSH) has four standard methods for the anal-
ysis of asbestos fibers [21-24]. Two of them are for the
analysis of filter samples by microscopy (phase contrast
microscopy for method 7400, and transmission elec-
tron microscopy TEM for method 7402). The two other
methods are for the analysis of powder samples, either
by X-ray diffraction (method 9000) or by polarized light
microscopy (method 9002). The EPA has also a stand-
ard method for the analysis of asbestos. Their procedure
involves two mandatory steps of analysis by microscopy
(a stereomicroscopic examination, followed by polarized
light microscopy) for the qualitative classification of the
fibers. The amount of asbestos in a residue can then be
quantified by gravimetry, X-ray diffraction (XRD), polar-
ized light microscopy, or analytical electron microscopy.
There are also several other standard methods avail-
able e.g. [25, 26]. Many previous studies used electron
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microscopy and XRD to investigate the modification of
the asbestos after thermal treatment.

Transformation of asbestos by thermal treatment

Gualtieri and Tartaglia [20] reported that asbestos could
be entirely transformed to a mixture of non-hazard-
ous silicate phases throughout a thermal treatment at
1000-1250 °C and to a silicate glass at T > 1250 °C. They
investigated four samples, including a pure serpentine
asbestos, a pure amphibole asbestos, a commercial asbes-
tos containing material utilized in the past for asbestos—
cement pipes, and a commercial asbestos-cement for
external roof pipes. Initially the pure asbestos samples
had lengths over 10 pum and diameters less than 1 pm
(Fig. 1a). After the thermal treatment, the asbestos sam-
ples lost the fibrous morphology and were transformed
to non-hazardous silicate phases (Fig. 1b). The construc-
tion material samples had asbestos fibers dispersed in the
heterogeneous matrix (Fig. 1c). The thermal treatment
resulted in crystals of the silicate phases in place of the
fibers (Fig. 1d). The authors also described the recycle of
the thermally treated asbestos containing samples as a
raw material for glass ceramics and traditional ceramics.

the permission of Elsevier)

Fig. 1 SEM images of a the initial sample of a pure amphibole asbestos; b the pure amphibole asbestos sample after thermal treatment; ¢ the initial
sample of a commercial asbestos-cement for external roofs pipes; d the asbestos-cement sample after thermal treatment. (Adapted from [20], with
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Gualtieri et al. [27] used time-resolved synchrotron
powder diffraction to follow the thermal transforma-
tion of a cement-asbestos sample. The instrumentation
allowed for the observation of metastable phases during
the transformation of asbestos fibers into non-fibrous
crystalline phases. The changing gas atmosphere in the
closed system was shown to affect the final composition
of the recrystallized product.

Gualtieri et al. [3] used environmental scanning elec-
tron microscopy to follow in situ the thermal transfor-
mation of chrysotile fibers present in cement-asbestos. It
was found that the reaction kinetics of thermal transfor-
mation of chrysotile was highly slowed down in the pres-
ence of water vapor in the experimental chamber with
respect to He. This was explained by chemisorbed water
on the surface of the fibers which affected the dehydroxy-
lation reaction and consequently the recrystallization
into Mg-silicates.

Zaremba et al. [28] reported the possibility of detoxifi-
cation of chrysotile asbestos through a low temperature
heating and grinding treatment. They found that an iso-
thermal treatment at 650 °C for at least 3 h caused the
complete dehydroxylation of chrysotile Mg;Si,O;(OH),.
Transformation of the dehydroxylated phase to forster-
ite Mg,SiO, was obtained by heat treatment in the range
650-725 °C. In addition, it was easily milled to pulveru-
lent-shape material by mechanical milling.

Kusiorowski et al. [29] investigated thermal decom-
position of 10 different samples of raw natural asbestos.
They found that different temperatures were required
(about 700-800 °C for chrysotile and more than 900 °C
for amphibole asbestos). As a result of this process, the
mineral structure was changed through dehydroxyla-
tion which led to the formation of X-ray amorphous
and anhydrous phase. Kusiorowski et al. [30] extended
their study to three asbestos—cement samples from dif-
ferent factories. Calcination of asbestos—cement wastes
at ~1000 °C was sufficient to totally destroy the danger-
ous structure of asbestos. No significant differences in
thermal decomposition among the types of asbestos—
cement samples used were observed.

Yamamoto et al. [31] investigated simulated slag sam-
ples produced by high-temperature melting of asbestos-
containing wastes. Fiber concentrations were below the
quantification limit of their TEM-based method in all
samples.

Transformation of the asbestos by the thermal treat-
ment can be identified not only by microscopy, but also
by other analytical techniques. Gualtieri et al. [27] used
the synchrotron powder diffraction to observe the phase
change of asbestos fibers. The Fourier transform infra-
red spectroscopy (FT-IR) spectra of asbestos normally
show a characteristic double peak at 3640-3680/cm
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corresponding to the OH-stretching vibration. Upon
thermal decomposition, the double peak disappeared
[30]. Heating the samples causes appreciable other
changes in their FT-IR spectra, which provides important
information about the structural transformations. For
instance, Kusiorowski et al. [29] showed that a character-
istic triplet in the region 935-1080/cm, which is typical
of the Si—O-Si stretches in the silica network, was clearly
shifted toward lower frequencies.

Discussion
The cited studies show that thermal treatment can be an
effective solution to transform both raw asbestos samples
and asbestos-containing construction materials into non-
hazardous phase. Effective treatment of asbestos-con-
taining cement wastes needs about 1000 °C. During the
incineration process, asbestos may stay embedded or be
liberated from the matrix and carried away by the air flow
and thermal plume. Therefore, the asbestos may remain
in the slag or become free standing. According to the
directives of the European Union on the incineration of
wastes, the gas resulting from the process must reach at
least 850 °C. Moreover, if hazardous wastes contain more
than 1% of halogenated organic substances, the tem-
perature has to be raised to 1100 °C for at least 2 s dur-
ing incineration [32]. Therefore, the temperature in the
incineration processes may or may not be high enough
for effective treatment of asbestos-containing wastes.
Currently there is no uniform practice in Switzerland
regarding the incineration of wastes that contain asbes-
tos in MSWIs and some MSWIs do accept small volumes
[33]. In addition, the temperature is heterogeneous in an
incinerator therefore asbestos fibers may have different
degrees of thermal decomposition. The liberated asbes-
tos may have long enough residence time in the incinera-
tor to be thermally transformed; they may settle down as
part of the slag or be carried by the flue gas and captured
as part of the filter ashes. The distribution fractions are
not known. Further studies are needed to investigate
the fate and stability of asbestos fibers in MSWIs and to
assess the risks for the operators and environment.

Transformation of the released carbon fibers

from composites

Background

Carbon fibers are fibrous structures composed mostly of
carbon atoms, which can be derived from organic fibers
by subjecting them to high temperatures that drive off
the non-carbon components [8]. Carbon fibers have been
used in high performance applications from airplanes
to automobiles and from satellites to sporting goods
[34]. Carbonized fibers include carbon (amorphous) and
graphite (crystalline; made by further heating amorphous
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carbon fibers) [8]. All commercial carbon fibers produced
today are based on rayon (a cellulose-based polymer),
PAN (polyacrylonitrile fiber) or pitch (a tar-like mixture
of hundreds of branched organic compounds) [34]. PAN-
based fibers have superior tensile strength; pitch-based
fibers are unique in their ability to achieve ultrahigh
Young’s modulus and thermal conductivity [34].

Carbon fiber reinforced polymer (CFRP) composites
have gained great attention due to their interesting com-
bination of strength, durability, high strength-to-weight
ratios and corrosion resistance [35]. They are finding
increasing applications in architecture, aerospace, auto-
motive, and sporting goods industry [35, 36]. Release
of carbon fibers from CFRPs has been observed dur-
ing machining [37-40] and during tensile strength tests
[41]. The fiber content of CFRPs is often above 50 vol%
which means that the produced dust during machining
or tensile tests consists mainly of materials from the fib-
ers. Besides fibers with the same diameter as the embed-
ded fibers in the composite, respirable fibers with smaller
diameters were also generated, indicating transformation
of the embedded fibers during the process.

Previous studies showed that the toxicity of carbon fib-
ers depended on their sizes. Holt and Horne [39] exposed
guinea pigs to dust obtained by feeding PAN-based car-
bon fibers into a hammer mill. The nonfibrous particles
in the dust were phagocytosed. The few carbon fibers
found in the lung that were longer than 5 um were still
extracellular after 27 weeks and they were uncoated. No
pathological effects were observed. Warheit et al. [42]
exposed rats to PAN-based carbon fibers which were
9 pm in diameter and considered to be non-respirable.
They had no effect on any of the parameters tested. In
the same study, the pitch-based carbon fibers with <2 pum
aerodynamic diameter produced a dose-dependent tran-
sient inflammatory response in the lungs of exposed rats.
Martin et al. [43] investigated the cytotoxicity of particles
generated during machining of CFRP composites (char-
acterized by [38]. For two samples they saw a slight tox-
icity, but as the particles consisted of fibers and matrix
materials, it was not clear what caused the effect.

Carbon fiber release from composites and transformation

Holt and Horne [39] fed PAN-based carbon fibers into
a hammer mill and examined the dust taken from the
air in the dusting chamber. They observed fibers about
10 um in diameter and >100 um long, which might have
the same diameter as the original ones. Only low concen-
trations of dust of respirable size were produced and less
than 1% of the respirable carbon particles were fibrous.
The respirable black fibers had diameters about 1-2.5 pum
and lengths up to 15 um. They were possibly fragmented
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fibers from the original ones, though the authors did not
explain where these smaller fibers were from. It appeared
that the authors used an optical microscope therefore the
size resolution was limited. The authors used the gener-
ated dust for toxicity tests in guinea pigs and found no
adverse effects.

Henry et al. [44] analyzed airborne dust during prepa-
ration and machining of carbon fiber composites at a
PAN-based production facility and reported 0.01-0.0002
f/ml (mean diameters >6 um and mean lengths >30 um).
Gieske et al. [45] reported concentrations of 0.001-0.05 f/
ml (mean diameters >5.5 um and mean lengths >900 pm)
during various phases of carbon fiber production.
Based on the data they reviewed, Warheit et al. [8] sug-
gested that released carbon fibers tended to be non-res-
pirable—diameters were 3.9-7.8 um and lengths were
32.8-2342 pm.

Mazumder et al. [40] investigated aerodynamic and
morphological properties of the fibers and fiber frag-
ments released from commercial laminates containing
carbon and graphite fibers during cutting, grinding and
by thermal degradation. The virgin fiber diameters were
5.8-8.0 um and fiber volume content was about 60%.
The authors found that mechanical chopping of virgin
carbon fibers produced sharp-edged fiber like particles
in the respirable size range. When the composites were
subjected to grinding, fibers were often exposed from
their polymer matrix, and the released particles con-
tained small fibers and fragments with irregular shapes,
and a significant number of fibers having smaller diam-
eters than the original ones and sharp edges because of
fibrillation. The authors showed electron micrographs
demonstrating how the fiber could split, generating par-
ticles with irregular shapes and often with sharp edges.
It was estimated that about 90% did not have such sharp
edges. They concluded that fiber fragments in the sub-
micrometer range could be generated during the machin-
ing process.

Mazumder et al. [40] exposed virgin carbon fibers to a
temperature of 850 °C for 4.5 h. They observed that the
fibers underwent significant fragmentation during oxida-
tion, and apparently lost their crystalline property. Debris
in this process from carbon fibers primarily consisted of
amorphous carbon particles rather than fiber like par-
ticles. When the particles released from grinding of the
composites were heated, the epoxy resin evaporated
quickly at temperatures above 400 °C, then the vapor
condensed to form respirable particles.

Boatman et al. [38] performed machining operations
on six carbon fiber/epoxy composites and analyzed the
released dust. By microscopy, bulk particles ranged from
7 to 11 pm in diameter, with mean aspect ratios from 4
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to 8:1. The relative fractions of respirable to total mass
of bulk samples were <3%. The authors concluded that
under their machining protocols, dusts at the tool face
contained few particles of respirable size with no evi-
dence of splitting of fibers longitudinally.

Bello et al. [37] investigated release of airborne parti-
cles during dry and wet cutting of composites containing
CNTs and carbon fibers. The carbon fibers had nomi-
nal diameter of 6-7 um and broken fibers of about the
same diameter were observed in the dust. Fibers which
might have originated from fracturing of the carbon fib-
ers along their axis were identified, which were typically
thinner, longer, and had higher aspect ratios than those
associated with the broken carbon fibers. Bello et al. [46]
performed drilling on the same composites and again
found both carbon fibers fractured perpendicular to the
fiber axis and split fragments along the axis.

Schlagenhauf et al. [41] investigated the fiber release
and possible risk for the operating staff in two CFRP cable
tensile tests. The carbon fibers had a filament diameter
of 5 pum and were pre-impregnated by an epoxy polymer
resin matrix. The fiber volume fraction was 60% in the
cables. The tensile tests involved first loading the cables
with very high elastic energy, then releasing the energy
abruptly in the failure event, which caused the cable to
rupture and induced a vast amount of dust. Measure-
ments with aerosol devices and examination of the filter
samples showed that the cable failure caused release of
particles and free-standing fibers whereof a fraction had
diameters below 3 um and thus were respirable accord-
ing to WHO [12]. The measured peak fiber concentration
of 0.76 fibers/cm® and calculated concentration of 0.07
fibers/cm® for an 8 h time weighed average were below
the PEL of 1 respirable fiber/cm?® given by OSHA. The
peak fiber concentration was close to the PEL indicating
needs for protective measures for the workers during and
immediately after the tensile tests.

Example SEM and TEM images from the study of
Schlagenhauf et al. [41] are shown in Fig. 2. Some col-
lected fibers had the original diameter of 5 pm and rela-
tively smooth surface decorated by residual particles.
These fibers were not considered to be respirable accord-
ing to the WHO criteria. There were also more fibers
which appeared to be split during the cable failure and
could be respirable due to the diameters below 3 um.
Further, fragmented particles from the composite matrix
and fibers, whereof most had diameters below 10 um,
were also collected. The TEM images show a few fibers
with a diameter below 1 um. The morphologies of the
released fibers suggested that the embedded fibers were
not only severed perpendicular to the fiber axis, but also
along the fiber axis in many instances, causing respirable
fibers with smaller diameters.
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Discussion

The studies reviewed here demonstrate that the carbon
fibers with diameters 5-10 pum embedded in composites
can be released by mechanical operations. The released
fibers may be broken perpendicular to the fiber axis, thus
with the same diameters as the original ones; they may
also be fractured or split along the fiber axis, leading to
respirable fibers with smaller diameters. This splitting
can be explained by the micro structure of the fibers.
Diefendorf and Tokarsky [47] described carbon fibers as
composed of a ladder structure of graphite layers that are
aligned parallel to the fiber axis. Endo and Dresselhaus
[48] described several different carbon fiber structures.
The PAN-based fibers consist of small carbon structural
units preferentially aligned with the carbon hexagonal
segments parallel to the fiber axis, and the intertwined
morphology is responsible for the high mechanical
strength of the PAN-based fibers. The mesophase pitch-
based fibers consist of well aligned graphitic layers nearly
parallel to the fiber axis, and this high degree of crystal-
linity is responsible for their high modulus or stiffness.
The vapor grown fibers consist of coaxial cylindrical gra-
phene sheets and are closely related to multiwall carbon
nanotubes. The graphite whiskers [49] were reported to
have the scroll structure of rolled up graphite sheets. The
bonds between the graphitic layers or sheets or small car-
bon structural units are relatively weak and susceptible
to fragmentation. The fibers used by Schlagenhauf et al.
[41] were PAN-based (Tenax® IMS 60, Teijin, Tokyo,
Japan) and the split fiber in the first panel of Fig. 2 show-
ing that a small carbon structural unit broke off from the
large fiber. Mazumder et al. [40] described some of their
observed fragmented fibers with shattered outer graph-
ite structure, exposing the inner core of the fiber. These
fibers seemed to have the scroll structure of rolled up
graphite sheets.

Thermal treatment can cause both asbestos and car-
bon fibers to lose their fibrous structures. However, the
mechanisms are different. The asbestos is subjected
to the dehydroxylation reaction and consequently the
recrystallization into the silicate phase. The carbon fibers
may undergo fragmentation during oxidation, lose their
crystalline property and turn into amorphous carbon
particles.

Transformation of the released carbon nanotubes
Background

CNTs represent a type of fascinating nanomaterial
which gained numerous applications due to their special
mechanical, electrical, thermal and optical properties [4,
50, 51]. As filler in composites, CN'Ts can lead to superior
or additional properties compared to their neat matrix
materials including tensile strength and Young’s modulus
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from [41]

Fig. 2 Example SEM and TEM images of the released particles following the rupture of CFRP cables in the tensile strength test. (Partially adapted

[52], energy absorption [53], improved scratch and wear
resistance [54], electrical and thermal conductivity [55,
56], fire resistance [57], and optical properties [58].

CNTs are also one of the most heavily studied nanoma-
terials for their potential impacts on human and environ-
ment [59-67] among the others). Therefore, voluminous
studies have been dedicated to the release of CNTs from
composites [13, 14, 37, 46, 68—88]. The release of CNTs
by mechanical stresses and weathering or a combination
of them has been widely investigated.

Another possible release route is by thermal treatment
which decomposes the polymer matrix and exposes the
CNTs. CNTs possess high thermal stability. Pang et al.
[89] studied the oxidation of CNTs by thermogravimetric
analysis (TGA) in air. The maximum rate of weight loss
took place at 695 °C at a heating rate of 1 °C/min. The
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oxidative stability of CNTs is dependent on the defects
and tube diameter [90]. The defects are present at the
ends, bends, Y-junctions, and kinks in nanotubes and
they contribute to a decrease in the oxidative stability. A
smaller diameter results in a higher degree of curvature
and subsequently a higher reactivity toward oxygen. Bom
et al. [90] showed that thermal annealing could remove
the defects and improve the thermal stability of the mul-
tiple wall carbon nanotubes (MWCNTs). By anneal-
ing at 2800 °C, Bom et al. showed the oxidative stability
enhancements of MWCNTs was 155 °C, and complete
decomposition of the annealed MWCNTs needed tem-
peratures around 800 °C. CNTs are considered to be a
promising flame retardant to replace the conventional
halogenated ones [57]. The CNT nanocomposites may
be exposed to high temperatures in a fire accident, in
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incineration plants, or in a thermal treatment intended
to recover the CNTs for reuse. The scenarios will be
discussed.

Transformation of the released CNTs from composites

In the study of Bello et al. [37] composites containing
CNTs and carbon fibers were subjected to dry and wet
cutting. Although release of chopped and split carbon
fibers was reported, no released CNTs were detected. In
a subsequent study, Bello et al. [46] performed drilling on
the composites and observed release of clusters of CNT
aggregates. In both of the above studies, the authors
observed submicron fibers with at least one nanoscale
dimension without discussing their origins. The CNTs in
the carbon-fiber based composites were reported to be
8 nm in average diameter and 100-150 um long [37]. The
released CNT aggregates had complex morphology and
the diameter and length of the involved CNTs were not
reported.

Cena and Peters [69] reported that weighing bulk
CNTs and sanding epoxy containing CNTs generated few
airborne nano-sized particles. Sanding epoxy containing
CNTs might generate micrometer-sized particles with
CNTs protruding from the main particle core. The pro-
truding CNTs had diameters (~25 nm) in the range of the
original CNTs (10-50 nm). No free standing CNTs were
found. Huang et al. [74] reported more results for sanding
epoxy sticks with CNTs. Similar results were obtained in
that protruding CN'Ts with diameters around 25 nm were
observed. The authors did not detect rod shaped particles
from micrographs, except for the tests conducted with
4% CNT epoxy, in which particles with features consist-
ent with free CNTs were observed.

Schlagenhauf et al. [80] used the Taber Abraser to per-
form abrasion on a CN'T/epoxy composite, for which the
properties were reported in Hollertz et al. [55]. MWCN'Ts
(Baytubes, C150p) with 1-10 pum lengths and 13-16 nm
outer mean diameters were used to produce the com-
posites. The MWCNT mass content was 0.1 or 1% and
they were dispersed in the epoxy resin by three-roll mill-
ing at a gap pressure of 1 MPa. The composite prepara-
tion process evidently reduced the CNT lengths to about
0.7 £ 0.2 um [55]. After abrasion, protruding CNTs from
the released epoxy particles were visible (Fig. 3a, b), and
a non-negligible amount of free-standing CNTs (Fig. 3c—
e) and agglomerates of CNTs were also found (Fig. 3f).
The released CNTs had about the same diameters as the
original ones. However, the average length of 19 imaged

(see figure on next page.)
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free-standing CNTs was 304 £ 251 nm. Therefore the
released CNTs were shortened during the abrasion pro-
cess compared to the embedded ones. Schlagenhauf et al.
[81] developed an ion labeling method to quantify the
exposed CNTs in the respirable fraction of the abraded
particles, and found approximately 4000 ppm of the
MWCNTs were released as protruding or free-standing
MWCNTs (which could contact lung cells upon inhala-
tion) and approximately 40 ppm as free-standing MWC-
NTs in the worst-case scenario.

Golanski et al. [71] performed abrasion on polycar-
bonate, epoxy and PA (polyamide) polymer composites
containing CNTs up to 4 wt%. They developed practi-
cal tools inducing non-standardized high stresses such
as mechanical shocks and hard scratches simulated by
a metallic brush. No release of CNTs was measured for
the samples with well dispersed CNTs, however for the
samples with poorly distributed CNTs, individual free
standing CNTs were observed on TEM grids. The CNTs
used in the study had an external diameter of 12 nm. The
authors did not give size information for the released free
standing CNTs.

Ogura et al. [91] investigated the particle release caused
by the grinding of polystyrene-based composites con-
taining 5 wt% single-wall carbon nanotubes (SWCNTs).
Free-standing CNTs were not observed, whereas micron-
sized particles with protruding fibers speculated to be
CNTs were observed. The CNTs had a tube diameter
of approximately 3 nm and it is difficult to confirm the
fibers were CNTs from the SEM images of the released
particles.

Nguyen et al. [77] and Petersen et al. [78] investigated
the degradation of a CNT/epoxy nanocomposite under
intensive UV-light. UV-light can cause oxidation of the
polymer and chain scission therefore damage of the sam-
ple surface. The studies showed that the epoxy-rich sur-
face layer of the nanocomposite was removed relatively
rapidly, leaving a surface covered almost completely with
a network of MWCNTs. The MWCNT network on the
weathered epoxy surface was more mechanically resist-
ant to scratching than the neat epoxy. The authors’ analy-
sis of released particles did not show free standing CNTs.
The strong mechanical properties of the CNT network
and the lack of broken CNTs implied that the UV expo-
sure did not damage the integrity of the CN'Ts. Ging et al.
[92] evaluated the degradation of a CNT/epoxy nano-
composite with neat and amino functionalized CNTs
exposed to the combination of UV, moisture, mechanical

Fig. 3 TEM images of abraded particles from a CNT/Epoxy composite by the Taber Abraser. a, b Protruding CNTs from abraded particles of the
1 W% CNT composite; c—e free-standing individual CNTs; f an agglomerate of CNTs with a couple of individual CNTs scattered nearby. (Partially

adapted from [80]
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stress and other factors. Several possible forms of CNTs
were found on the composite surface by UV irradiation:
completely unprotected and agglomerated CNTs; par-
tially exposed CNTs fractured due to the crack formation
originating from exposure; CNTs still encapsulated in the
matrix; and fragments of the matrix.

Wohlleben et al. [87, 88] analyzed degradation sce-
narios for different nanocomposite materials. They found
after long term weathering the polymer matrix (polyox-
ymethlene POM and thermoplastic polyurethane TPU)
with embedded CNTs degraded and exposed the nano-
filler as an entangled CNT network. Immersion in water
did not lead to release of CNTs from the network. Hirth
et al. [73] investigated sanding and weathering of CNT/
epoxy nanocomposites and observed embedded or pro-
truding CNTs in the released particles. The authors
identified the protrusions from mechanically released
fragments unambiguously as naked CNTs by chemically
resolved microscopy. The protruding CNTs matched the
morphology and diameter of original CNTs and formed
a surface layer with length around 0.3 um. The original
CNTs had 10-50 nm outer diameter and 1-20 um length.
In the weathering experiments, protruding networks
of CNTs remained after photochemical degradation of
the matrix, and it took the worst case combinations of
weathering plus high-shear wear to release free CNTs in
the order of mg/m?/year.

Schlagenhauf et al. [82] performed weathering studies
on a CNT/epoxy nanocomposite by both UV exposure
and immersion in water. In the UV exposure experi-
ments, the authors did not observe the accumulated
CNT layer on the degraded surface as in Nguyen et al.
[77], Petersen et al. [78] and Wohlleben et al. [87, 88].
Instead, the results indicated that delamination occurred
between the exposure times of 1000—1500 h and the top
layer of the surface fell off the composite. The remain-
ing surface was relatively smooth with low degrees of
chemical degradation. The difference with other weather-
ing studies might be due to the much larger thickness of
the samples and lower relative humidity in Schlagenhauf
et al. [82].

Kashiwagi et al. [57, 93, 94] performed a series of
experiments to investigate the thermal degradation and
flammability properties of CNT composites. Kashiwagi
et al. [57] showed that MWCNTs enhanced the thermal
stability of polypropylene (PP). They concluded that the
flame retardant performance was achieved through the
formation of a relatively uniform network-structured
floccule layer covering the entire sample surface. This
layer re-emitted much of the incident radiation back into
the gas phase from its hot surface and thus reduced the
transmitted flux to the receding PP layers below it, slow-
ing the PP pyrolysis rate. This network-structured layer
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was formed during cone calorimeter experiments below
around 600 °C. Kashiwagi et al. [57] described the net-
work-structured layer as partially oxidized CNTs embed-
ded in an agglomerate composed of iron oxide primary
particles. The iron was the catalyst for the used CNTs.
Kashiwagi et al. [94] stated that the tubes in the network
were more ‘intertwined’ and larger than those in the
original sample. The tubes were also partially oxidized.
The mass of the network layer was very close to the ini-
tial mass of carbon nanotubes in the original nanocom-
posite. Kashiwagi et al. [93] extended their studies to
poly(methylmethacrylate) (PMMA), SWCNTs and car-
bon nanofibers and obtained similar results.

The formation of CNT network in the combustion
residuals was confirmed in a number of studies of fire
behaviors and flame retardants [95-99]. These studies
covered different types of composite matrices such as
polyamide 6 (PA6), silicone foams, polyethylene naphtha-
late (PEN), PP/wood flour and nanofillers including pris-
tine CNTs, hydroxylated CNTs, carbon black, graphite
and graphene.

In the recent years, several studies focusing on CNT
release during thermal treatment of nanocomposites
have been published. Bouillard et al. [68] used an acry-
lonitrile butadiene styrene (ABS) composite with 3 wt%
of CNTs, combusted the sample in a furnace and col-
lected released particles on TEM grids. The MWCNTs
used for composite production had the mean outer diam-
eter of 10—-15 nm and length of 0.1-15 pm. They found
that MWCNTs of about 12-nm diameter and 600-nm
length were released to the air during combustion; these
dimensions were very similar to those of the original
MWCNTs. The released numbers were quite significant
posing a possible sanitary risk in the case of accidental
scenarios. The authors observed several isolated (not in
bundle) CNT fibers, as well as CNT fibers in bundles.
These CNTs had the catalysts remaining attached to their
ends and had shapes and chemical speciation similar to
those of the original MWCNTs.

Schlagenhauf et al. [83] thermally decomposed
MWCNT/epoxy composites in a tube furnace under air
or nitrogen atmosphere. The temperature was gradu-
ally increased and a large number of airborne particles
were released at temperatures below 300 °C when air was
used. The usage of a thermal denuder showed that only
0.01 wt% of the released mass consisted of non-volatile
particles. A release of free-standing MWCNTs was not
observed.

Sotiriou et al. [85, 86] setup a system to decompose
composites in tube furnaces and characterize the released
aerosols. In the experiments of a polyurethane (PU)/
MWCNT composite at 500 and 800 °C, they found no
CNTs in the released aerosols. Residual ash existed only
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at 500 °C and numerous CNT protrusions were observed
from the surface of the ash. The authors inferred that the
CNTs were intact because 500 °C was below the expected
oxidization temperature for MWCNTs. Singh et al. [84]
extended the experiments to CNT composites with poly-
propylene and polycarbonate matrices and found no
CNTs in the released aerosols as in previous studies.

Vilar et al. [100] investigated calcination as a method to
recover nanomaterials from nanocomposites. They used
PA6 composites containing pristine MWCNTs or MWC-
NTs modified to be more compatible with PA6. The cal-
cination conditions were 410 °C during 3 h 30 min. The
temperature was set with the consideration that the pol-
ymer was burned and CNTs did not suffer any change.
Calcinated nanomaterials were characterized by FT-IR
and TGA and neither of the two analyses showed any dif-
ference between the nanomaterials before and after calci-
nations. However, electron microscopy showed that the
MWCNTs recovered from composites were with a small
amount of attached polymer.

Discussion

The studies on release of CNTs from nanocomposites
mostly focused on whether the CNTs were released;
information on the transformation of the physical and
chemical properties of the released CNTs is sparse. From
the analytical point of view, it is difficult to obtain accu-
rate measurement of the properties of released CNTs
when they are scattered or embedded in fragments of
the matrix, therefore to prove the change of properties.
The number of studies showing release of free standing
CNTs without any matrix material is very limited, and
amount of the free CNTs usually did not allow sophisti-
cated analysis.

The toxicity of the released CNTs together with the
fragmented matrix particles can be different from the
pristine CNTs, therefore, toxicity tests are important to
understand the health impact of the particles released
from composites, especially in the cases where CNT
release is detected. These tests are different from the
mechanistic toxicity study of the pristine material, as they
are designed to answer practical questions related to real
world applications. The toxicity of the released particles
by mechanical abrasion from CNT-nanocomposites has
been investigated by several in vitro and in vivo studies.
Wohlleben et al. [87, 88], Ging et al. [92] and Saber et al.
[101] did not detect release of the CNTs and found no
additional toxic effect caused by the added nanofillers in
comparison with the neat matrix materials. Schlagenhauf
et al. [81, 82] observed protruding CNTs from matrix
particles and some free standing CNTs, however, the
toxicity tests revealed that the abraded particles did not
induce any acute cytotoxic effects. Ging et al. [92] and
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Schlagenhauf et al. [81, 82] all observed toxic effects of
the virgin CNTs, but their no-effect observation from the
released particles demonstrated that the health impact
assessment needs to take the transformation during the
release into account.

CNTs play distinct roles in the different scenarios
where they are exposed to high temperatures. In the
applications using CNTs as flame retardants, the CNTs
are expected to form a protective network and impede
the fire. In incineration plants, the ideal outcome is to
decompose CNTs [14, 102] and to avoid exposure of
CNTs to human. In recovery operations, the temperature
needs to be high enough to burn off the polymer matrix
but below the point where the CNTs are oxidized. The
temperature dependence of the CNT’s oxidative stability
is obviously critical. The temperature in an accidental fire
is not controllable. Using the more thermally stable CNTs
in the retardant applications befits the “safe by design”
concept. The temperatures in incineration and recovery
operations should be set according to the goals. Differ-
ent types of CNTs have different diameters and defects,
thus variable thermal properties. The fact that the CNTs
are embedded in the polymer matrix and interaction of
CNTs with the molten matrix further complicate the
situation. In case the CNTs and their agglomerates are
liberated from the matrix, their mobility and transporta-
tion may be complex in the flue gas and thermal plume
[103]. More studies for the thermal behavior of differ-
ent types of CNT composites are needed to address the
topic. Harper et al. [14] considered the release of CNTs
from waste incineration to be low given CNTs can be
combusted; even if the CNTs survive the incineration,
they may end up in bottom ash or fly ash captured by the
filters, and eventually in the landfill.

Summary

We reviewed studies on release of fibrous fillers in com-
posites and identified a number of scenarios where the
physical and chemical properties of the released fibers
may be altered. A summary of the possible transforma-
tion of the released fibrous fillers is shown in Table 1.

The most important release scenario for asbestos now
is the end-of-the-life treatment of asbestos-containing
materials. A number of studies showed that thermal
treatment transforms both raw asbestos samples and
asbestos-containing construction materials into non-
hazardous phase when the temperature was above about
1000 °C. The stability and fate of asbestos in real incin-
eration operations with heterogeneous temperature and
airflow still need further investigation.

Carbon fibers usually possess diameters in the range
of 5-10 pm and are not considered respirable. How-
ever, mechanical operations on their composites can
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cause release of not only fibers with the same diameter
as the embedded fibers, but also smaller respirable fibers
caused by splitting of fibers along the axis. For nanoma-
terials, the weight percentage in composites lies in the
low single digit range causing no or only a low number of
released fibers when machined. However, carbon fibers
can make up more than 50% of the volume of composites,
therefore the released amount of fibrous particles can be
substantial. The health impact could be concerning if the
split carbon fibers with respirable sizes are present.

For CNT composites exposed to mechanical forces,
Schlagenhauf et al. [13] concluded that the expected
release scenarios include free standing CNTs, agglom-
erated CNTs, and particles with- and without protrud-
ing CNTs. Due to the nature of the release caused by
mechanical forces, the released CNTs are possibly on
average shorter than the CNTs in the composite. In all
the reviewed studies, the diameters of the released CNTs
were in the same range as the original CNTs used in the
composites. Normally during the release processes, the
CNT concentration in air is too low for them to agglomer-
ate. This means that the finding of released CNT agglom-
erates can indicate a poor distribution of the CNTs in the
investigated nanocomposite. The possible shorter length
of the released CNTs indicates less toxicity to pulmonary
cells and generally less persistent in the lung [8, 63]. The
release process probably does not increase the agglom-
eration degree of the CN'Ts, therefore possibly not caus-
ing increased toxicity associated with agglomerates [104,
105]. The toxicity studies so far found no additional toxic
effect caused by the added CNTs in comparison with the
neat matrix materials; the observation may be mainly due
to the low amount of released CNTs.

UV exposure can degrade the matrix and expose a layer
of CNTs on the sample surface. Fire or thermal treatment
can decompose the matrix and leave a network of CNTs
in the residuals. Previous studies indicated that these
CNT network structures had good mechanical strength
and the CNT integrity was generally not damaged. CNTs
were not easily liberated from these intertwined network
structures. However, combined stresses such as weath-
ering followed by additional shaking, abrasion, runoff
water, etc., may cause CNTs release [14]. CNTs released
by thermal treatment may be partially oxidized. Some
studies showed that the CNTs oxidized by strong acid
were more toxic than pristine CNTs [106, 107]. More
studies on the thermally oxidized CNTs are needed.

The transformation scenarios of the released fibers
from composites lead to different changes of the poten-
tial health impacts of the fibers. Thermal treatment can
destroy the fibrous structure of asbestos and transform
asbestos into non-hazardous phase. Mechanical opera-
tions and heating at certain temperatures may cause
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release of carbon fibers split along the fiber axis. The
smaller diameters increase the deposition probability
of the split carbon fibers in the gas exchange regions of
the lung. The dose of such fibers may be high in occupa-
tional settings given the high volume fraction of carbon
fibers in composites. Therefore the health impact of the
embedded carbon fibers is probably increased following
the transformation in the release process. A number of
studies on the CNT release by mechanical operations,
weathering and thermal treatment demonstrated that the
released CNTs had similar diameters as the original ones,
and the fiber integrity was largely undamaged. On the
other hand, the released CNTs were on average shorter
than the CNTs in the composite, therefore they would
be easier to be cleared by the macrophage cells and less
biopersistent. In summary, the released CNTs are possi-
bly less harmful than the virgin CNTs.
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Abstract

Background: Silver nanoparticles (AgNP) are widely applied and can, upon use, be released into the aquatic envi-
ronment. This raises concerns about potential impacts of AGNP on aquatic organisms. We here present a side by side
comparison of the interaction of AgNP with two contrasting cell types: algal cells, using the algae Euglena gracilis as
model, and fish cells, a cell line originating from rainbow trout (Oncorhynchus mykiss) gill (RTgill-W1). The comparison
is based on the AgNP behavior in exposure media, toxicity, uptake and interaction with proteins.

Results: (1) The composition of exposure media affected AgNP behavior and toxicity to algae and fish cells. (2) The
toxicity of AgNP to algae was mediated by dissolved silver while nanoparticle specific effects in addition to dissolved
silver contributed to the toxicity of AGNP to fish cells. (3) AgNP did not enter into algal cells; they only adsorbed onto
the cell surface. In contrast, AQNP were taken up by fish cells via endocytic pathways. (4) AGNP can bind to both extra-
cellular and intracellular proteins and inhibit enzyme activity.

Conclusion: Our results showed that fish cells take up AgNP in contrast to algal cells, where AgNP sorbed onto the
cell surface, which indicates that the cell wall of algae is a barrier to particle uptake. This particle behaviour results

in different responses to AgNP exposure in algae and fish cells. Yet, proteins from both cell types can be affected by
AgNP exposure: for algae, extracellular proteins secreted from cells for, e.g., nutrient acquisition. For fish cells, intracel-
lular and/or membrane-bound proteins, such as the Nat/K™-ATPase, are susceptible to AGNP binding and functional
impairment.

Keywords: AgNP, Euglena gracilis, RTgill-W1 cell line, Nanoparticle uptake, Nanoparticle toxicity, Nanoparticle-protein

interactions

Background

Owing to their unique antimicrobial properties, sil-
ver nanoparticles (AgNP) are among the most widely
used engineered nanoparticles in a variety of consumer
products and medical applications, such as textiles and
paints. With washing, rain and through other routes,
these nanoparticles can be released into the environ-
ment, especially into the aquatic environment [1]. This
raises concern about potential adverse effects in aquatic
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organisms. On this background, the toxicity of AgNP to
aquatic organisms has been tested on a variety of organ-
isms, ranging from bacteria, to plants, fungi, algae, inver-
tebrates and fish [2—4]. However, with few exceptions [5,
6], most studies did not clearly attribute toxicity to either
direct effects of AgNP or to indirect effects of dissolved
silver, which includes all the silver species in oxidized
state Ag(I) in aqueous solution, such as Ag®, AgCl, (aq)
and AgOH (aq), stemming from AgNP.

Among aquatic organisms, algae and fish are two
important models. As autotrophic organisms, algae are
primary producers, i.e. they fix CO, to produce oxygen
in the presence of light. They are at the base of the food
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chain, serving as food to, e.g. water flea but also fish.
Microalgae are single cell organisms surrounded by an
inner plasma membrane and an outer semi-permeable
cell wall of various compositions. The pores in such cell
walls have a size estimated to be 5-20 nm. It helps the
algae to maintain integrity and constitutes a primary
site for interaction with the surrounding environment
[7]. Algae connect with their environment by releasing,
e.g. digestive enzymes, for nutrient acquisition. Whether
algae have sophisticated mechanisms of particle uptake,
such as via endocytosis (see below), is still a matter of
debate. Accordingly, internalization of nanoparticles in
algae was suggested in only a few studies [8, 9]. There was
no evidence of nanoparticle uptake into algae in many
other studies using electron microscope imaging and/or
analysis of internalized metal in cells [10—14]. These find-
ings emphasize the role of the algal surface as a potential
barrier against nanoparticle entry into the cells, with the
limitation likely being the pore size in the cell wall.

In contrast to microalgae, fish are heterotrophic, mul-
tiple organ- and tissue-based organisms. Fish are at a
higher trophic level than algae but depend on the oxy-
gen that algae and other autotrophic organisms produce.
Depending on the species, fish can be consumers of algae
or of other heterotrophs. With respect to environmen-
tal exposure to chemicals or nanoparticles, the fish gill
is an important interface due to its large surface. The gill
affords gas exchange between the external water environ-
ment and internal environment of the organism. In this
exchange process, other substances, like metal nanopar-
ticles and organic compounds, can interact with fish gill
cells and eventually pass into the blood stream. There-
fore, the fish gill can be considered a target of fish-nan-
oparticle interactions. Accordingly, AgNP were found to
be most highly concentrated within gill and liver tissue
of rainbow trout (Oncorhynchus mykiss) after a 10-day
exposure [15]. In contrast to algae cells, fish gill cells, like
all animal cells, are cell wall-free. Several kinds of endo-
cytic pathways were proposed for nanoparticle incorpo-
ration into animal cells: clathrin-mediated endocytosis,
caveolae-mediated endocytosis, macropinocytosis and
phagocytosis [14, 16]. Once the vesicles carrying nano-
particles are internalized and detach from the plasma
membrane, the vesicles are sorted and transported to
different endocytic compartments. By these processes,
nanoparticles are delivered to other subcellular compart-
ments in endocytic pathways, from early endosome and
multi-vesicular bodies to late endosomes and lysosomes
[17].

Independent of the mechanism of particle uptake, nan-
oparticles tend to bind molecules from the surrounding
environment owing to their big surface-to-mass ratio.
During nanoparticle interaction with cells, proteins are
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an important class of biomolecules that are prone to
binding to nanoparticles, leading to a protein corona
[18, 19]. With regard to extracellular proteins, such as
the digestive proteins excreted by algae and bacteria, a
so-called “eco-corona” can form [20, 21]. Intracellular
proteins, on the other hand, can bind to particles upon
uptake into cells. With the binding to nanoparticles, the
properties and functions of proteins can change com-
pared to unbound proteins. Thus, it is also important to
understand to what extent nanoparticle-protein com-
plexes impact on the properties of the proteins. Studies
on the nanoparticle-protein interactions initially focused
on single proteins. For example, Wigginton [22] found
that AgNP inhibited tryptophanase (TNase) activity in
the interaction with E. coli proteins and a dose-depend-
ent inhibition of enzyme activity was observed for the
incubation of citrate-coated AgNP with firefly luciferase
[23]. In contrast to single protein-nanoparticle interac-
tions, only few studies have thus far focused on iden-
tifying proteins that bind out of a complex mixture,
especially in an intact intracellular environment [24, 25].
Such studies not only help identify the proteins most
susceptible to particle binding but can also guide future
research on single protein-particle interactions.

In order to shed light on the detailed mechanisms of
interaction between AgNP and cells of algae and fish,
we explored different aspects of AgNP-cell interactions,
spanning AgNP behavior in exposure media, toxicity to
cells, uptake and interaction with proteins. We aimed to
critically compare the interaction of AgNP with contrast-
ing cell types belonging to autotrophic vs. heterotrophic
organisms in order to support a rational assessment of
risks based on our previous studies [26—29]. A species
of algae, Euglena gracilis, and a fish gill cell line, RTgill-
W1 [30], originating from rainbow trout (Oncorhynchus
mykiss), were selected to represent an autotrophic and
a heterotrophic aquatic cellular system. The Euglena
gracilis has no rigid cell wall but a flexible glycoprotein-
containing pellicle, which aligns on the surface in lon-
gitudinal articulated stripes [31]. It was selected on
purpose because nanoparticle uptake was thought to
more likely occur in such an algae compared to one with
a rigid cell wall. The RTgill-W1 cell line can survive in a
simplified exposure medium, which provides the possi-
bility to expose cells in medium that more closely mimics
the aqueous environment a fish gill would face [32, 33].
Both algae and fish gill cell exposures were performed
in minimal media supporting cell survival but not pro-
liferation, in order to provide better controllable expo-
sure and effect assessment for mechanistic studies. Here
we focus on the comparative aspects of the outcome of
our research. Unless noted otherwise, we will refer to E.
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gracilis as “algal cells” and to the RTgill-W1 fish gill cell
line as “fish cells”

Results and discussion

The composition of exposure media significantly
influences AgNP behavior

The size, zeta potential and dissolution of AgNP were
tested over time in exposure media for algae and fish
cells (Table 1). To avoid silver complexation, only
10 mM 3-morpholinopropanesulfonic acid (MOPS,
pH 7.5) was used as exposure medium in algae experi-
ments [26]. In the stock solution, the initial Z-average
size and zeta potential of AgNP were 19.4 nm and
—30 mV, respectively. AgNP were stable in this medium
with an average size of 38—73 nm and a zeta potential
of —23 to —28 mV up to 4 h of incubation [26]. For the
fish cells, three kinds of exposure media were selected:
L-15/ex, a regular, high ionic strength and high chloride
cell culture medium based on Leibovitz’ 15 (L-15) [32,
34]; L-15/ex w/o Cl, a medium without chloride to avoid
the formation of AgCl and study the role of chloride
in silver ion and AgNP toxicity; and d-L-15/ex, a low
ionic strength medium that more closely mimics fresh-
water [27]. The AgNP moderately agglomerated (aver-
age size: 200-500 nm; Zeta potential: —15 mV) in L-15/
ex medium. In L-15/ex w/o Cl medium, AgNP strongly
agglomerated with an average size of 1000-1750 nm
and a zeta potential of —10 mV. In d-L-15/ex medium,
AgNP dispersed very well (average size: 40—100 nm;
Zeta potential: —20 mV). Even though the size of AgNP
increased up to 1750 nm, we found that large size AgNP
were due to agglomeration [27], which is a reversible
process and AgNP can easily be dispersed again [35].
The UV-Vis absorbance of AgNP in exposure media
confirmed the different behavior of AgNP in the differ-
ent media [26, 27]. Transmission electron microscopy
(TEM) images of fish cells showed that single or slightly
agglomerated AgNP were located in endosomes and lys-
osomes in fish cells, which indicates that fish cells took
up AgNP in nanoscale [28].
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The dissolution of AgNP, expressed as percentage of
free to total silver, was comparable in MOPS and L-15/ex
(~1.8%); dissolution was somewhat lower in L-15/ex w/o
Cl and d-L-15/ex medium (~0.5%). Depending on the
applied concentrations, this amounts to dissolved silver
in the range of 1 nM to 2 pM (assuming 1-2% dissolution
in 0.1-100 uM AgNP suspension). Upon contact with
algae or fish cells, the uptake of dissolved silver shifts
the AgNP/silver ion equilibrium and more silver ions
are released. Furthermore, previous work reported that
AgNP accumulated in mammalian cell endosomes and
lysosomes displayed higher dissolution in these acidic
environments than in a neutral environment [17, 36].
Therefore, we expect significant dissolution of AgNP in
this process and used AgNQ; as a dissolved silver control
throughout.

The diverse behavior of AgNP in the different exposure
media demonstrates the importance of accounting for
nanoparticle characteristics in the respective exposure
environments. The composition of the exposure media
showed a strong influence, especially in terms of particle
agglomeration but also in terms of dissolution. In high
ionic strength medium, high concentrations of ions can
break the electrical double layers surrounding the AgNP
and thereby decrease the surface charge, which leads to
AgNP agglomeration. In the presence of chloride, AgNP
were more stable (compare L-15/ex medium to L-15/ex
w/o Cl), which means chloride ions can stabilize AgNP,
likely by binding to AgNP surfaces and contributing to a
negative surface charge. In terms of AgNP dissolution, a
higher percentage was found in L-15/ex with high chlo-
ride: chloride shifts the equilibrium of AgNP dissolution
by complexing the dissolved silver.

AgNP adsorb to the algal cell surface but can be taken

up by fish cells

To quantitatively relate AgNP/AgNO,; exposure to
the toxicity seen in algal and fish cells, cell-associated
silver was quantified by inductively coupled plasma
mass spectrometry (ICP-MS). Upon exposure to

Table 1 AgNP behavior in exposure media for algae and fish cells

Algae exposure medium [26]

Fish cell exposure media [27]

L-15/ex L-15/ex w/o Cl d-L-15/ex
Medium ionic strength (mM) 344 173.0 1771 720
Size of AgNP (nm) 38-73 200-500 1000-1750 40-100
Zeta potential of AGNP (mV) —23t0 —28 —15 -10 -20
Dissolution of AgNP (% of total Ag)? 1.7% 1.89% 0.67% 0.40%

2 The level of dissolution of AgNP represents the mean of dissolution data obtained using two different methods to separate dissolved silver from particles:
ultrafiltration and ultracentrifugation. Values given are the mean of the average data obtained for each method, carried out three independent times

128



Yue et al. ] Nanobiotechnol (2017) 15:16

similar concentrations of AgNP or AgNO,, the cell-
associated silver in algae cells was comparable with the
cell-associated silver which was reported for the alga
Chlamydomonas reinhardtii [11]. Similarly, the cell-asso-
ciated silver in RTgill-W1 cells was also comparable with
the silver content in other vertebrate cell types, such as
mouse erythroleukemia cells [37] and HepG2 cells [38].

At comparable external AgNO, exposure concentra-
tions (0.1-0.5 pM), the silver content associated with
algal cells was 2.4—4.2 times higher than in the fish cells
(Fig. 1). This was probably due to the different composi-
tions of the exposure media and the resulting different
dissolved silver species. In the algal exposure medium,
MOPS, almost all dissolved silver was present as free
silver ions (Ag™) as predicted by Visual MINTEQ (V3.1,
KTH, Sweden). Free silver ions are taken up via copper
transporters in algae, as suggested in C. reinhardtii, Pseu-
dokirchneriella subcapitata and Chlorella pyrenoidosa
[39-41]. On the contrary, in fish cell exposure medium,
only around 60% of dissolved silver was in the form of
Ag™. The other 40% reacted with chloride and formed
neutral or negatively charged complexes (AgCI"~Y7)
[27]. Earlier research showed that Ag™ has a higher bio-
availability than AgClI®~Y~ complexes in rainbow trout
and Atlantic salmon [42], since Ag" enters into gill cells
via copper transporters and sodium channels, while
AgCl,(aq) may be taken up by simple diffusion [43].

In the case of AgNP exposure, the algal cells again had
2.5—-4 times more cell-associated silver than the fish cells
at 2.5-5 pM of external AgNP concentration (Fig. 1).
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-& Algae AgNP 1h
< - RTgil-wW1 cell AgNQy 2 h
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Fig. 1 Cell-associated silver in algae and fish cells. Cell-associated
silver levels (mol/L ) were quantified by ICP-MS after exposure to
AgNP and AgNO; for 1 h (algae) and 2 h (fish cells). The exposure of
the algal cells was in MOPS; that of the fish cells in d-L-15/ex medium.
The concentrations of silver (AgNP, AGNO;) were selected based on
the concentration response curves obtained for algae [26] and fish
cells [28]. Cells were washed with cysteine solution to remove any
loosely bound silver prior to extraction and analysis. Data presented
asmean £SD;n=3
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We attribute this difference to a higher overall exposure
of the algal cells. There might be various factors influ-
encing the level of cell-associated silver, e.g. kinetics of
internalization into fish cells, sorption differences, ongo-
ing dissolution at the interface between AgNP and cell
surface, and abundance of metal transporters. Indeed,
algae cells were exposed in suspension, allowing AgNP
and AgNO; to interact from all sides with the cell surface
(643 um?/cell). In contrast, the fish cells were exposed as
a cell monolayer sitting on a cell culture surface, which
means only one side of the fish cells (half of the cell sur-
face: 286 um?/cell) was in immediate contact with AgNP
or AgNOs.

AgNP and silver ions elicit toxicity to algae and fish cells

The photosynthetic yield was assessed to study the
time-dependent toxicity of AgNP and AgNQO; in algae.
The photosynthetic yield is an important parameter for
evaluating the viability of algal cells as autotrophic organ-
isms. In the fish cells, the overall metabolic activity was
used as an endpoint upon AgNP and AgNO; exposure.
Effective concentrations causing a 50% decline (EC50s)
in photosynthetic yield and metabolic activity were cal-
culated from dose—response curves derived with algal
and fish cells. The EC50s ranged from 1.5 to 1.9 uM
(0.16-0.21 mg/L) AgNP in algal cells and from 12.7 to
70.3 uM (1.37-7.59 mg/L) AgNP in fish cells (Fig. 2). In
AgNO; exposures, EC50s were 0.09 uM (0.01 mg/L) in
algae and 0.8-9.7 uM (0.09-1.05 mg/L) in the fish cells
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AgNP AgNO4

o Algae (MOPS) 4 Fish gill cells (L-15/ex w/o Cl)

®m Fish gill cells (L-15/exy * Fish gill cells (d-L-15/ex)
Fig. 2 EC50 values of AgNP and AgNO; in algae and fish cell
exposures as a function of total silver. Times of exposure were
selected based on the response of the respective cell type, with algal
cells responding quickly with no further change in EC50 after 1 h
whereas EC50 further decreased for fish cells over a 24 h period. Data
presented as mean = SD; n = 3.The error bars are smaller than the
symbols due to the exponential scale in Y-axis

129



Yue et al. ] Nanobiotechnol (2017) 15:16

(Fig. 2). In the algae cell model, the EC50 values of AgNP
determined in our study were comparable with EC50 val-
ues reported for other algal species [3, 44]. In the fish cell
model, the EC50 values were similar to the EC50 values
measured in other fish cell types [45, 46]. According to
the categorization of toxic or non-toxic concentrations
to aquatic organisms (<0.1 mg/L = extremely toxic;
0.1-1 mg/L very toxic; 1-10 mg/L toxic;
10-100 mg/L = harmful; <100 mg/L = non-toxic [47,
48]), we conclude that AgNP and AgNO, are toxic to
both algae and fish cells.

When comparing these EC50s, both similarities and
differences were found for algal and fish cells. In terms
of similarities, AgNP induced significantly lower toxicity
than AgNO, in both cell types if EC50s are expressed as a
function of total silver present (Fig. 2). In terms of differ-
ences, algae were 10 to 100 times more sensitive than fish
cells to both AgNP and AgNO; exposure. On the other
hand, if EC50s are expressed as a function of dissolved
silver in the respective exposure media, it was found that
the toxicity of AgNP to algae is mediated solely by dis-
solved silver [26] while in fish cells, AgNP were found to
induce toxicity by a nanoparticle specific effect as well as
dissolved silver [27].

The media composition also had a strong effect on the
toxicity of AgNP to fish cells (Fig. 2) [27]. Among the
three fish cell exposure media, AgNP yielded highest
toxicity in L-15/ex w/o Cl and lowest toxicity in d-L-15/
ex. This difference correlates with the degree of AgNP
agglomeration in the media: the strongly agglomerated
AgNP (size: 1000-1750 nm) in L-15/ex w/o Cl induced
a 2-times higher toxicity than moderately agglomerated
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AgNP (size: 200-500 nm) in L-15/ex and 5-times
higher toxicity than weakly agglomerated AgNP (size:
40-100 nm) in d-L-15/ex medium. Likely, the different
degrees of agglomeration resulted in differing degrees of
deposition of AgNP onto the fish cells, with the strong-
est agglomeration leading to highest cell exposure. This
trend indicated that agglomeration and deposition could
increase the interaction of AgNP with RTgill-W1 cell and
induce higher toxicity. In the present exposure model,
fish cells formed a cell layer on the bottom of the wells
and AgNP suspensions were added on top. Previous
modeling work showed that large size nanoparticles are
transported faster than small nanoparticles due to depo-
sition [49, 50]. Because of particle deposition on the cell
monolayer, AgNP agglomeration may increase the inter-
action of AgNP with cells and thereby AgNP toxicity.
Among the fish cell exposure media, d-L-15/ex medium
maintains AgNP stability and better reflects the fresh-
water environment to which gill cells of freshwater fish
would be exposed. Therefore, d-L-15/ex was selected
to study the interaction of AgNP with fish cells in more
detail.

The effects of AgNP and AgNO; to algae and fish cells
were recalculated as a function of cell-associated silver
(Fig. 3; Additional file 1: Table S1). The EC10s (concen-
trations leading to 10% effect compared to unexposed
control) were used for comparison because effects were
quantifiable based on experimental data under all con-
ditions for this level of effect (see horizontal dashed line
in Fig. 3). The EC10 of AgNP and AgNO; in algae are
1.40 x 107* and 3.55 x 10~* mol/L,, respectively. The
EC10 of AgNP and AgNO; in fish cells are 1.80 x 107°
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Fig. 3 Recalculation of the toxicity of AGNP and AgNO; to algae in MOPS a and fish cells in d-L15/ex medium b as a function of cell-associated
silver. The dashed horizontal lines show the EC10 level. Each data point presents the mean of three independent experiments with the horizontal
lines indicating the variation in cell-associated silver and the vertical lines the variation in effect (mean = SD, n = 3). All data are expressed as % of

b RTgill-W1 cells_2 h

= 120-

R

£ 1004 |-'=@1-|

- Jromemreereveaas W EerTesessrenser s drensrrrnnny,

8 80- B3t

L 1

‘e 60

=]

5 40-

@ e

E 1 @ AgVP

8 201 < AgNo,

E -

o 0

O 104105 104105  1.0x10*  1.0x10°
Cell associated Ag (mol L ce,,'1)

130



Yue et al. ] Nanobiotechnol (2017) 15:16

and 7.22 x 10~* mol/L, respectively. In both cell mod-
els, the AgNO, concentration response curve is left of the
AgNP concentration response curve, indicating stronger
effects of AgNO,. This can be interpreted as AgNP
inducing toxicity via different mechanisms compared to
AgNO,. However, this difference between AgNO, and
AgNP concentration response curves is much greater
in the fish cells, demonstrating that fish cells respond
strongly to a particle-specific impact, whereas in algae,
dissolved silver is the dominant cause of toxicity.

The fact that no particle-specific effect was seen in
algae suggested that AgNP were not incorporated into
algae but that they may adhere to the algal surface from
which Ag™ may dissolve and as such be taken up in the
cells. To follow up on this hypothesis, the localization of
cell-associated silver in algae was investigated by time-of-
flight secondary ion mass spectrometry (TOF-SIMS), a
qualitative and quantitative surface analysis. Indeed, the
silver intensity from algae exposed to AgNP and AgNO,
indicated a strong sorption of AgNP onto the algal sur-
face [26]. In contrast, fish gill cells take up AgNP in an
energy—dependent process: as demonstrated by TEM
coupled with energy-dispersive X-ray analysis that local-
ized the NPs in the endocytic compartments of the cells
[28]. This latter finding corresponds to the work of others
who confirmed metal nanoparticles uptake by vertebrate
cells via endocytic pathways [51-53].

AgNP can bind cellular proteins and inhibit enzyme
activity
Considering the contrasting finding that algal cells do not
take up AgNP while fish cells do, and the importance of
the AgNP-protein binding in nano-bio interaction, we
postulate that extracellular proteins are more impor-
tant in terms of AgNP exposure for algae while intracel-
lular proteins should be considered for fish cells. One
important extracellular protein is alkaline phosphatase,
an enzyme responsible for phosphorus acquisition. This
enzyme is highly abundant in aquatic environments, and
is produced by a wide range of organisms including bac-
teria, fungi, zooplankton and algae [54—56]. Previously,
alkaline phosphatase activity in periphyton was shown to
be unaffected [57] or stimulated [58] by AgNP. However,
considering that algae within periphyton are embedded
in a matrix of biomolecules forming a biofilm [59], other
factors might influence direct interaction of AgNP with
the enzyme, e.g. periphyton community continuously
synthesizes and secrets enzymes, it could not be deter-
mined whether the absence of inhibitory effects was due
to a lack of interaction with AgNP or whether any impact
was masked by de-novo synthesis of the enzyme.

Indeed, studying the interaction of AgNP or AgNO,
with isolated alkaline phosphatase showed that AgNP
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have a particle—specific, inhibitory effect on alkaline
phosphatase activity and that this inhibition depends on
the sequences of addition of enzyme substrate or AgNP
[29]. Other studies have reported on an inhibitory effect
on extracellular enzymes by nanoparticles. For example,
in the same study on periphyton cited above [57], inhibi-
tion of B-glucosidase and L-leucine aminopeptidase was
attributed to dissolved silver and particle specific effects.
Inhibitory effects of the same proteins were also seen in
heterotrophic biofilm exposed to titanium dioxide nano-
particles [60]. Thus, understanding the mechanisms of
interaction of extracellular proteins and nanoparticles in
general is an important future direction.

In order to study the interaction of AgNP with intra-
cellular proteins in fish cells, the AgNP-protein corona
was recovered from intact endocytic compartments by
a newly established method with subcellular fractiona-
tion. Proteins acquired from the AgNP-protein corona
were identified by mass spectrometry and analyzed
with Gene Ontology. A total of 383 proteins were iden-
tified in this way and broadly classified as belonging to
cell membrane functions, uptake and vesicle-mediated
transport and stress-response pathways [28]. These pro-
teins regulate substance transport across the plasma
membrane or play key roles in cell metabolic processes,
such as Na™/K"-ATPase, Ca>"-ATPase, adaptor-related
protein complex 1 (AP-1B1), caveolin 1, flotillin 1/2,
EH-domain containing protein 1/2/4 and Rab Family
Small GTPases (RAB5A, RAB7A, RAB18) [28]. Based
on the identified proteins, the processing of AgNP in
fish cells was reconstructed: AgNP were taken up by fish
cells via endocytic processes and stored in endosomal/
lysosomal compartments [28]. Binding to AgNP could
impair the function of these proteins and subsequently
disrupt the normal cell activity, which would relate to
the decline of cell viability in RTgill-W1 cells exposed
to AgNP. Some of these proteins were also identified in
the corona of magnetic nanoparticles exposed to human
lung epithelial cells (A549) and HeLa cells [24, 25]. This
indicated that vertebrate cells take up metal nanoparti-
cles via common pathways regardless of elemental com-
position or coating of particles, exposure conditions
and cell types.

Among the proteins identified from fish cells, Na
K*-ATPase was selected to study the effect of AgNP
on corona proteins. Experiments on the isolated, single
protein showed that the inhibition of enzyme activity is
attributable primarily to a particle-specific rather than a
dissolved silver ion effect (Fig. 4). Schultz reported that
citrate coated AgND, i.e. the same type of particle used in
this work, led to a particle-specific inhibition of Na*/K*
ATPase activity in juvenile rainbow trout gill in vivo [61].
Thus, our in vitro study was confirmative of the findings
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Fig. 4 Inhibition of Nat/K*-ATPase activity by AGNO; and AgNP. The
concentration of Na*/K*-ATPase was 0.5 U/mL (19.5 ug/mL) in all
experiments; the concentration of AGNO; was selected based on the
concentration of dissolved silver in AgNP suspension. Both a silver
ion as well as a particle-specific effect was found with the latter being
more dominant. Figure was reproduced from Yue et al. [28] with
permission from the Royal Society of Chemistry. Data presented as

mean £ SD;n =3

in vivo and signifies a strategy to further investigate
AgNP and other nanoparticles for their interaction with
corona proteins, based on the protein list established as
described above.
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Conclusion

The results of the side by side comparison of AgNP-cell
interactions for algal and fish cells are summarized in
Table 2. The composition of exposure media influenced
AgNP behavior and toxicity, highlighting once more the
importance of characterizing nanoparticle speciation
in the risk assessment of nanomaterials. Because of the
barrier surrounding the cell membrane, AgNP cannot
be taken up by algal cells but adsorb onto the cell surface
instead, and toxicity is thus induced by dissolved silver.
On the other hand, in fish cells, AgNP are taken up via
endocytic pathways, causing toxicity by both dissolved
silver and a nanoparticle specific effect. Thus, the cell
type and structure are important features to be consid-
ered in nanotoxicity research. AgNP can bind extracellu-
lar and intracellular proteins and inhibit enzyme activities
via nanoparticle specific effects. Current work provides a
first concrete attempt to study the interaction of AgNP
with extracellular and intracellular proteins from aquatic
organisms. For future assessment, this kind of knowledge
not only aids in mechanism-based aquatic risk assess-
ment but also helps designing safer nanoparticles.

Methods

AgNP preparation and characterization

The citrate coated AgNP were purchased from NanoSys
GmbH (Wolfthalden, Switzerland) as aqueous suspension

Table 2 Summary of the interaction of AgNP with algae and fish cells

Fish cell

Algae
NP behavior Slight agglomeration in MOPS medium
Toxicity Dissolved silver®

Cellular uptake No, adsorbed on algal surface

AgNP-protein interaction
of enzymatic activity

Cell structure and AgNP association

Adsorption of extracellular enzyme on AgNP, inhibition

Slight agglomeration in d-L-15/ex medium and strong
agglomeration in L-15/ex and L-15/ex w/o Cl media

Dissolved silver®, nanoparticle-specific effect
Yes, uptake via endocytic pathways

Cell membrane proteins and endocytic proteins binding
to NP, inhibition of enzymatic activity

2 Dissolved silver indicates all the silver species in oxidized state Ag(l) in aqueous solution, such as Ag™, AgCl,, (aq) and AgOH (aq), stemming from AgNP
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with a concentration of 1 g/L (9.27 mM referring to the
total silver, pH 6.46). The Z-average size and Zeta poten-
tial of AgNP in the stock solution were 19.4 nm and
—30 mV, respectively. The stock AgNP solution was kept
in the dark. A stock solution (10 mM) of AgNO, (Sigma-
Aldrich, Switzerland) was prepared by dissolving AgNO,
in nanopure water (16—18 MQ/cm; Barnstead Nanopure
Skan AG, Switzerland). The experimental solutions of
AgNP and AgNO, were freshly prepared by adding AgNP
and AgNOj; stock solution into the respective exposure
media and vortexing for 10 s. Unless specifically indi-
cated, all chemicals were purchased from Sigma-Aldrich.
As the work focused on the impacts of AgNP on algae
and fish cells, we chose the respective AgNP and AgNO,
concentrations to observe significant effects in the toxic-
ity experiments. In the uptake experiments, the exposure
concentrations were selected to meet the ICP-MS detec-
tion limit.

The AgNP were characterized in nanopure water and
under experimental conditions in each exposure media.
The Z-average size and zeta potential of the AgNP were
measured by dynamic light scattering (DLS) and electro-
phoretic mobility using a Zetasizer (Nano ZS, Malvern
Instruments, UK) [26, 27]. To measure the dissolution
of AgNP in exposure medium, dissolved silver was sep-
arated by two methods: centrifugal ultrafiltration with
a nominal molecular weight cut-off of 3 kDa (Amicon
ultra-4 centrifugal filter units, Millipore, Germany) cen-
trifuged at 3000xg for 0.5 h (Megafuge 1.0R, Heraeus
Instruments, Germany) and by ultra-centrifugation
(CENTRIKON T-2000, KONTRON Instruments, Swit-
zerland) at 145,000xg for 3 h. The silver concentration
was measured by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS, Element 2, Thermo Finnigan,
Germany). The dissolution of AgNP was calculated by
dividing the measured dissolved silver concentration
to the related nominal total silver concentration. The
average of the AgNP dissolution (Table 1) obtained by
ultra-filtration and ultra-centrifugation was used for
recalculation of the concentration-response curves as a
function of dissolved silver (Fig. 3).

Algal culture and exposure of cells
The alga E. gracilis strain Z (Culture Collection of Algae,
Gottingen, Germany) was cultured in the Talaquil
medium (pH 7.5) supplemented with vitamins B1 and
B12 [62] at 20 °C under light—dark cycles of 12 h each
on a shaker (Infors, Switzerland) with 90 rpm. The cell
number and volume were measured by a particle counter
(Beckman Coulter Z2, USA).

Before exposure to AgNO; and AgNP, exponentially
grown algae were centrifuged at 2000xg for 10 min and
then re-suspended in MOPS. The final cell density for
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toxicity assessment was 1.5 x 10% cell/mL. After exposure
to AgNO; (0-400 nM) and AgNP (0—40 pM) for 1 and
2 h, to study toxic effects, the photosynthetic yield was
measured by fluorometry using a PHYTO-PAM (Heinz
Walz GmbH, Germany) [26]. The values were presented
as percentage of controls, and were plotted as a function
of measured total silver and cell-associated silver [26].

RTgill-W1 cell culture and exposure of cells

RTgill-W1 cells were routinely cultivated in L-15 medium
(Invitrogen, Switzerland), supplemented with 5% fetal
bovine serum (FBS, Gold, PAA Laboratories GmbH,
Austria) and 1% penicillin/streptomycin (Sigma-Aldrich,
Switzerland) in 75 cm? flasks. The L-15 medium contain-
ing these supplements is termed “complete L-15" Cells
are routinely cultured in the dark in normal atmosphere
at 19°C.

For exposure to AgNO; (0-5 pM) and AgNP
(0-100 pM), cells were seeded in 24-well microtiter
plates or 25 cm? flasks, and cultured in complete L-15
medium. After being fully confluent, cell monolayers
were washed with either L-15/ex, L-15/ex w/o Cl or d-L-
15/ex. Then, 1 mL/well of AgNP or AgNO, suspension in
the respective media was added to culture wells. Expo-
sure proceeded for 2-24 h at 19 °C. AlamarBlue (AB,
Invitrogen, Switzerland) was used to measure the cellular
metabolic activity to assess the toxicity of AgNP to fish
gill cells [27, 32]. Before incubation with AlamarBlue, the
AgNP suspension was removed and exposed cells were
carefully washed with PBS to removed loosely adsorbed
AgNP. Control experiments showed no interference of
the silver with the AlamarBlue assay.

Uptake of AgNP by algae and fish cells

The algae were exposed to AgNP (0-10 pM) and AgNO,
(0-500 nM) at a cell density of 1 x 10° cell/mL in order
to meet the detection limit of the ICP-MS. After 1 h
of exposure, the algae were washed to remove loosely
bound AgNP with fresh medium or adsorbed silver ions
by cysteine using the following protocol: algae exposed to
AgNP or AgNO, were first centrifuged (2000xg, 10 min)
and resuspended in MOPS. After 2 wash cycles, the algae
were re-suspended in cysteine—-MOPS and gently stirred
for 5 min. After washing, the algae were filtered (SM
16510, Sartorius) and digested for metal analysis [26].

To quantify the fish cell-associated silver, RTgill-W1
cells were cultured in 25 cm? flasks until confluency
and then exposed to AgNP (2.5-10 pM) or AgNO,
(0.5-5 pM) in d-L-15/ex medium. After exposure, the
medium with AgNP or AgNO, was removed and cells
were washed twice with cysteine for 5 min. Cells were
then trypsinized. Detached cells were re-suspended
in complete L-15 medium. Cell suspensions were
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centrifuged at 1000xg for 3 min to pellet the cells. Cell
pellets were re-suspended in 550 puL PBS and the cell
density determined by an electronic cell counter (CASY1
TCC, Schirfe System, Germany). A volume of 500 pL cell
supernatant was digested for metal analysis [28].

Samples from algae and fish cell exposures were
digested with 4.5 mL of 65% HNO; in a high-perfor-
mance microwave digestion unit (MLS-1200 MEGA,
Switzerland) at a maximum temperature of 195 °C for
20 min. The digests were diluted 50-times and measured
by ICP-MS. The detection limit for ICP-MS quantitation
of silver was 10 ng/L (1.0 x 10> mol/L; in the current
work). The reliability of the measurements was deter-
mined using specific water references (M105A, IFA-Tull,
Austria). As the volume of algal cells is larger than that
of the fish cells, the measured cell associated silver was
related to cell volume and expressed as mol/L in order
to be able to directly compare the cell-associated silver in
algae and fish cells. The associated silver was also related
to the cell number and expressed as mol per cell to be
able to compare with other reports.

The localization of cell-associated silver in algae was
checked by time-of-flight secondary ion mass spec-
trometry analysis (TOF-SIMS, ToF.SIMS 5 instrument,
ION-TOF GmbH). The primary ion was 25 keV Bi* to
ensure high sensitivity to silver and the sputtering time
was 5.2 s leading to ablation of a few nanometers of the
surface layer of the cell [26]. The AgNP uptake in fish
cells was investigated by transmission electron micros-
copy (TEM, FEI Morgagni 268, 100 kV) and energy
dispersive X-ray (EDX) spectroscopy analyses in a scan-
ning transmission electron microscope (STEM, Hitachi
HD-2700) [28].

Interaction of AgNP with proteins

Alkaline phosphatase (Sigma-Aldrich) was select as
a representative extracellular algal enzyme to study
the interaction with AgNP. The effect of AgNP to alka-
line phosphatase was assayed in MOPS by determining
enzyme activity, using fluorescently linked 4-methylum-
belliferyl phosphate disodium salt as substrate [29].

In fish cell exposures, to identify the proteins binding
to AgNP in cells, AgNP-protein corona complexes were
recovered from intact subcellular compartments isolated
by subcellular fractionation and proteins lysed from the
AgNP to be detected by mass spectrometry. The identi-
fied proteins were analyzed by DAVID (http://david.abcc.
nciferf.gov/), a protein ontology analysis tool. Among the
identified proteins, Na*/K*-ATPase (Sigma-Aldrich, No.
A7510) was selected to study the interaction of AgNP
with intracellular proteins. The effect of AgNP on Na™/
K*-ATPase activity was measured in a buffer containing
20 mM Tris—HCI, 0.60 mM EDTA, 5 mM MgCl,, 3 mM
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KCI and 133 mM NaCl (pH 7.8) and substrate, ATP
(Sigma-Aldrich, No. A9062) [28].

Data analysis

All data were analyzed by GraphPad Prism (version 5.02
for Windows, USA). Fluorescent units obtained in the
cell assays were converted to percent viability of con-
trol cells. Concentrations leading to 10% and 50% effect
(EC10s, EC50s) were determined by nonlinear regres-
sion sigmoidal dose—response curve fitting using the Hill
slope equation, and were presented as the mean of three
independent experiments, with a 95% confidence inter-
val. Data presented as mean =+ standard deviation, n = 3.

Additional file

Additional file 1: Table S1. EC10 and EC50 values, corresponding 95%
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nanoparticles on aquatic microorganisms

Christian Santschi'”, Nadia Von Moos?, Volodymyr B. Koman', Vera |. Slaveykova?, Paul Bowen?
and Olivier J. F. Martin'

Abstract

Engineered nanomaterials (ENMs) are key drivers for the development of highly sophisticated new technologies. As
all new attainments, the rapidly increasing used of ENMs raise concerns about their safety for the environment and
humans. There is growing evidence showing that if engineered nanomaterials are released into the environment,
there is a possibility that they could cause harm to aquatic microorganisms. Among the divers effects triggering their
toxicity the ability of ENMs to generate reactive oxygen species (ROS) capable of oxidizing biomolecules is currently
considered a central mechanism of toxicity. Therefore, development of sensitive tools for quantification of the ROS
generation and oxidative stress are highly sought. After briefly introducing ENMs-induced ROS generation and oxida-
tive stress in the aquatic microorganisms (AMOs), this overview paper focuses on a new optical biosensor allowing
sensitive and dynamic measurements of H,O, in real-time using multiscattering enhanced absorption spectroscopy.
Its principle is based on sensitive absorption measurements of the heme protein cytochrome ¢ whose absorp-

tion spectrum alters with the oxidation state of constituent ferrous Fe' and ferric Fe''. For biological applications
cytochrome ¢ was embedded in porous random media resulting in an extended optical path length through multiple
scattering of light, which lowers the limit of detection to a few nM of H,O,. The sensor was also integrated in a micro-
fluidic system containing micro-valves and sieves enabling more complex experimental conditions. To demonstrate
its performance, abiotic absorption measurements of low concentrations of dye molecules and 10 nm gold particles
were carried out achieving limits of detection in the low nM range. Other biologically relevant reactive oxygen species
can be measured at sub-puM concentrations, which was shown for glucose and lactate through enzymatic reactions
producing H,0,. In ecotoxicological investigations H,0, excreted by aquatic microorganisms exposed to various
stressors were measured. Pro-oxidant effects of nano-TiO, and nano-CuO towards green alga Chlamydomonas rein-
hardtii were explored in various exposure media and under different light illuminations. Dynamics of Cd** induced
effects on photosynthetic activity, sensitisation and recovery of cells of C. reinhardtii was also studied.

Keywords: Ecotoxicity, Nanomaterials, Reactive oxygen species, Oxidative stress, Hydrogen peroxide, Optical
biosensor, Multiscattering, Absorption spectroscopy

Background
The material revolution engendered by nanotechnologi-
cal advances in the last decades has not only enabled the
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development of highly sophisticated fine-tuned materials
for new applications but also confronted established risk
assessment and regulatory affairs with new challenges:
the possible (eco-)toxicological implications of the
expected increment of engineered nanomaterials (ENMs)
discharged into environmental compartments [1].
Natural water bodies, one environmental sink of dis-
charged ENMs, are estimated to receive 0.4-7% of the
total global mass flow of ENMs [2]. Once in the aquatic
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systems ENMs interact with different biotic and abi-
otic components and potentially harm different organ-
isms [3]. There is currently an agreement [4] that three
major phenomena drive the detrimental effects of the
ENMs to aquatic organisms: (i) their dissolution, (ii) their
organism-dependent cellular uptake and (iii) the induc-
tion of oxidative stress and consequent cellular damages.
The ability of ENMs to generate reactive oxygen species
(ROS) capable of oxidizing biomolecules is currently con-
sidered a central (but by no means sole) mechanism of
toxicity, potentially leading to oxidative stress and dam-
age (Fig. 1) [5-12].
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It is postulated that increased levels of ROS and oxi-
dative damage will occur in exposed organisms (despite
the presence of basal or enhanced antioxidant defence
systems of repair and replacement), which may be linked
to some aspect of impaired biological functions at cellu-
lar or higher levels of organization [13]. Thus, from the
nanoecotoxicological perspective seeking the elucida-
tion of environmental hazards of ENMs, it follows that
an in-depth understanding of their toxic mode of action,
that is, of normal and ENM-stimulated ROS produc-
tion as well as antioxidant levels in aquatic organisms
is required. This will allow to quantitatively link the

Fig. 1 Mechanisms of ROS generation by engineered nanomaterials via intracellular chemical reactivity (left hand side) or via physical interac-
tions with subcellular compartments (right hand side). ENPs generate ROS by direct and indirect chemical reactions. Direct reactions involve the
photoexcitation of O,, which yields singlet oxygen (‘Oz) and superoxide (O3"). Indirect chemical reactions involve reactions between leached ENP
constituents (e.g. metal ions, organic compounds) that engage in redox cycling that yields superoxide (O;") and hydrogen peroxide (H,0,) orin
hydroxyl radical (OH’) producing Fenton and Haber-Weiss reactions. ROS yielding interactions encompass the interference with electron transfer
chains in chloroplasts, peroxisomes, mitochondria and the endoplasmatic reticulum. Furthermore, interactions of ENPs and mitochondria or the
endoplasmatic reticulum can also cause a loss of organelle membrane integrity that triggers the release of Ca®* ions from interior stores, which
may activate ROS generating Ca>*/calmodulin-dependent enzymes, i.e. certain nitrogen monoxide synthase isoforms that produce NO'. Interac-
tions with NADPH oxidase (NOX) complexes in the cell membrane yield O;~ [29]. lllustration adapted from Unfried, Albrecht [29], not to proportion.
Reprinted with permission from (Nanotoxicology 2014; 8: 605-630). Copyright (2014)
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presence of ENMs with pro-oxidant processes and to
estimate the expected degree by which ENM-stimulated
oxidative damage may potentially affect overall health of
organism.

Hence, there has been a keen interest in the detection
and quantification of ROS in aqueous and biological sys-
tems, which is a technically tricky task due to their very
low concentration in the pico- to micromolar range and
their extremely short-lived nature with half times ranging
from nanoseconds to hours [14]. Most conventional ROS
sensing methods rely on exogenous probes or resulting
endogenous reaction products and molecular biomarkers
reflecting oxidative damage and antioxidant status [13,
15-17]; they suffer one major technical drawback—the
invasive nature of the detection method itself [18].

The present article provides an overview of the main
findings of the project “Non-invasive continuous moni-
toring of the interaction between nanoparticles and
aquatic microorganisms” within in the framework of the
Swiss National Research Program 64 on the Opportuni-
ties and Risk of Nanomaterials. The review begins with
a brief introduction in the ENMs-induced ROS genera-
tion and oxidative stress in the aquatic microorganisms
(AMOs) as well as short presentation of the existing
detection techniques. The newly developed method
for non-invasive quantification of extracellular H,O, in
real-time and monitoring with an unprecedented limit
of detection is described, while its capabilities are illus-
trated by exploring the pro-oxidants effects of the ENMs
to AMOs [18].

ENMs and oxidative stress in aquatic
microorganisms
Investigations performed in the mid-90’s led to the con-
clusion that nanoparticles have the ability to stimulate
the generation of reactive oxygen (ROS) and nitrogen
species (RNS) at or near the cell surface and to induce
oxidative stress [10, 12, 19]. The oxidative stress hypoth-
esis was successfully expanded into nanotoxicology
and recognised as a major mechanism for nanoparticle
induced effects [23]. Therefore, the impacts of ENMs on
the pro-oxidant/antioxidant equilibrium can provide rel-
evant information on their ecotoxicical importance [5].
The toxicity of metal and metal oxide ENMs to organ-
isms can be classified in direct and indirect effects [20,
21]. Direct toxic effects are principally controlled by
their chemical composition and surface reactivity. Indi-
rect effects are mainly governed by physical restraints,
the release of toxic ions or the production of ROS. The
latter is thought to result in elevated cellular response
classified as defence, pro-inflammatory effects and
cytotoxicity [22]. Toxicological effects of ENMs may
include (i) inflammation related to generation of ROS
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and oxidative stress, depletion of glutathione and accu-
mulation of oxidised glutathione in response to ROS
generation, (ii) DNA and membrane damage, protein
denaturation and immune reactivity, (iii) reduction or
loss in photosynthetic activity in algae and plants. Direct
toxic effects require, as a prerequisite, contact and
adsorption of the ENMs with the AMOs [3, 23]. Once
the ENMs are adsorbed, they may penetrate through
the biological membrane and, therefore, be internalised
(Fig. 2). Uptake mechanisms and different pathways
leading to internalisation are discussed elsewhere [3, 4,
24]. It is important to note that ENMs can be internal-
ised without necessarily inducing cytotoxicity, meaning
that ENMs are not toxic per se [25]. However, ENMs are
prone to adsorption of ambient pollutants, which can
be transferred into the cells by ENMs acting as carriers
(Trojan Horse effect). ENMs can trigger ROS formation
extra- and intracellularly by direct and indirect chemi-
cal reactions [12] (Fig. 1). The mechanisms underlying
the generation of the ROS in AMOs could involve (i) the
release of metal ions from ENMs, (ii) the catalytic activ-
ity of ENMs and (iii) the redox properties at the parti-
cle surface. The pro-oxidant potential of ENMs strongly
dependent of their chemical and physical properties,
notably chemical composition and purity, particle size,
shape and the resulting relative large reactive surface
area and surface chemistry [7, 14]. For metal- contain-
ing ENMs, dissolution processes leading to ion release
play a major role in terms of ecotoxicity. Many transition
metal ions, such as Fe*", Cu®*, Cr®" are redox active and
some of them, e.g. Fe and Cu can catalyse Fenton reac-
tions yielding biologically highly reactive hydroxyl radi-
cals OH'. The Haber—Weiss reactions in the presence
of super oxide ions O, can also reduce redox-active
metal ions which further couple to the Fenton reac-
tions. Hence, valence state and bioavailability of redox-
active ions are strongly related to the generation of ROS.
Numerous inorganic ENMs, such as Ag, Pt, TiO,, CeO,,
ZnO, CuO, SiO, and different quantum dots were shown
to generate ROS and induce oxidative stress in different
organisms [5, 10, 12, 26-30]. Selected examples con-
cerning ENM-induced oxidative stress or damage in
microalgae, representative for aquatic phytoplankton are
given in Table 1.

Photoactive ENMs including fullerenes and semicon-
ducting metal oxides, such as TiO,, CuO, CeO,, ZnO and
Al,O,, can generate ROS when illuminated [43, 44]. It has
been demonstrated that these ENMs, the most promi-
nent being TiO,, can activate molecular oxygen radi-
cals, 'O, and O,~, which belong, together with OH, to
the biologically most potent ROS. It is well known that
those photoactive particles are primarily active at wave-
length in the UV regime (<390 nm) but it has also been
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Fig. 2 Active and passive cellular uptake pathways for ENMs in eukarotic cells. Passive uptake occurs via diffusion and facilitated diffusion via
transport proteins, i.e. gated channel proteins and carrier proteins. Active uptake pathways involve transmembrane carrier proteins and endocytic
pathways including receptor-mediated phagocytosis, clathrin-mediated endocytosis (120 nm, via clathrin-coated pits) and caveolae-mediated
endocytosis (60 nm, via lipid rafts), non-specific endocytosis by macropinocytosis and non-clathrin, non-caveolae endocytosis (90 nm, fluid phase).
All pathways except caveolae-mediated endocytosis and diffusion merge with the lysosomal degradation system comprising numerous vesicle
maturation steps within the cell. A lysosome typically ranges from 200 to 500 nm in diameter. Phagocytosis is mediated by specific membrane-
receptors that are activated upon contact with a ligand to produce phagosomes (>250 nm). During their maturation process, phagosomes trans-
form into late phagosomes, which fuse with lysosomes to form phagolysosomes. During macropinocytosis, internalisation occurs via an unspecific
invagination resulting in pinocytic vesicles (<150 nm), which eventually merge with lysosomes. Clathrin-mediated endocytosis and non-clathrin,
non-caveolae-mediated endocytosis produces caveosomes that either transfer their contents into the Golgi apparatus, endoplasmatic reticulum
(ER) or into the cytosol or may also undergo transcytosis. Reprinted with permission from (Environmental Science-Nano 2014; 1: 214-232). Copy-
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demonstrated in several studies that TiO, is capable to
induce oxidative stress in the absence of light.

Overall, environmental contaminants, including
ENMs, have the capability to induce generation of ROS
in AMOs and, consequently, to alter the cellular redox
homeostasis leading to oxidative stress. Oxidative stress
occurs as a result of (i) increase in oxidant generation,
(ii) reduction of antioxidant protection and (iii) failure to
repair oxidative damage [45].
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Towards development of the novel tool

for non-invasive monitoring of the pro-oxidant
effects of engineered nanomaterials

Various approaches are available to determine oxidative
stress [46]: (i) Quantification of radicals, including O,
OH' and H,0,, (ii) quantification of oxidative damage
markers and (iii) quantification of antioxidants. A sche-
matic illustration of the main approaches is displayed in
Fig. 3. Superoxide O,~, represents one of the aboriginal
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Table 1 Selected examples of ENM-induced oxidative stress or damage in microalgae
ENM Algae Media Mechanism Reference
TiO, C. reinhardtii SE Generation of ROS by photocatalysis ~ [31]
TiO, and UV light C. reinhardtii Lake water and MOPS buffer [32]
TiO, Chlorella sp. OECD Generation of intracellular ROS by HA  [33]
CdTe/CdS C. reinhardtii MES, MOPS, HEPES Oxdative stress [34]
Al,O;, SiO,, ZnO and TiO, Chlorella sp. SE ROS may not be the dominant [35]
mechanism for algal growth
inhibition
Ag C.vulgaris, Dunaliella tertiolecta Growth medium BG-11 ROS induced lipid peroxidation and a  [36]
decrease of cell viability
Pt C. reinhardtii ISO 8692 medium and 4-fold diluted  Substantial oxidative stress and (30]
P subcapitata tris-acetate-phosphate medium negligible membrane damage;
significant growth inhibition
Coated and uncoated CuO  C. reinhardtii High salt medium ROS formation may be the primary ~ [37]
toxicity mechanism
CeO, P subcapitata Standard US EPA The oxidative activity is mediated by  [38]
OH and initiation of lipid peroxida-
tion
Core-shell CuO C. reinhardtii High salt growth medium ROS are responsible for chlorophyll  [39]
deterioration, significant decrease
of PSII primary photochemistry
CuO C. reinhardtii Various media, lake water Oxidative stress and damage of [40]
membrane integrity
CuO and light C. reinhardtii Synthetic fresh water Chlorophyll bleaching, oxidative [41]
stress and membrane damage;
CuO and UV-light has synergistic
effect
TiO,, CdTe and QDs C. reinhardtii CM growth medium Lipid peroxidation induced by oxida-  [42]

tive stress, QDs and TiO, exhibit
different mechanisms

forms of aerobic ROS. It is very reactive and short-living
and can be converted to H,O, through the reaction with
SOD. H,0, is one of the major and most stable ROS pro-
duced intracellularly by physiological and pathological
processes and can cause oxidative damage. Its stability
allows it to diffuse through the cell wall and can therefore
be extracellularly detected [47]. Oxidative damage mark-
ers such as lipids, DNAs and proteins can be examined
for alterations to quantify the extent of oxidative damage
due to oxidative stress. Furthermore, several enzymes,
such as SOD, CAT and GR, belonging to the antioxida-
tive defence system, can be measured in order to quantify
oxidative stress. Recent progress in fluorescent, lumines-
cent and colorimetric ROS and RNS probes was compre-
hensively reviewed [48].

The above-mentioned oxidative stress “indicators” can
provide a useful picture on the cell-ENM interactions.
However, they are endpoint-based and qualitative, thus
unable to provide quantitative information about the rate
and amount of generated ROS. In addition they are often
very laborious and fail to provide dynamic and continu-
ous information on specific physiological phenomena
happening at the exposed living cells.
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Hereinafter a new, very sensitive detection scheme for
continuous measurement of extracellular H,O, based
on multiscattering enhanced absorption spectroscopy
is present. Its high sensitivity allows non-invasive and
real time measurements of H,O, related to aerobic cell
activity, including oxidative stress. Stress-induced H,O,
can rapidly diffuse across plasma membranes [49, 50], is
relatively long-lived (half-life 4—20 h, <1 s in living tis-
sues) and, therefore, extracellular H,O, could serve as
an indicator of pro-oxidant processes [51-54]. A non-
exhaustive list of H,O, detection methods can be found
in Table 2.

Fluorescent and chemi-luminescent methods exhibit
low LODs in the nM range. However, a major drawback
of those methods is their incompatibility with bioorgan-
isms and they are therefore endpoint detection schemes.

Multiscattering enhanced absorption spectroscopy
(MEAS)

Thanks to its versatility, absorption spectroscopy has
become a popular method with a broad range of appli-
cations. Adsorption spectroscopy provides a fast, sim-
ple and inexpensive method for the detection of a wide
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620-650). Copyright (2002) SAGE Publications

Fig. 3 Classification of methods used to determine and quantify oxidative stress. Reprinted with permission from (Toxicologic Pathology 2002; 30:

Table 2 Selection of H,0, detection methods [14]

Technique/probe Observable LOD Application notes Reference
Direct detection Absorbance of H,0, mM [55, 56]
Cytc Absorbance nM Optimal reaction in low ionic strength solutions [57,58]
Xylenolorange + Fe** Absorbance of complex M Carried out in acidic acids [59]
Xylenolorange + Ti*+ Absorbance of complex um Carried out in acidic acids (59]
Luminol Chemi-luminescence nM Interference with Mn?* and Fe* [60-62]
2,7-Dichlorodihydrofluorescein (DCFH) Fluorescence of product pM-nM Can be oxidised by other ROS [16,63]
p-Hydroxyphenylacetic acid Fluorescence of product nM Optimal reaction at pH > 8.5 (64, 65]

variety of targets [66]. Absorption spectroscopy can be
applied in wide spectral span ranging from X-ray [67]
to infrared light [68] and provides a beneficial tool for
investigating biomolecules [69, 70]. In conventional
absorption spectroscopy configurations the spectral light
intensity, passed through the sample under test, is meas-
ured and normalised with respect to the intensity of the
incident light. Knowing the optical path length (OPL) /
through the sample and the absorption coefficient o of
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the analyte of interest, its concentration can be deter-
mined using Beer-Lambert’s law (1) [71].
1 =e—aCl

m (1)

I, and I represent the light intensity before and after
travelling through the sample, respectively. Long OPLs
requires large amounts of analytes which are often costly,
especially for biosamples.
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Significant efforts have been put in the development of
various techniques aiming to improve the sensitivity of
absorption spectroscopy [72-74]. A simple and versatile
technique, was presented by Koman et al. [75]. In order
to extend the OPL and, thus, the sensitivity, advantages
were taken from disordered media where the OPL is
increased via multiple scattering since spatial variations
of the refractive index prevent the light to follow the
shortest trajectory. In a configuration containing sus-
pended polystyrene (PS) beads, as schematically shown
in Fig. 4, the limit of detection (LOD) was improved sub-
stantially [75].

In order to demonstrate its performance MEAS was
carried out on low concentrations of phenol red, envy
green and 10 nm gold nanoparticles (AuNp). The absorb-
ance A of standard and multiscattering experiments are
displayed in Fig. 5 [75]. Using this approach, sensitiv-
ity and LOD of commercially available bioassays can be
improved. This has been shown for OxiSelect, an assay
for H,O, detection [75].

1
A= —log<1) =l
0

According to Eq. (3) the sensitivity S for a certain ana-
lyte concentration becomes maximal. Hence, the OPL
can be adjusted by selecting an adequate scatterer con-
centration and thereby optimised with respect to a spe-
cific application.

@)

Fig. 4 The presence of scatterers (500 nm polystyrene beads) in the
MEAS configuration enhances the OPL and, consequently, lowers the
LOD. Principle and transmission measurements of the absorption of
phenol red in conventional and MEAS configurations. Reprinted with
permission from (Analytical Chemistry 2015; 87: 1536-1543). Copyright

(2015) American Chemical Society
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Fig.5 Absorption enhancement for a phenol red, b 10 nm Au NPs
and c envy green for different concentrations C of 500 nm PS scat-
terers: C; = 0.6 nM and C, = 3 nM. The insets in b and ¢ show the
normalised transmission spectrum T and the LOD is defined as 3
times the noise level. The error bars correspond to the standard devia-
tion over five independent measurements. Reprinted with permission
from (Analytical Chemistry 2015; 87: 1536-1543). Copyright (2015)
American Chemical Society
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Fig. 6 Schematic illustration of the numerical approach. a Inten-
sity distribution of light scattered at a spherical object. b Intensity
distribution of large amounts of wavepackets scattered at a spherical
object. € Wavepackets travelling through a random media. Reprinted
with permission from (Analytical Chemistry 2015; 87: 1536-1543).
Copyright (2015) American Chemical Society

a Al

aC Iy

For a better understanding of the multiscattering phe-
nomenon a probabilistic Monte Carlo approach was
implemented (Fig. 6). Wavepackets are launched into
the system containing randomly distributed PS beads.
The random scattering angles were determined using
Henyey-Greensteins approximation [76] which describes
the scattering cross-section o for an individual scat-
terer using Mie theory [77, 78]. The attenuation of each
wavepacket was computed following Beer-Lambert’s law
(1) and, finally, the residues of the individual wavepack-
ets leaving the system were summed together. In order

S = = ale @

3
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to achieve an appropriate accuracy the random trajec-
tories of 10% wavepackets were calculated. The simula-
tions showed excellent agreement with experimental
results and allow prediction of OPLs for different con-
centrations, refractive indexes and sizes of the scatterers.
Due to bead-bead interactions the proposed numerical
approach is not accurate for high filling factors F [79]
nevertheless, for F < 10% good numerical/experimental
agreements were found [75].

Sensitive real-time detection of H,0,

MEAS was employed to improve the sensitivity for the
detection of H,O, in aqueous solutions. The detection prin-
ciple is based on sensitive adsorption measurements of the
heme protein cytochrome c (cyt c) [18], since the absorp-
tion spectrum of cyt ¢ depends on the oxidation state of
its heme group [80]. The catalytic redox behaviour of cyt
¢ reduces H,0, into water whereas the ferrous Fe'' heme
group is oxidised into the ferric Fe'! heme group providing
information on the H,0, concentration in its environment.
Cyt ¢ exhibits three oxidation state-dependent absorp-
tion peaks in the visible range, namely, at A = 530 nm in
the oxidised and A = 520 and A = 550 nm in the reduced
state. The absorption at A\ = 542 nm and A\ = 556 nm pro-
vide adequate reference signals since at those wavelengths
the absorption is independent of the oxidation state (Fig. 7).
The sensing molecules, cyt ¢, were embedded in a porous
matrix consisting of either aggregated PS beads or a filter
membrane. The aggregates were prepared as follows: PS
beads were suspended in an aqueous solution of cyt ¢ prior
to addition of glutaraldehyde to crosslink cyt ¢ resulting
in cyt ¢/PS beads aggregates [18]. Transmission measure-
ments were performed using an inverted microscope and
the temporal evolution of a normalised average oxidation
state coefficient ¢ ranging from 0 to 1 for completely oxi-
dised and reduced cyt ¢, respectively, was determined.
Calibration experiments carried out for this configuration
with known concentrations of H,O, revealed a LOD below
100 pM which enables continuous measurements of the
dynamics of ROS produced by bioorganisms when under-
going stress situations [18].

Since H,0, is the reaction product of many enzymatic
reactions [Eq. (4)] [81], its real-time detection combined
with those reactions enables the detection of further
metabolites such as glucose and lactate.

analyte + enzyme — HO2 + X 4)

Koman et al. presented a detection scheme for sensi-
tive and real-time detection of those metabolites [40].
Taking advantage of the above presented multiscatter-
ing approach they were detected with sub-micromolar
LODs. Moreover, this enzymatic approach allows real-
time measurements of multiple analytes in parallel which
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Fig. 7 Spectrum of cyt ciin its oxidised and reduced state. The inter-
mediate states reflect an average value of oxidised and reduced cyt c.
Absorption measurements in transmission configuration without and
with multiscattering enhancement. Reprinted with permission from
(Scientific Reports 2013; 3: 3447). Copyright (2013) Nature Publishing
Group

offers the possibility to follow the evolution of several
metabolites. This feasibility has been demonstrated using
the example of parallel detection of glucose and H,0,,.

Portable setup and microfluidic chip

To step towards reliable and sensitive routine H,O,
measurements, a portable setup containing a multiscat-
tering sensing element was built (Fig. 8) [82]. An aque-
ous solution of cyt ¢ was spotted onto a porous filter
membrane using a microarray robot with a delivery
volume of 5 nl of 4 mM cyt ¢ solution. Subsequently,
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the cyt ¢ was crosslinked with vaporous glutaraldehyde
in order to retain the cyt ¢ in the membrane. Using the
membrane approach the reproducibility of the ampli-
fication was remarkably improved compared to the
aggregates described in the previous section. A closed
chamber delimited by an o-ring and two glass cover slips
was employed to carry out static experiments (Fig. 8a).
The sensing element was placed at the bottom of the
chamber prior to the measurements. Figure 9a shows
the time evolution of ¢ in the static regime for different
H,0O, concentrations in PBS buffer solution [82]. Meas-
urements performed in this configuration exhibit a sig-
nal enhancement due to multiscattering, on the order
of 5. In a further step the configuration was extended
with a multi-layered microfluidic arrangement contain-
ing micro-valves and sieves [83], enabling more complex
experimental sequences; for instance exposure/rinsing
steps to study recovery or sensitisation of bioorganisms.
Schematic overview and photographs of the principle
of the portable oxidative stress sensor (POSS) are dis-
played in Fig. 10. The implementation of microsieves
offers the possibility to perform experiments with non-
adhering bioorganisms such as algae, which are retained
in the reaction chamber as illustrated in Fig. 10h, i. The
sensing element is placed in the microfluidic channel in
order to minimise possible interferences between organ-
isms and analytes. Figure 9b shows the differential oxida-
tion state coefficient A¢p vs. H,O, concentration for the
static and microfluidic regime. A¢ defined as the differ-
ence between the initial value of ¢, _, and the value at
time t: Ap = @;—9 — ¢;. The calibration curve resembles
a sigmoidal shape when increasing H,O, concentration,
which is typical for ligand binding assays and can be fit-
ted using a 4-parameter logistic model [84]. For the given
configuration with a porous membrane a LOD of 40 nM
of H,O, was achieved [82]. Exposing the sensing element
to reducing agents the cyt c alters from its ferric Fe'' state
to its ferrous Fe!' state. Hence, after reducing an oxidised
sensing element can be reused. This has been shown by
exposing the sensing spot to AA. Four consecutive oxida-
tion/reduction cycles were carried out without lowering
the performance of the sensor [82]. Furthermore, glu-
cose and H,O, and lactate and H,O, were simultaneously
measured adding glucose (GOx) and lactate oxidase
(LOx), respectively, for the enzymatic conversion into
H,0, [Eq. (4)] [40]. Thus, to avoid that the fast conver-
sion already takes place in the solution the oxidase was
incorporated inside the sensing element. In practise, a
mixture of oxidase and cyt ¢ was deposited onto the filter
membrane prior to crosslinking with glutaraldehyde, as
described above for cyt c. An unambiguous measurement
of glucose and lactate concentrations requires simultane-
ous measurements of the substrate (glucose and lactate
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Fig. 8 Portable setup (a) closed chamber for static measurements, b microfluidic channel for flow experiments, € schematic drawing of the port-
able setup and d front view photograph. Reprinted with permission from (Biosensing and Bioelectronics 2015; 68: 245-252). Copyright (2015) Elsevier

Copyright (2015) Elsevier

Fig. 9 aTime evolution of the oxidation coefficient ¢ for different H,O, concentrations in the static regime. b Differential oxidation coefficient
A vs. H,0, concentration in the static and microfluidic regime. Reprinted with permission from (Biosensing and Bioelectronics 2015; 68: 245-252).

in the present cases) and H,0, with subsequent subtrac-
tion of the background H,O, contribution. For the sake
of completeness, it should be mentioned that, due to dif-
fusion issues, interferences were observed when placing
the sensing elements for the substrate and H,O, in the
same chamber. This problem was solved by adapting the
microfluidic configuration to separate the sensing ele-
ments [40]. Finally, LODs as low as 240 and 110 nM for
lactate and glucose, respectively, were achieved for the
configuration at hand.

Here ENM-induced H,O, excretion by cells exposed to
ENMs was monitored with a recently developed optical
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biosensor in a portable setup (POSS; portable oxidative
stress sensor) specifically designed for field experimen-
tation [82]. In this way, POSS may contribute to the elu-
cidation of ENM-specific pro-oxidant interactions with
cells and thus help to narrow the gap between material
innovation and sound risk assessment.

Selected applications to probe the pro-oxidant
effect of nanoparticles to microalga C. reinhardtii
To demonstrate the performances of the developed sens-
ing tool, the pro-oxidant effects of CuO and TiO, nano-
particles to green alga C. reinhardtii, a representative
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Fig. 10 a Conceptual design of the multilayered microfluidic configuration, b—e principle of operation of the microfluidic valves, schematic draw-
ings and photographs, f, g time evolution of the analyte concentration for filling and rinsing action, h, i schematic drawing and photograph of the
micro sieve. Reprinted with permission from (Nanotoxicology 2016; 10: 1041-1050). Copyright (2016) Taylor & Francis

model AMO are presented [32, 85] together with meas-
urements of the potential to generate abiotic ROS as
well as oxidative stress and membrane damage. These
two ENMs were chosen since they have different prop-
erties—CuO nanoparticles have a tendency to dissolve,
while nano-TiO, is rather inert; (ii) both have photocat-
alytic properties; (iii) nano-CuO is with relatively high
toxic potential [86], while nano-TiO, is moderately toxic;
(iv) they are of high environmental relevance given their
increasing use in different products.

The nanoparticle-induced cellular pro-oxidant process
in C. reinhardtii were studied using the newly developed
cytochrome ¢ biosensor for the continuous quantifica-
tion of extracellular H,0O, and fluorescent probes (Cell-
RoxGreen for oxidative stress and propidium iodide for
membrane integrity [32, 41, 87]) in combination with
flow cytometry. Both the dynamics of abiotic (ENM only)
and biotic (ENM + cells) pro-oxidant processes related
to the exposure of C. reinhardtii to nano-CuO and nano-
TiO, are present below.
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Nano-CuO

Chlamydomonas reinhardtii were exposed to CuO nan-
oparticles in five different media, namely TAP, MOPS,
OECD, MES and Geneva lake water [85] and the biologi-
cal responses including growth, size increase, chlorophyll
autofluorescence, intracellular ROS and membrane dam-
age were quantified.

The concentration of Cu ions dissolved from the
nano-CuO in the different media increased in the order:
MOPS < MES < Geneva lake water < OECD < TAP.
Nano-CuO exposure induced oxidative stress and
membrane damage, but the intensity of the effects was
susceptible to medium and exposure duration [40].
Comparison of the exposure of C. reinhardtii to nano-
CuO and released Cu®" revealed that in all but one of
the five different exposure media free ionic copper was
likely the main toxicity-mediating factor. However, a
threshold concentration of Cu®>" must be reached for
biological effects to occur. However, a nano-CuO par-
ticle effect was observed in cells exposed in the Good’s
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bufter MOPS, in which nano-CuO dissolution was very
low. These findings highlight how the dominant toxicity
mediating factors change with exposure medium, time
and the biological endpoint considered and thus demon-
strate that nanotoxicity is a highly dynamic process. Fur-
thermore, the observed ROS generation and oxidative
stress observed in C. reinhardtii exposed to nano-CuO
in lake water, were in line with the increasing extracel-
lular H,O, determined using the POSS (Fig. 11). Abiotic
H,O, formation by nano-CuO was also observed, but the
values were much lower than those found in the pres-
ence of algae. Simultaneous exposure of C. reinhardtii
to nano-CuO and simulated solar light induced synergis-
tic effect in ROS generation, whereas exposure to ionic
copper and the same solar simulated light conditions
resulted in antagonistic effects [41, 87]. No measurable
alterations in nano-CuO aggregation, copper dissolu-
tion or abiotic ROS production were found under the
tested light irradiations suggesting that the synergistic
effects are not associated with light-induced changes in
nano-CuO properties in the exposure medium [40, 41].
Nano-CuO toxicity to microalgae is generally recognized
to be associated with the amount of copper released by
the nanoparticles [41]. However, the combined effects
observed for light irradiation and CuO-NPs could not be
explained with the measured copper dissolution suggest-
ing that under stressful light conditions other mecha-
nisms of actions might be involved.
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Nano-TiO,

The nano-TiO, exposure experiments were performed in
MOPS and water sampled from lake of Geneva [32]. The
observed pro-oxidant effects were strongly dependent on
the exposure concentration and medium. In lake water
exposures the proportion of cells affected by oxidative
stress increased with the concentration of nano-TiO,,
with highest responses obtained for algae exposed to 100
and 200 mg L' nano-TiO,. Similarly, membrane dam-
age predominantly occurred in lake water rather than in
MOPS. UV light pre-treatment of TiO, enhanced median
intracellular ROS levels in lake water exposure while no
significant effect was found in MOPS.

In MOPS H,0, concentrations (cj,p,) determined
using POSS were highest at the start and decayed to
values close to the LOD after 60 min exposure (Fig. 12)
in all treatments. ¢, values were higher in UV pre-
treated samples at nearly all concentrations (except
10 mg L™! nano-TiO,). The initial ¢;;,0, peaks are pos-
sibly due to the formation of hole/electron pairs and
their subsequent photocatalytic reaction with H,O and
O, at the surface of the nano-TiO, particles [88]. Results
suggest that nano-TiO, behaves as both peroxide source
and sink through photocatalytic reactions at the sur-
face of the nanoparticles. Experiments carried out with
lake water did not exhibit initial peroxide peak con-
centrations after sonication. This may be explained by
ROS quenching species in the form of dissolved organic

Fig. 11 Time evolution of the differential oxidation coefficient Ag during an exposure for 60 min to nano-CuQ, C. reinhardtii and nano-CuO and C.
reinhardtii in lake water. A control experiment was carried out in lake water
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Fig. 12 Extracellular H,0, [nM] (¢;;,0,) produced during 60 min by four nano-TiO, concentrations with (b, d) and without UV pre-treatment (a, ¢)
in abiotic (a, b) and biotic (¢, d) conditions in the MOPS buffer: nano-TiO, only (a), nano-TiO, after 20 min UV pre-treatment (b), algae exposed to
nano-TiO, (¢) and algae exposed to UV pre-treated nano-TiO, (d). The horizontal red line represents the LOD and insets depict enlargements of the
respective 0-1000 nM concentration range Reprinted with permission from (RSC Advances 2016; 6: 115271-115283). Copyright (2016) Royal Society

matter (DOM), which, in contrast to MOPS, are present
in lake water.

The biotic exposure experiments revealed higher decay
rates of the initial peaks at the beginning of the experi-
ments, suggesting a peroxide annihilation by algae.

Overall, our findings showed that (i) irrespective of the
medium, agglomerated nano-TiO, in the micrometer size
range produced measurable abiotic H,O, concentrations
in biologically relevant media, which is enhanced by UV
irradiation, (ii) ¢;,0, undergo decay and are highest in
the first 10-20 min of exposure and (iii) the generation
of H,0, and/or the measured H,O, concentration is a
dynamic process modified by the ambient medium as well
as nano-TiO, concentrations and the presence of cells.

Comparison of the extracellular H,O, measurements
and intracellular oxidative stress [32, 82] further showed
significant differences between extracellular and intra-
cellular pro-oxidant processes. Indeed, an increase of
the intracellular oxidative stress was found under the
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conditions where no significant increase in extracellu-
lar biotic H,0O, was measured. The above observation
indicates that extracellular H,O, measurements can-
not directly serve as a predictor of cellular pro-oxidant
processes or oxidative stress in C. reinhardtii, however,
they provide valuable information about the extracellu-
lar dynamics of the most stable ROS in the extracellular
medium.

Extracellular H,0, measurements during altering
illumination regimes

It is well known that light conditions influence the meta-
bolic activity of algae and therefore cellular ROS generation
[89, 90]. ROS released by photosynthetic organisms gener-
ally originate from the photosystems II and I [89, 90] (PSII
and PSI) located in the thylakoid membrane of the chlo-
roplast. Disturbances of the electron transport chain from
PSII to PSI favour reduction of molecular oxygen O, to O,
which triggers a reaction cascade leading to the formation
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of OH and H,0, [91]. According to previous studies, chlo-  C. reinhardtii in model medium were exposed to 100 nM
roplast derived H,O, is able to diffuse out of the chloroplast ~ of Cd*" in different light conditions [18].

[92] and through the cell walls and is, therefore, present in

the extracellular media. Here, we examined the dynamics ~ C.reinhardtii + Cd**  light extracellular HyO, 5)
of extracellular H,O, during altering illumination regimes. -

Fig. 13 Dark- and light-adapted C. reinhardtii are exposed to 100 nM of Cd(ll). Time evolution of (a) the differential oxidation state coefficient Ag, b
the H,0, production and ¢ the H,0, production rate. After injection of Cd(ll) the light-adapted algae under illumination start excreting H,O, with-
out delay, whereas there is a production delay under dark conditions. d ROS production for dark-adapted algae exposed to 100 nM of Cd(ll) when
the illumination is successively turned on and off during the measurement. e These data support the following action mechanism of Cd(ll) on the
photosynthetic apparatus of C. reinhardtii: Cd(ll) binding to the plastoquinone pool disturbs the electron transport chain between PSIl and PSI.
Upstream, the light driven electron extraction from oxygen evolving complex (OEC) remains functional and generates light-dependant ROS at the
PSIl acceptor side. Reprinted with permission from (Scientific Reports 2013; 3: 3447). Copyright (2013) Nature Publishing Group
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Figure 13 indicates an enhanced H,O, production rate
and no production delay under light conditions suggest-
ing a correlation between ROS regulation and the activity
of the photosystems.

Recovery and sensitisation
In contrast to end-point measurements, sensitive and
non-invasive continuous H,0, measurements enable
the investigation of recovery and sensitisation. To dem-
onstrate the practicability of such experiments the C.
reinhardtii were repeatedly exposed to Cd*", using a
microfluidic configuration as described above [83]. Cd*"
concentrations are typically <10 nM in fresh water. How-
ever, higher concentrations of Cd*" were found in the
exposure media containing CdSe quantum dots [5] or
CdTe/CdS [34].

Extracellular H,O, concentrations were measured
while C. reinhardtii were exposed to 100 and 500 nM
of Cd** [step (1)]. A subsequent rinsing [step (2)] and
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further exposure to Cd*™ [step (3)], even at 100 nM,
exhibits an increased H,O, production rate compared to
the previous exposure (Fig. 14).

. 1st exposure of C. reinhardtii to Cd** — H,0, pro-
duction

Rinsing

2nd exposure of C. reinhardtii to Cd*" — increased
production rate of H,O,

This shows that exposure to even low concentration
of Cd*" leads to a sensitisation of exposed cells, thus sug-
gesting an adverse impact on the health of microorgan-
isms. In parallel, intracellular ROS was assessed based on
the fluorescence intensity of de-esterified H,DFC-DA [93].
At high Cd*" concentrations (500 nM) intra- and extracel-
lular measurements correlated very well, confirming the
suitability of extracellular H,O, measurements as indica-
tor of cellular stress. However, unlike extracellular H,O,

Fig. 14 Algae exposure to Cd**. Oxidative state coefficient ¢ versus time for: a 500 nM and b 100 nM exposure cycles. ¢, d Extracellular H,0,
concentration Cy,,0,. Intracellular ROS measured a fluorescence method for @ 500 and f 100 nM Cd?* exposures for identical cycles as in a and b.
Reprinted with permission from (Nanotoxicology 2016; 10: 1041-1050). Copyright (2016) Taylor & Francis
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concentrations, intracellular levels remain stable in the
100 nM exposure, suggesting an efficient ROS/AOX regula-
tion through the cell walls.

Conclusions and outlook

This review paper provides a short overview on nano-
particle toxicity for aquatic microorganisms based
on the paradigm of oxidative stress and highlights the
recent developments of an optical biosensor based on
absorption measurements of cyt ¢ for the sensitive,
non-invasive and continuous measurement of H,O,.
The use of this new tool for studying the pro-oxidant
effects of ENMs to aquatic microorganisms was dem-
onstrated by exposing the representative aquatic micro-
organism C. reinhardtii to nano-CuO and nano-TiO, in
various exposure media and under different light treat-
ments. Sensitive continuous measurements of extracel-
lular H,0, provided valuable information on both the
potency of the studied nano-CuO and nano-TiO, to
generate ROS as well as on the mechanisms of toxicity.
The results were in good agreement with the oxidative
stress and membrane damage results obtained under
the same conditions using a combination of fluorescent
staining with flow cytometry. The developed biosensor
allows rapid measurement of the rate and amount of
H,0, measured in the extracellular medium in response
to cell exposure to ENMs. Hence, detailed knowledge
of the dynamics of H,0, excretion can provide valuable
insights into complex biological responses. The devel-
opment of the portable setup and the multi-layered
microfluidic chip with an integrated optical sensor for
the continuous sensitive detection of extracellular H,O,
opens novel avenues for new types of exposure experi-
ments, leading to a better understanding of ROS biology
as well as to numerous opportunities for nanoecotoxi-
cological studies. Developing and employing new sens-
ing tools and methods enables conducting experiments
under more realistic conditions such as environmental
relevant concentrations, aged nanomaterials and simul-
taneous exposure to various stressors. Furthermore,
studying the dynamics of cellular metabolites leads to
new insights in the extremely complex adverse outcome
pathways.
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Abstract

Background: Nanomedicine offers a promising tool for therapies of brain diseases, but potential effects on neu-
ronal health and neuronal differentiation need to be investigated to assess potential risks. The aim of this study was
to investigate effects of silica-indocyanine green/poly (e-caprolactone) nanoparticles (PCL-NPs) engineered for laser
tissue soldering in the brain before and during differentiation of SH-SY5Y cells. Considering adaptations in mitochon-
drial homeostasis during neuronal differentiation, metabolic effects of PCL-NP exposure before and during neuronal
differentiation were studied. In addition, kinases of the PI3 kinase (PI3-K/Akt) and the MAP kinase (MAP-K/ERK) path-
ways related to neuronal differentiation and mitochondrial function were investigated.

Results: Differentiation resulted in a decrease in the cellular respiration rate and the extracellular acidification rate
(ECAR). PCL-NP exposure impaired mitochondrial function depending on the time of exposure. The cellular respiration
rate was significantly reduced compared to differentiated controls when PCL-NPs were given before differentiation.
The shift in ECAR was less pronounced in PCL-NP exposure during differentiation. Differentiation and PCL-NP expo-
sure had no effect on expression levels and the enzymatic activity of respiratory chain complexes. The activity of the
glycolytic enzyme phosphofructokinase was significantly reduced after differentiation with the effect being more pro-
nounced after PCL-NP exposure before differentiation. The increase in mitochondrial membrane potential observed
after differentiation was not found in SH-SY5Y cells exposed to PCL-NPs before differentiation. The cellular adenosine
triphosphate (ATP) production significantly dropped during differentiation, and this effect was independent of the
PCL-NP exposure. Differentiation and nanoparticle exposure had no effect on superoxide levels at the endpoint of
the experiments. A slight decrease in the expression of the neuronal differentiation markers was found after PCL-NP
exposure, but no morphological variation was observed.

Conclusions: PCL-NP exposure affects mitochondrial function depending on the time of exposure before and during
neuronal differentiation. PCL-NP exposure during differentiation was associated with impaired mitochondrial func-
tion, which may affect differentiation. Considering the importance of adaptations in cellular respiration for neuronal
differentiation and function, further studies are needed to unravel the underlying mechanisms and consequences to
assess the possible risks including neurodegeneration.
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Background

Nanomedicine offers promising possibilities for therapy
of brain diseases as drug carriers, in tumor destruction
and laser tissue soldering. In the latter application, silica
nanoparticles embedded with bovine serum albumin in
a biodegradable implant can be used for treatment of
aneurysms in the brain [1, 2]. Despite several advantages
compared to the conventional technique of suturing
including speed, immediate water tightness, reduced tis-
sue trauma, and faster wound healing, the nanoparticles
may cause potential adverse effects once released from
the biodegradable scaffold.

In previous studies, nanoparticle uptake and the under-
lying mechanisms and effects of these silica nanoparticles
were studied in microglial cells, primary hippocampal
cultures, neuron-like cells (SH-SY5Y) and organotypic
brain slices [3—5]. Nanoparticle exposure did not result
in increased cytotoxicity and apoptosis in microglial and
neuron-like cell lines even though a transient depletion
of glutathione was found indicating reactive oxygen spe-
cies (ROS) formation [3]. Moreover, nanoparticles were
demonstrated to be taken up by microglial cells in a
time- and particle-dependent manner [4]; the uptake in
primary hippocampal cultures was time- and concentra-
tion-dependent [5]. For all brain cells analyzed, no modu-
lation of inflammatory cytokine secretion and autophagy
was observed [4, 5], but neuronal differentiation markers
including mitogen-activated protein kinase/extracellular
signal-related kinase (MAP-K/ERK) 1/2 and phosphati-
dyl-inositol 3-kinase/serine/threonine specific protein
kinase (PI3-K/Akt) kinases were shown to be downregu-
lated after nanoparticle exposure [5].

Mitochondrial dynamics, trafficking, turnover, and bio-
genesis play key roles in regulating the functional health
of neurons. Mitochondria do not only support the energy
demands of neuronal electrophysiology, but also medi-
ate calcium homeostasis, integration of cell death/sur-
vival signals, and fatty acid metabolism [6]. The limited
glycolytic potential and uncontrolled mitophagy were
demonstrated to be linked to neurodegeneration with
the protein kinases ERK1/2 and PTEN-induced kinase 1
(PINK1) being involved [6]. Not surprisingly, perturba-
tions in mitochondrial function have long been centrally
implicated in the pathogenesis of Parkinson’s disease [7,
8].

Mitochondria play an important role in cell metabo-
lism during neuronal differentiation because this pro-
cess requires metabolic adaptations [9], and the PI3-K/
AKT and ERK pathways were reported to be required
for the differentiation of retinoic acid (RA)—induced
neuroblastoma cell differentiation [10]. MAP-K/ERK 1/2
was reported to be important for regulating mitochon-
drial function [11-13] as well as PI3-K/Akt/mechanistic
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target of rapamycin (mTOR) being a regulator in glucose
metabolism during neuronal differentiation [14]. Phos-
phorylation of c-Jun N-terminal kinase (JNK), ERK and
p38 mitogen-activated kinase (p38) were found in pri-
mary astrocytes after exposure to zinc oxide (ZnO) nano-
particles [15]. Silver nanoparticles have demonstrated to
induce impairment of mitochondrial oxidative phospho-
rylation [16] and exposure to titanium dioxide (TiO,)
nanoparticles significantly impaired mitochondrial func-
tion in a concentration- and time-dependent manner in
astrocytes [17]. Silica nanoparticles effectively inhibited
vascular endothelial growth factor (VEGF)—induced
angiogenesis in vitro and ERK 1/2 activation [18].

Unlike other cells, neurons show limited glycolytic
potential, and both insufficient and excessive mitophagy
have been linked to neurodegeneration. Mitochondrial
dynamics is important for neurogenesis and neuronal dif-
ferentiation [9, 19].

An increase in glucose metabolism was demonstrated
during neuronal differentiation with PI3K/Akt/mTOR
signaling being a critical regulator in neuronal energy
metabolism [14]. Activated MAP-Ks were shown to
phosphorylate various transcription factors resulting in
regulation of cell proliferation, differentiation, inflam-
matory responses, oxidative stress caused by ROS and
apoptosis [20]. Kinases have been demonstrated to be
involved in neurite elongation (PI3-K/Akt), neuronal sur-
vival and in synaptic plasticity (MAP-K/ERK) of neurons
[21, 22]. Activation of kinases such as Akt and ERK and
an increase in neuronal differentiation was shown after
exposure of SH-SY5Y cells to silver nanoparticles [23].

Given the importance of mitochondrial function in
neuronal health, an interaction with nanoparticles may
have detrimental consequences. Our aims were to inves-
tigate the effects of poly-(e-caprolactone) (PCL) silica
nanoparticles on the respiratory capacity of differentiat-
ing SH-SY5Y cells and to analyze the effect of nanopar-
ticle exposure on the expression and the activation of the
protein kinases Akt and MAP-K before and during neu-
ronal differentiation.

Methods

Cell culture

SH-SY5Y cells were obtained from ATCC (Manassas, VA,
USA), and culturing as well as differentiation was done
with some adaptations as previously described [5]. Briefly,
at day in vitro (DIV) 0, SH-SY5Y cells were seeded at a den-
sity of 1 x 10 cells per T75 for Western samples, 8 x 10*
cells per well in 24-well plates (Techno Plastic Products
AG (TPP) Trasadingen, Switzerland) and maintained
at non-differentiated state for 24 h in Dulbecco’s Modi-
fied Eagle Medium (DMEM) GlutaMAX"™ medium (Life
Technologies, UK) sodium pyruvate [1 mM], L-glutamine
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[2 mM], penicillin/streptomycin ([1 unit/ml], Life Tech-
nologies, UK) at 37 °C in an atmosphere of 5% CO,.

For the first 3 days of differentiation, cells were exposed
to the same medium with a reduced FBS concentration
(5%) and supplemented with retinoic acid [10 uM] (RA,
Sigma, St Louis, USA). For the last 3 days, SH-SY5Y
cells were grown in DMEM with only 1% FBS with RA
[10 uM]. PCL-NP exposure was performed before dif-
ferentiation (NP DIFF) or during differentiation (DIFF
NP DIFF) on DIV1 or DIV4, respectively. The cells were
exposed to PCL-NPs in the same medium supplemented
with 1% FBS for 24 h.

Nanoparticle exposure

Nanoparticle synthesis and characterization as well as
the chemical and physical properties of the PCL-NPs
have been described previously [3, 4, 24]. Briefly, a core
shell nanoparticle system was developed consisting of
a defined silica-core of 80 nm with a hydrophobic PCL
coating acting as carrier system for ICG. The ICG dye was
used as an absorbing dye for the laser-soldering proce-
dure. These nanoparticles incorporating rhodamine dye
in the silica-core (silica-RITC)-PCL were used to study
their uptake into cells. The designed nanoparticles were
characterized by scanning electron microscopy, infrared
spectroscopy, dynamic light scattering, thermogravimet-
ric analysis, fluorescence measurements, and two-photon
microscopy. Size, shape, ICG concentrations, zeta poten-
tial (—25.4 mV), surface charge, surface chemistry and
photo stability were evaluated and published previously
[24]. A stock solution of [2.6 x 10" PCL-NPs/ml] was
prepared using 0.0025% DMSO (Sigma, USA) in Dulbec-
co’s phosphate buffered saline (DPBS, Gibco, Life Tech-
nologies, UK). The stock solution was sonicated three
times for 5 min with cooling steps in between to enable
homogeneous nanoparticle suspension just before treat-
ment of the cells. The final concentration of PCL-NPs
[2.6 x 10'° PCL-NPs/ml] used for all experiments was
obtained by dilution of the stock with culture medium
containing 1% FBS as previously reported [4, 5].

Microplate-based respirometry

The mitochondrial oxygen consumption rate (OCR),
which is a key metric of aerobic mitochondrial function,
and the extracellular acidification rate (ECAR), which
approximates glycolytic activity, were analyzed simulta-
neously using a standard mitochondrial stress test para-
digm on the Seahorse Bioscience XF-24 analyzer (Agilent
Technologies, CA, USA). Cells were assayed at DIV8 for
OCR and ECAR measurements following the manufac-
turer’s instructions (Agilent Technologies, CA, USA).
For each group, five independent experiments were per-
formed with five samples per experiment.
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Before analysis, cells were washed three times with
unbuffered assay media [DMEM (Sigma, Switzerland)
diluted in water without phenol red supplemented
with Glutamax (1X), sodium pyruvate [1 mM] and
glutamine [2 mM], penicillin-streptomycin cocktail
(1X) (Life Technologies, UK)] and incubated 1 h in a
CO,-free incubator at 37 °C. After the initial measure-
ment of basal OCR and ECAR, sequential exposures
to modulators of mitochondrial activity were injected
in the microtiter plate. First, the inhibitor of ATP syn-
thase oligomycin [1 uM] was added to determine leak
respiration induced through passive proton leakage
across the mitochondrial inner membrane. Next, the
uncoupler of mitochondrial oxidative phosphorylation
carbonyl cyanide-4-(trifuoromethoxy) phenylhydra-
zone (FCCP, [0.125 uM]) was added to assess maximally
stimulated uncoupled respiration. Finally, the complex
(C)III inhibitor, antimycin A [1 pM] together with CI
inhibitor rotenone [1 puM], an inhibitor of mitochon-
drial NADH dehydrogenase, were added to determine
extramitochondrial respiration. Optimal concentrations
of oligomycin, FCCP, antimycin A and rotenone were
determined before. Basal respiration or acidification was
calculated using the mean of the four OCR or ECAR
measurements before the first injection. Leak respiration
and maximal respiration were calculated as the mean
of three OCR measurement cycles after oligomycin or
FCCP injection, respectively. Maximal acidification
was calculated as the mean of three ECAR measure-
ment cycles after oligomycin injection. OCR data were
corrected for non-mitochondrial oxygen consumption
under rotenone and antimycin A. After each experi-
ment, cell numbers in each well were measured using
the CyQUANT kit (Molecular Probes, OR, USA). OCR
(pmol/min) and ECAR (mpH/min) values were normal-
ized to corresponding cell numbers.

Enzymatic activities of respiratory chain complexes
SH-SY5Y cells were cultured as described above and har-
vested on DIV8. Briefly, cells were washed twice in cold
HBSS, scraped and centrifuged at 4 °C at 2000 rpm for
5 min. Dried cell pellets were then frozen at —80 °C until
used. For respiratory chain enzyme activity measure-
ments, cells were mechanically homogenized and soni-
cated in buffer containing [25 mM] potassium phosphate
(pH 7.2), [5 mM] MgCl,, and [2.5 mg/ml] BSA. Activity
measurements of reduced nicotinamide adenine dinu-
cleotide (NADH) coenzyme Q reductase complex (C)
I, succinate dehydrogenase (CII), ubiquinol-cytochrome
¢ reductase (CIII), cytochrome c oxidase (CIV), Mg-
ATPase (CV), and citrate synthase were determined
separately by spectrophotometry as previously described
[25].
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Phosphofructokinase activity (PFK)

Phosphofructokinase = measurements  were  done
according to the manufacturer’s datasheet (Phospho-
fructokinase Activity Colorimetric Assay Kit, Sigma,
Switzerland). SH-SY5Y cells were seeded in T25 flasks
(Techno Plastic Products AG (TPP), Trasadingen, Swit-
zerland) at a density of 3 x 10° cells per flask and treated
as previously described above. Briefly, the protein was
extracted by scraping off cells in 1 mL HBSS and centri-
fuged at 13.200xg for 10 min. The buffer was removed
and the pellet was dissolved in 200 pL cold PFK assay
buffer and centrifuged at 13.200xg for 10 min. The pel-
let was solubilized in 60 pL cold PFK buffer and 50 pL
were transferred to a 96- well plate and a master mix
consisting of PFK Assay Buffer, PFK Enzyme Mix, PFK
Developer, ATP and PFK substrate was added. The
absorbance (450 nm) was measured using a Synergy H1
multi-mode reader. The data were compared with the
NADH standard curve ranging from [2 to 10 nmol]/well
and values were normalized to 1 mg protein. The protein
amount of each sample was determined with Pierce
660 nm Protein Assay Reagent (Thermo Fisher Scientific,
Switzerland).

Mitochondrial membrane potential

The mitochondrial membrane potential (AY,) was
determined using tetramethylrhodamine methyl ester
(TMRM, Invitrogen, Thermo Fisher Scientific, Swit-
zerland), a lipophilic cationic fluorescent probe which
accumulates within mitochondria depending on their
AY,. The measurements were performed according
to the supplier’s instructions. SH-SY5Y cells were cul-
tured as described above. Briefly, the provided Image-iT
TMRM Reagent and TMRM were diluted to [100 nM]
in 1% FBS/DMEM medium. At DIVS, the medium was
replaced with the staining solution for 30 min at 37 °C.
Successively, the cells were washed twice with HBSS and
the signal was measured at an emission of 488 nm and
an extinction of 570 nm with a Synergy H1 multi-mode
reader. Consequently, the protein amount of each sample
was determined with OPA as described. The values were
normalized to 1 mg protein.

Cellular ATP levels

The amount of intracellular ATP was determined with
the CellTiter-Glo® Luminescent Cell Viability Assay (Pro-
mega AG, Switzerland). SH-SY5Y cells were seeded in a
96-well plate at a density of 3.5 x 10* cells and cultured
as described above. The measurements were performed
according to the supplier’s datasheet. Shortly, the CellTi-
ter-Glo substrate was reconstituted in the CellTiter-Glo
buffer and equilibrated to room temperature. Prior to
the measurement (30 min) the plate was equilibrated
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to room temperature. The staining solution was added,
mixed with an orbital shaker for 2 min and incubated in
the dark for 10 min to stabilize the signal. Following, the
luminescence was measured with a Synergy H1 multi-
mode reader with an integration time of 1 s. Finally, the
protein amount of each sample was determined with
OPA as described before. The values were normalized to
1 mg protein.

Superoxide measurements

Mitochondrial superoxide was measured with the Mito-
SOX"™ Red mitochondrial superoxide indicator for live
cell imagining (Molecular Probes, Thermo Fisher Sci-
entific, Switzerland). SH-SY5Y cells were seeded in a
96-well plate (Huberlab, Switzerland) at a density of
3.5 x 10* cells and cultured as described above. The
measurements were done according to the supplier’s
datasheet. Briefly, a [5 mM] stock solution of the pro-
vided MitoSOX reagent was prepared in DMSO and the
stock solution was further diluted to a [5 uM] working
solution in Hank’s balanced salt solution with calcium
and magnesium (HBSS, Sigma, Switzerland). At DIVS,
non-differentiated, differentiated as well as nanoparticle-
treated SH-SY5Y cells were incubated with [5 pM] Mito-
SOX working solution at 37 °C for 50 min after the cells
were washed with HBSS. Fluorescence measurements
were performed immediately at an emission of 510 nm
and excitation of 580 nm with a Synergy H1 multi-mode
reader (BioTek, Switzerland). Subsequently, the protein
amount of each sample was determined using Fluoral-
dehyde™ o-phthaldialdehyde reagent solution (OPA,
Thermo Fisher Scientific, Switzerland) at an emission of
360 nm and an excitation of 460 nm. The results of the
MitoSOX Assay were normalized to 1 mg protein.

Protein expression of differentiation markers and OXPHOS

enzymes

SH-SY5Y cells were cultured as described above. On
DIV7, protein extraction was performed and the samples
were analyzed by Western Blot as described previously
[5]. Briefly, SH-SY5Y cells were lysed in protein lysis
buffer containing phosphatase (Sigma, Switzerland) and
protease (Thermo ScientificTM, IL, Switzerland) cocktail
inhibitors. The lysed cell suspension was incubated on
ice for 15 min, sonicated for 10 s and finally centrifuged
at high speed for 10 min at 4 °C. The protein content of
the supernatant was quantified using the Pierce protein
assay reagent (Bio-Rad Laboratories, CA, USA); 10 pg
of protein from each test sample were loaded and subse-
quently separated on 12% SDS-PAGE before the protein
was transferred onto PVDF membrane (Sigma, USA)
at 0.25 A for 1.5 h (PI3- and ERK-kinases, OXPHOS)
or nitrocellulose membrane (Bio-Rad, Switzerland) at
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0.35 A for 2 h (MAP-2) membranes. Blocking for 2 h in
PBS 0.2% Tween, 5% milk was performed at room tem-
perature. Subsequently, the primary antibodies, rab-
bit anti-phospho-Akt (1:1000), rabbit anti-Akt (1:1000),
mouse anti-phospho-pMAP-K (ERK1/2) (1:2000), mouse
anti-pMAP-K (ERK1/2) (1:2000) all from Cell Signaling
Technology (MA, USA); mouse anti-MAP-2 (1:500) and
the monoclonal mouse antibody anti-B-actin (1:10,000)
both from Sigma (MO, USA); mouse anti-OXPHOS
cocktail (1:1000) from Abcam (UK) were added for
overnight incubation at 4 °C. The secondary antibodies,
donkey-anti-rabbit and donkey-anti-mouse horseradish
peroxidase (Thermo ScientificTM, IL, USA) were applied
accordingly at 1:10,000—1:20,000 for 2 h at room temper-
ature. Chemiluminescent substrate (Advansta Western
Bright Sirius Chemiluminescent, Witec, Switzerland) was
used and chemiluminescence was detected using a lumi-
nescent image analyzer (LAS-3000 Imaging System from
Fuji, Japan). Blot quantification was performed using
Image] analysis (NIH, Bethesda, USA) measuring the
ratio between the intensity of the obtained band of a spe-
cific marker versus the corresponding band of actin using
arbitrary units.

Neuronal differentiation

Immunofluorescence staining was performed at the end
of the culture period as previously described [5]. Briefly,
cultures were fixed with 4% paraformaldehyde, blocking
was performed with 10% normal horse serum in 0.4%
Triton-X PBS before the primary antibody mouse anti-[3-
3-tubulin (1:500) (Sigma, Switzerland) was applied over-
night at 4 °C in 0.4% Triton-X PBS. Finally, the secondary
antibody [Alexa Fluor donkey anti-mouse 488 nm, Alexa
Fluor anti-goat 488 nm (1:250) (Molecular Probes,
Thermo Fisher Scientific, Switzerland)] was applied.
Cell nuclei were counterstained using Hoechst 333,342
(1:10,000) (Molecular Probes, Thermo Fisher Scientific,
Switzerland). Images were performed using a Zeiss Axio
Imager Z1 coupled with an Apotome 1 (Carl Zeiss Vision
Swiss AG, Feldbach, Switzerland).

Statistical analysis

Three to five independent experiments were performed
for all parameters measured. Data at each stage were ana-
lyzed using a one-way ANOVA followed by Tukey’s mul-
tiple comparison to compare the means of all treatments
with the respective controls (GraphPad Software Inc., La
Jolla, USA). For the protein quantification, three to four
independent experiments were performed in duplicates
for all analyses. A one-way ANOVA followed by the Dun-
nett’s test was used for group comparisons. Data are pre-
sented as mean =+ standard error of the mean (SEM). p
values <0.05 were considered significant.
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Results

Oxygen consumption rate and extracellular acidification
rate

To evaluate whether PCL-NP exposure before and dur-
ing differentiation affected mitochondrial function, the
oxygen consumption rate (OCR) and the extracellular
acidification rate (ECAR) were analyzed in differentiated
and undifferentiated SH-SY5Y cells. As shown in Fig. 1,
the differentiation process led to a significant reduction
(26.2%, p < 0.05) of basal OCR and a significant reduc-
tion (36.8%, p < 0.0001) of maximal respiration in SH-
SY5Y cells when compared to undifferentiated control.
PCL-NP exposure starting before differentiation was
associated with a significantly decreased basal OCR
compared to undifferentiated controls as well as differ-
entiated controls (50.9 and 24.7%, respectively) as shown
in Fig. 1b. Leak respiration was decreased compared to
undifferentiated controls and differentiated controls,
whereas maximal respiration was approximately the

Fig. 1 The oxygen consumption rate (OCR) was measured using

a Seahorse Biosciences XF24 Analyser in SH-SY5Y neuroblastoma
cells exposed to PCL-NPs for 24 h before differentiation (NP DIFF)

or during differentiation (DIFF NP DIFF) on day in vitro (DIV) 1 and
DIV4, respectively. Untreated SH-SY5Y cells, either non-differentiated
(CO UNDIFF) or differentiated for 6 days (CO DIFF), were analyzed in
parallel (a, b). SH-SY5Y cells were exposed sequentially to each mito-
chondrial modulator of mitochondrial activity (oligomycin = Oligo,
FCCP and rotenone/antimycin A = Rot, AntiA). The mean % SEM of
the mitochondrial stress test on OCR are depicted over time (a). A
quantitative analysis of the data is depicted in (b). Values represent
the mean + SEM; n = 5 replicates of five independent experiments.
*p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001
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same as in differentiated control cells, but lower com-  during differentiation was significantly lower compared
pared to undifferentiated control cells. to undifferentiated SH-SY5Y control cells with p < 0.01

The PCL-NP exposure initiated on the third day of dif- and p < 0.05, respectively (Fig. 2b). No difference was
ferentiation resulted in a non-significant decrease (3.25%) found between differentiated SH-SY5Y cells devoid of
in OCR as compared to undifferentiated controls, but a  nanoparticles and PCL-NP exposed cells.
significant increase of 22.9% when compared to differen- The inhibition of ATP synthesis initiated by oligomycin
tiated controls (p < 0.05) (Fig. 1b). Leak respiration and  resulted in an increase in ECAR in all four groups due
maximal respiratory capacity were significantly lower to the inhibition of mitochondrial ATPase with a similar
compared to undifferentiated controls, but significantly  pattern for maximal acidification. The increase was 1.8-
higher compared to differentiated control cells (Fig. 1b). fold in undifferentiated cells and twofold in differentiated

The maximal respiratory capacity for SH-SY5Y cells  cells (p < 0.01) as shown in Fig. 2.
exposed to PCL-NPs started during differentiation was The cellular metabolic phenotypes are summarized
significantly lower compared to undifferentiated controls  in Fig. 2c. Whereas undifferentiated SH-SY5Y cells are
(p < 0.01), but significantly higher compared to differen-  characterized by a high cellular OCR and ECAR, dif-
tiated control cells (p < 0.01) (Fig. 1b). ferentiation process leads to a shift to lower OCR and

Under basal conditions, the ECAR was significantly =~ ECAR levels. Exposures to nanoparticles before and dur-
decreased (41.4%) in differentiated cells compared to ing neuronal differentiation induce significant changes
undifferentiated cells (p < 0.001) as illustrated in Fig. 2a, in the described shift in energy metabolism (OCR and
b. The ECAR in cells exposed to PCL-NPs before and ECAR).

Fig. 2 The extracellular acidification rate (ECAR) was measured using a Seahorse Biosciences XF24 Analyser. The bioenergetic activity was analyzed
in SH-SY5Y neuroblastoma cells exposed to PCL-NPs for 24 h before differentiation (NP DIFF) or during differentiation (DIFF NP DIFF) on day in vitro
(DIV) 1 and DIV4, respectively. Untreated SH-SY5Y cells, either non-differentiated (CO UNDIFF) or differentiated for 6 days (CO DIFF), were analyzed in
parallel (a, b). SH-SY5Y cells were exposed sequentially to each mitochondrial modulator of mitochondrial activity (oligomycin, FCCP and rotenone/
actinomycin A). The mean =+ SEM of the mitochondrial stress test on ECAR are depicted over time (a). A quantitative analysis of the data is depicted
in (b). Values represent the mean + SEM; n = 5 replicates of five independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001. The
energy phenotype is depicted by ECAR on the x axis and the mitochondrial respiration is represented by the oxygen consumption rate (OCR) on
the y axis. Bioenergetic profiling of SH-SY5Y cells (OCR versus ECAR) revealed decreased metabolic activity after exposure to PCL-NPs. Values repre-
sent the raw mean =+ SEM of each group (mean of the ECAR in abscissa/mean of the OCR in ordinate) (c)
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Expression and activity of mitochondrial respiratory chain
enzymes

In order to gain more information about the mechanism
of the observed decrease in OCR measurements, Western
blot analyses of subunits of each enzyme complex were
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performed and enzymatic activities of all five respira-
tory chain complexes were quantified. As shown in Fig. 3,
the protein content of selected subunits of enzyme com-
plexes I to V of the respiratory chain revealed no signifi-
cant change after PCL-NP exposure when compared to

Fig. 3 Oxidative phosphorylation enzymes (OXPHOS) were analyzed to evaluate expression of mitochondrial chain complexes | to V in SH-SY5Y
cells exposed to PCL-NPs ([2.6 x 10'° PCL-NPs/ml]) for 24 h before (DIV1, NP DIFF) or after (DIV4, DIFF NP DIFF) differentiation with retinoic acid.
Untreated controls, undifferentiated SH-SY5Y cells (CO UNDIFF) and differentiated SH-SY5Y cells (CO DIFF) were performed in parallel. The following
complexes or subunits of the complexes were analyzed: Accessory subunit of the mitochondrial membrane respiratory chain NADH dehydroge-
nase complex (O)I (CI-NDUFB8); iron-sulfur protein (IP) subunit of succinate dehydrogenase involved in ClI (ClI-SDHB); component of the ubiquinol-
cytochrome c reductase of ClII (ClII-UQCRC2); catalytic subunit of cytochrome c oxidase of CIV (CIV- MTCO1), and mitochondrial membrane ATP
synthase (F(1)F(0) ATP synthase) or CV (CV-ATP5A). Representative Western blots are shown in (a). The histograms represent the ratio of each com-
plex normalized to the corresponding actin (loading control) band Cl (b), ClI (c), ClI (d), CIV (e) and CV (f). Respective protein levels were assessed
using digital quantification of immunoblots, and they are presented as relative intensity compared to total protein. The analysis was done using
Imagel. Values are expressed with arbitrary units. Error bars represent the mean + SEM
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undifferentiated or differentiated control cells. In accord-
ance, activity measurements of complexes I-V showed no
significant variation (Table 1) independent of the cell dif-
ferentiation and the nanoparticle exposure time.

Phosphofructokinase activity

Phosphofructokinase (PFK) activity in SH-SY5Y cells was
found significantly decreased in differentiated controls
in comparison to undifferentiated controls (p < 0.05)
(Fig. 4a). In contrast to nanoparticle exposure during dif-
ferentiation, nanoparticle exposure before differentiation,
led to a significant decrease in PFK activity when com-
pared to differentiated controls (p < 0.0001). PFK activity
was also found to be significantly reduced in nanoparticle
treated cells compared to undifferentiated control cells
with the effect being more pronounced for nanoparticles
applied before differentiation (Fig. 4a).

Mitochondrial membrane potential (AY,,), intracellular ATP
and superoxide production

Mitochondrial membrane potential is a key indicator of
the integrity of the membrane. As shown in Fig. 4b, dif-
ferentiation of SH-SY5Y cells led to a significant increase
in AY,, compared to undifferentiated control cells
(p < 0.05) as well as nanoparticle exposure during differ-
entiation. In contrast, exposure to PCL-NPs before differ-
entiation resulted in a significant reduction in AW, when
compared to differentiated controls (p < 0.0001) and to
undifferentiated controls (p < 0.01) (Fig. 4b).

As illustrated in Fig. 4c, significant differences in ATP
production on DIV8 were observed between undiffer-
entiated controls and differentiated controls (p < 0.001)
and cells exposed to nanoparticles before differentiation
(p < 0.01) and during differentiation (p < 0.001).

No significant variation in superoxide production was
found when PCL-NP exposed groups and controls were
compared (Fig. 5).

Effect of NP exposure on neuronal differentiation markers

Kinases have been demonstrated to be involved in neu-
rite elongation (PI3-K/Akt) and in synaptic plasticity

Table 1 Enzymatic activities of respiratory chain complexes
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(MAP-K/ERK) of neurons. Therefore, we investigated
the effect of PCL-NP exposure on the expression of these
kinases. A significant upregulation of the phosphorylated
kinases Akt (P-Akt) (p < 0.001) and MAP-K (P-p42/44-
MAP-K) (p < 0.05) was found in differentiated cells
compared to undifferentiated SH-SY5Y cells as shown
in Fig. 6a—e. PCL-NP exposure for 24 h before differen-
tiation and during differentiation resulted in a significant
upregulation of phosphorylated-Akt (P-Akt) (p < 0.01)
of the same magnitude when compared to undifferenti-
ated control SH-SY5Y cells on DIV6 (Fig. 6b). No differ-
ence between PCL-NP treated cells and differentiated
control cells was found. Likewise, a decrease in both,
P-p42-MAP-K and P-p44-MAP-K was seen in both PCL-
NP exposed conditions in SH-SY5Y cells when compared
to differentiated control cells. However, this effect was
not statistically significant (Fig. 6d, e).

Differentiated SH-SY5Y cells showed a significant
increase in the differentiation marker MAP-2 (p < 0.05)
(Fig. 6f, g). Exposure to PCL-NPs before and during the
differentiation resulted in a significant upregulation of
this marker when compared to undifferentiated control
cells (p < 0.001 and p < 0.01, respectively) as illustrated
in Fig. 6g. The upregulation of MAP-2 after PCL-NP
exposure was higher compared to differentiated controls,
but the effect was not statistically significant.

Neuronal differentiation was analyzed using [-3-
tubulin-staining and differentiated cells displayed typi-
cal neuronal morphology (Fig. 7). Neurite outgrowth was
observed when undifferentiated control cells (Fig. 7a) and
differentiated controls (Fig. 7b) were compared. Nano-
particle exposure (Fig. 7c, d) did not result in obvious
cellular morphological differences when compared to dif-
ferentiated control cells.

Discussion

A limited glycolytic potential has been linked to neuro-
degeneration and mitochondrial dynamics are important
for neurodegeneration [9]. In contrast to astrocytes, neu-
rons were reported to exhibit lower levels of glycolysis
[26].

Experimental group Citrate synthase activity Enzymatic complex activities (mU/mU citrate synthase)
(mU/mg protein)
cl Cll (@] Clv cv
CO DIFF 1M +7 0.1 £0.01 0.15 £ 001 0.13 £ 001 0.18+£0.01 039+ 0.03
DIFF NP DIFF 131£8 0.07 £ 0.01 0.14 £ 0.01 0.14 £ 0.01 0.13 £ 0.01 035+£003
NP DIFF 127+£9 0.08 £ 0.01 0.16 £ 0.02 0.14 £ 0.01 0.15+0.01 0.37 £0.05
CO UNDIFF 118£12 0.08 £ 0.01 0.14 £ 0.01 0.18 £ 0.02 0.13 £ 0.03 0.40 £ 0.04

Enzymatic activities of respiratory chain complexes were measured on day in vitro 8 (DIV8) in undifferentiated control cells (CO UNDIFF), differentiated control cells
(CO DIFF) and PCL-NPs exposed cells before (NP DIFF) or during (DIFF NP DIFF) differentiation. Values were estimated by the difference in activity levels measured in
presence and absence of specific inhibitors; values are expressed as ratios to the mitochondrial marker enzyme citrate synthase (mU/mU citrate synthase) & S.E.M
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Fig. 4 Phosphofructokinase (PFK) activity (a), mitochondrial mem-
brane potential (A¥,,) (b) and ATP production (c) were assessed in
SH-SY5Y cells undifferentiated controls (CO UNDIFF), differentiated
controls (CO DIFF) and exposed to PCL-NPs before (NP DIFF) or during
(DIFF NP DIFF) differentiation. The histograms represent values cal-
culated as percent of undifferentiated controls. Values are expressed
as milliunits/ml/mg protein for PKF activity (a), fluorescence intensity
unit (FIV)/mg protein for AY, | (b), as luminescence/mg protein for
ATP production (c). Error bars represent the mean + SEM. Significant
differences to undifferentiated and differentiated controls are labeled

with asterisks (*p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001)

Differentiation of SH-SY5Y cells resulted in changes
in the cellular metabolism. As expected, the OCR and
the intracellular ATP levels were decreased in differen-
tiated SH-SY5Y cells compared to undifferentiated cells
corroborating previous findings [27, 28]. Differenti-
ated SH-SY5Y cells were reported to exhibit an elevated
stimulation of mitochondrial respiration indicating an

163

Fig. 5 Superoxide production was measured at DIV8 in SH-SY5Y cells
exposed to PCL-NPs before (DIV1, NP DIFF) or during (DIV4, DIFF NP
DIFF) differentiation with RA. Untreated controls, undifferentiated
cells (CO UNDIFF) and differentiated cells (CO DIFF) were performed
in parallel. Values are expressed as fluorescent intensity units (FIU)/
mg protein; they are represented as percentage of undifferentiated
control. Error bars represent the mean + SEM

increased mitochondrial reserve capacity compared to
undifferentiated SH-SY5Y cells due to changes in mito-
chondrial metabolism [29, 30].

The basal OCR was significantly reduced after PCL-NP
exposure before differentiation compared to differenti-
ated cells, whereas an increase in OCR was measured
when PCL-NPs were added to the cells during differen-
tiation. Blockage or serious inhibition of the mitochon-
drial chain is detrimental for neuronal differentiation [31,
32]. ZnO nanoparticles were reported to induce apopto-
sis and decrease the mitochondrial membrane potential
in primary astrocytes indicating that mitochondria are
involved in ZnO nanoparticle-induced apoptosis. The
nanoparticle exposure resulted in phosphorylation of
c-Jun N-terminal kinase (JNK), ERK, and p38 mitogen
activated protein kinase (p38 MAP-K) [14]. Silver nano-
particles showed a decoupling effect on mitochondria
resulting in an impairment of mitochondrial oxidative
phosphorylation [16]. In agreement with the observed
increase in basal cellular respiration in PCL-NPs expo-
sure during differentiation, TiO, nanoparticles increased
the basal cellular respiration in human keratinocytes in a
concentration-dependent manner [33].

In undifferentiated and differentiated SH-SY5Y con-
trol cells, a decrease in OCR occurred after the addition
of the inhibitor of ATP synthase, oligomycin, with the
drop being more pronounced in differentiated controls
indicating that the mitochondrial oxygen consumption
used for ATP synthesis increases during cellular differ-
entiation. The observed increase in mitochondrial mem-
brane potential in differentiated SH-SY5Y cells compared
to undifferentiated cells has been described before [29].
The increase in membrane potential was also found after
nanoparticle exposure during differentiation, whereas
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K0 < 0,001)

Fig. 6 Markers of the PI3 kinase pathways (PI13-K/Akt), MAP kinase (MAP-K/ERK), and of mature neurons (MAP-2) were used to evaluate neuronal
differentiation in SH-SY5Y cells exposed to PCL-NPs ([2.6 x 10'% PCL-NPs/ml) for 24 h before (DIV1, NP DIFF) or during (DIV4, DIFF NP DIFF) dif-
ferentiation with retinoic acid added until DIV7. Untreated controls, undifferentiated SH-SY5Y cells (CO UNDIFF) and differentiated SH-SY5Y cells
(CO DIFF) were performed in parallel. Representative Western blots are shown in (@, ¢, f). The histograms represent the ratio of phosphorylated Akt
(P-Akt) (b) and phosphorylated p42/44-MAP-K (P-p42/44-MAP-K) (d, e) to Akt and p42/44-MAP-K. A histogram of the ratio MAP-2/actin is shown in
(g). The actin signal was used as loading control. Respective protein levels were assessed using digital quantification of immunoblots, and they are
presented as relative intensity compared to total protein. The analysis was done using ImageJ. Values are expressed with arbitrary units. Error bars
represent the mean + SEM. Significant differences to undifferentiated and differentiated controls are labeled with asterisks (*p < 0.05; **p < 0.01;

nanoparticle exposure before differentiation resulted
in a significant reduction of mitochondrial membrane
potential indicating an impairment of mitochondrial
metabolism. As the elevation in membrane potential has
been demonstrated to be accompanied with differentia-
tion [29], the nanoparticle exposure might impair differ-
entiation. Silica-oxide nanoparticles were reported to
reduce the membrane potential in hepatocytes [34], and
a decrease in membrane potential was also demonstrated
in human umbilical endothelial cells after exposure to
60 nm silica nanoparticles [35] corroborating our find-
ings. Production of ATP by oxidative phosphorylation
and especially dysfunction of this system has been related
to the generation of superoxide, and its scavenging is
accomplished by radical scavengers such as superoxide
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dismutase [6]. PCL-NPs exposure before differentiation
decreased basal OCR significantly more compared to
differentiated control cells. In contrast, PCL-NP expo-
sure during differentiation did not significantly change
ATP production compared to differentiated control
cells. Additional measurements showed that differen-
tiation induced a significant decrease in ATP levels, but
nanoparticle exposure had no effect on this parameter.
In addition, the expression and the activity of the mito-
chondrial chain complexes I to V was not affected by
nanoparticle exposure. In contrast, silica oxide nano-
particles were demonstrated to reduce the mitochon-
drial chain complexes I, III and IV in rat hepatocytes
[34]. The smaller size of these nanoparticles as well as
the different cell type may explain the different findings.
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Fig. 7 Representative microscopic images showing morphological features of SH-SY5Y cells, undifferentiated controls (a), differentiated controls

(b) and exposed to NPs before (c) or during differentiation (d). At the end of the differentiation (DIV8), cells were stained with the neuronal marker
B-3-tubulin (green), NPs appear in red (RITC labeling) and cell nuclei were counterstained with Hoechst (blue). The arrows depict neurites from dif-

ferentiated neurons. Magnification 400 x. Inserts demonstrate higher magnification of the square in the picture. Scale bars 10 um

Acute nanoparticle exposure might increase leak res-
piration if given to undifferentiated cells causing acute
stress. Hence, they are more vulnerable to mitochon-
drial uncoupling. In agreement with this hypothesis,
transient ROS production was found in undifferentiated
SH-SY5Y cells [3]. Superoxide production did not vary
between all groups in this study. Previously, an increase
in ROS production was found in undifferentiated cells
[3]. Silica nanoparticles were also reported to increase
superoxide levels in the corpus striatum of rats [36] and
inhibited superoxide dismutase in human endothelial
cells [35]. However, the physicochemical differences and/
or the different species or cell type may explain the vari-
able findings. It needs to be noted that distinct energy
metabolism profiles were found in pluripotent stem cells,
differentiated cells and cancer cells [37]. Recently, it was
demonstrated that changes in mitochondrial function
after Fe;O, nanoparticle exposure were less pronounced
in neuronal cells compared to astrocytes [38]. In the pre-
sent study, cells were differentiated and the superoxide
was measured after the differentiation period. Hence,
the discrepancy may be due to the differentiation of the
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cells and the time of the measurements. The production
of oxygen radicals by HeLa cells and human hepatocytes
after silica-quantum dots exposure was reported to reach
a plateau already 40 min after exposure [39]. An increase
in superoxide cannot be excluded in our study as it might
have occurred right after the nanoparticle exposure or
before the end of the differentiation period.

The uncoupled maximal respiration (OCR under
FCCP) was significantly higher in undifferentiated cells
compared to differentiated cells. PCL-NP exposure
before differentiation did not change maximal respira-
tion, whereas PCL-NP exposure during differentiation
significantly increased maximal respiration compared
to differentiated control cells. TiO, nanoparticle expo-
sure was demonstrated to change mitochondrial mem-
brane potential in rat primary hippocampal neurons
[40], induce neuronal dysfunction in primary astrocytes
[41], and decrease the activity of all mitochondrial res-
piratory chain complexes in brain tissue [42]. These
findings corroborate our data despite the different com-
position of nanoparticles. In contrast, TiO, nanoparti-
cles were reported to increase the OCR after rotenone
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in keratinocytes [33]. Different material, size and charge
of the nanoparticles and the difference in cell origin may
account for this difference.

Mitochondria play an important role in cell metabo-
lism during neuronal differentiation because neuronal
cell differentiation requires metabolic adaptations [9].
A lower glycolytic activity was found in differentiated
cells compared to undifferentiated cells, and PCL-NP
exposure, independent of the time of exposure, was not
significantly different from differentiated cells but sig-
nificantly reduced compared to undifferentiated controls.
Carbon monoxide supplementation was demonstrated
to promote metabolic changes occurring during neu-
ronal differentiation, namely, from glycolytic to oxida-
tive metabolism [9]. Measurements of the activity of
the key enzyme in glycolysis, PFK, showed a significant
reduction between differentiated control cells and undif-
ferentiated cells. PFK levels of cells exposed to PCL-NPs
during differentiation did not vary compared to differen-
tiated controls, but PFK levels were significantly reduced
in cells where nanoparticles were given before differen-
tiation. Cell differentiation was reported to be associ-
ated with metabolic changes and a metabolic shift from
glycolysis to oxidative phosphorylation during neuronal
differentiation has been demonstrated [19]. Moreover,
artificial constitutive expression of hexokinase and lactate
dehydrogenase was shown to result in cell death indicat-
ing that a decrease in glycolysis is essential for neuronal
differentiation [43]. Thus the observed reduction of PFK
activity in cells exposed to PCL-NPs before differentia-
tion may affect differentiation. In contrary, an increase in
glucose metabolism was found during neuronal differen-
tiation with PI3-K/Akt/mTOR signaling being a critical
regulator [14].

Neuronal differentiation

Kinases such as PI3-K/Akt and MAP-K/ERK are involved
in neurite elongation, neuronal survival and synap-
tic plasticity of neurons [10, 21-23], and MAP-K/ERK
was demonstrated to play a key role in mitochondrial
function [44]. Recent data demonstrate that prolifera-
tive neuronal stem cells have high ROS levels, which is
required for self-renewal and neurogenesis with under-
lying PI3-K/Akt signaling [45]. A significant increase
in the differentiation markers (PI3-K/Akt and MAP-K/
ERK) was found in differentiated SH-SY5Y compared to
undifferentiated cells indicating that these kinases are
involved in neuronal differentiation [46]. This finding is
corroborating previously published data [5] and other
studies also demonstrated that the PI3-K/Akt improved
neurite elongation in primary hippocampal and cortical
neurons [21, 22, 47]. However, PCL-NP exposure before
and during differentiation did not significantly change
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the expression of both kinases. In contrast, recently pub-
lished results demonstrated a significant reduction of the
differentiation markers used in this study, but neurite
outgrowth was not significantly altered by exposure to
PCL-NPs for 24 h before differentiation in SH-SY5Y cells
[5]. The disparate findings may be explained by the dif-
ferentiation protocol used in the current study as com-
pared to the previous work; namely, a moderate FBS
starvation during RA treatment. Starvation was only
initiated after DIV3 (1% FBS) and the cells were incu-
bated with 5% FBS for the first 3 days of differentiation.
The expression of the neuronal marker MAP-2 was sig-
nificantly increased in differentiated control cells and in
cells exposed to PCL-NPs either before or during dif-
ferentiation. Previously published data demonstrated a
significantly reduced expression of MAP-2 in SH-SY5Y
cells exposed to PCL-NP for 24 h before differentiation
supporting this hypothesis. However, the trend towards
a reduced expression of P13-K/Akt and MAP-K/ERK was
also found in the present study. In contrast to these find-
ings, an activation of the kinases Akt and ERK after expo-
sure to silver nanoparticles, enhanced neurite outgrowth,
an increase in MAP-2 and an increased ROS produc-
tion was reported [23]. ERK induction was found to be
involved in mitochondrial degradation in SH-SY5Y cells
used in an in vitro model for Parkinson disease with its
activity being important for microphagy [48, 49].

The size (30 vs. 80 nm) and the different material may
explain the disparate findings. Silica nanoparticles were
shown to cause oxidative stress in endothelial cells via
activation of the MAP-K/Nrf2 pathway and nuclear fac-
tor-kappaB signaling [50]. The same authors reported
that amorphous silica nanoparticles induced ROS pro-
duction mediated by MAP-K/Bcl-2 and PI3-K/Akt/
mTOR signaling in endothelial cells. In that study, phos-
phorylated ERK, PI3-K/Akt, and mTOR were signifi-
cantly decreased, whereas phosphorylated JNK and p38
MAP-K were increased after exposure to silica nanopar-
ticles [51]. Despite the different cell origin, in our study,
a decreased PI3-K/Akt and phosphorylated p42/44-
MAP-K was found after PCL-NP exposure before and
during differentiation in SH-SY5Y cells even though the
effect was not statistically significant. As reported pre-
viously, PCL-NP exposure increased ROS production
only transiently in SH-SY5Y cells [3]. Oxidative stress
was demonstrated to activate MAP-K pathways [20].
Silver nanoparticles were shown to result in an increase
in ROS and an activation of ERK and Akt supporting
neuronal differentiation in SH-SY5Y cells. This was also
demonstrated by an increased expression of the neuronal
differentiation marker MAP-2 [23]. This finding is in
agreement with our data, where PCL-NP exposure led to
slightly increased levels of MAP-2.
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Conclusions

PCL-NP exposure of SH-SY5Y cells affected mitochon-
drial function and the expression of differentiation mark-
ers in a time-dependent manner during differentiation.
Considering the importance of adaptations in cellular
respiration for neuronal differentiation and function,
further studies addressing the regulation and the func-
tional impact of PCL-NP exposure are needed to unravel
the underlying mechanisms and consequences to assess
the possible risks for using them in biomedical applica-
tions as impaired mitochondrial function may lead to
neurodegeneration.
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Background: LiCoO, is one of the most used cathode materials in Li-ion batteries. Its conventional synthesis requires
high temperature (>800 °C) and long heating time (>24 h) to obtain the micronscale rhombohedral layered high-
temperature phase of LiCoO, (HT-LCO). Nanoscale HT-LCO is of interest to improve the battery performance as the
lithium (LiT) ion pathway is expected to be shorter in nanoparticles as compared to micron sized ones. Since batteries
typically get recycled, the exposure to nanoparticles during this process needs to be evaluated.

Results: Several new single source precursors containing lithium (Li*) and cobalt (Co’*) ions, based on alkoxides
and aryloxides have been structurally characterized and were thermally transformed into nanoscale HT-LCO at 450 °C
within few hours. The size of the nanoparticles depends on the precursor, determining the electrochemical perfor-
mance. The Li-ion diffusion coefficients of our LiCoO, nanoparticles improved at least by a factor of 10 compared to
commercial one, while showing good reversibility upon charging and discharging. The hazard of occupational expo-
sure to nanoparticles during battery recycling was investigated with an in vitro multicellular lung model.

Conclusions: Our heterobimetallic single source precursors allow to dramatically reduce the production tem-
perature and time for HT-LCO. The obtained nanoparticles of LiCoO, have faster kinetics for LiT insertion/extraction
compared to microparticles. Overall, nano-sized LiCoO, particles indicate a lower cytotoxic and (pro-)inflammogenic
potential in vitro compared to their micron-sized counterparts. However, nanoparticles aggregate in air and behave

partially like microparticles.

Keywords: Single source precursors, Nano-LiCoO,, Li* Diffusion coefficient, Li-ion batteries, Nanoparticle hazard

Background

Lithium cobalt oxide LiCoO, has been the most com-
monly used cathode material in rechargeable Li-ion bat-
teries since Goodenough first introduced the reversible
reaction of Li-ions in the structure [1]. The structures of
Li;_,CoO, have been extensively studied as a function of
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lithium de-intercalation, leading to several phase trans-
formations from rhombohedral with 0.06 < x < 0.25 [2—
5], via monoclinic with x = 0.5 [2, 3], to hexagonal for
0.66 < x < 0.83 [6, 7], and a second hexagonal phase, O1,
for 0.88 < x <1 [6-8].

The layered structure of lithiated LiCoO, exhibits two
crystal structures depending on the temperature during
synthesis and the preparation method. LiCoO, produced
at low temperature (~400 °C) (LT-LCO) has a cubic spi-
nel structure with the space group Fd3 m [9, 10] while
the phase synthesized at high temperature (>850 °C,

© The Author(s) 2017. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
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HT-LCO) has a rhombohedral layered structure [11]. LT-
LCO shows a large hysteresis between the intercalation
and de-intercalation of lithium ions [12—14], which is due
to the mixing of Co®" and Li™ in the structure, preventing
the formation of layered pathways for Li-ion diffusion.
The material is therefore calcined at higher temperature
to yield HT-LCO, which possesses alternating planes of
Co®" and Li" cations in the hexagonal ABCABC oxygen
packing [15], providing superior electrochemical proper-
ties in Li-ion batteries [16].

Industrially, two starting materials, typically Li,CO,
and Co;0,, are heated in a two-step process to yield
first at a temperature of <600 °C for 24 h under O, the
LT-LCO. A second calcination step at 900 °C for >12 h
under O, [17] yields the HT-LCO [18-20]. Such a pro-
longed calcination process at high temperature causes
however coarsening of the particles and evaporation of
lithium [21]. Various synthetic methods have thus been
investigated to avoid the high temperature process, with
the aim to obtain the rhombohedral layered structure
of HT-LCO, e.g. sol-gel [22-25], hydrothermal [26], or
precipitation [16]. However, low temperature syntheses
formed mostly the cubic spinel LT-LiCoO,, which is not
favorable for Lit insertion/extraction. Thus, calcination
at high temperature >800 °C was always required in a sec-
ond step to use the so-produced material in Li-ion bat-
tery cathodes [16].

Another access to the layered structure of HT-LCO
uses metal-organic single source precursors based on
alkoxides or aryloxides, in which the metal ions are
already preorganized. Indeed, the synthesis of heterobi-
metallic alkoxides and/or aryloxides can provide a facile
route for obtaining soluble, volatile, and generally mono-
meric species, that can thus serve as valuable precursors
for making metal oxides under rather mild conditions
[27-36]. For example, Buzzeo published homoleptic
cobalt phenolate compounds of the type K,[Co(OAr),]
(OAr = OC(F;™ or 3,5-OC¢H;(CE;)5 ), in which the effect
of fluorination of phenoxide on (K18C6),[Co(OAr),]
is highlighted [37]. Boyle et al. published lithium cobalt
double aryloxide compounds obtained from LiN(SiMes),,
Co(N(SiMe,),), in THF and subsequent addition of an
aryl alcohol. They obtained nanoparticles of LiCoO, by
thin film formation [38], but did not characterize them
electrochemically. Nanoparticles of HT-LCO have the
advantage to offer shorter diffusion lengths for the Li-
ions as compared to the commercial, micron-sized par-
ticles from which only ~50% of Li-ions can be used [26,
35]. On the other hand, since batteries are typically also
shredded upon recycling, the use of nanomaterials in bat-
teries might present a certain danger, which requires a
risk management for new materials.
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In this context, we present here new molecular precur-
sors using simple ligands such as phenoxide and alkox-
ides with a low amount of carbon atoms that can produce
nano-HT-LCO at quite low temperature. We have tested
the new materials for their electrochemical properties
in cathodes and their Li-ion diffusion coefficients were
determined. In order to evaluate possible material haz-
ards, the nanoparticles of HT-LCO were exposed directly
at the air-liquid interface (ALI) using a well-established
in vitro multicellular lung model [39]. The lung was cho-
sen as an experimental tissue, since it can be considered
by far the most important portal of entry for aerosolized
nanoparticles into the human body [40-46]. Although
various aspects of nanoparticles toxicity have already
been described and studied in the recent literature,
almost no studies were carried out in the domain of bat-
tery cathode nanoparticles.

Methods

Materials and reagents

Cobalt chloride (CoCl,) (dry or hydrated with two H,0),
lithium phenoxide (LiOPh) in tetrahydrofuran (THF),
lithium iso-propoxide (LiO'Pr) in THEF, ethanol (technical
grade and analytical grade), tetramethylethylenediamine
(TMEDA), dioxane, dimethoxyethane (DME), pyridine
(Py), heptane and micron-sized HT-LiCoO, were pur-
chased from Sigma-Aldrich (Switzerland). Lithium zerz-
butoxide (LiOBu) in THF, lithium methoxide (LiOMe) in
methanol, lithium ethoxide (LiOEt) in THF and THF (dry
and over molecular sieves) were purchased from Acros
Organics (Belgium). Deionized water was produced in
house by double distillation.

Synthesis of bimetallic complexes [47]
All experiments were carried out under an inert argon
atmosphere, using Schlenk techniques [48]. All solvents
were bought dried and were stored over molecular sieve.
The elemental analysis of the compounds turned out to
be difficult to obtain due to the instability of most com-
pounds in air, based on the loss of (coordinated) solvent.
The compounds [Co(OPh),Li,(THF),] (1), [Co(OPh),Li,
(THF),]- THF (2), [Co(OPh),Li,(THEF),(H,0)(THEF),], (3),
[Co(OPh),Li,(TMEDA),] (4), [Co(OPh),Li,(dioxane),],
(5), [Co(OPh),Li,(DME),] (6), [Co(OPh),Liy(Py),] (7),
[Co,(O"Bu)4Li,(THF),] (8), [Co,(O'Bu),(OPh),Liy(THF),]
(9), [Co,(O'Pr)yLiy(THE),] (10), [Co,(OEL),,Lig(THF)g_;,]
(11), and [Co,(OMe)Li,(THF),(MeOH),] (12) were syn-
thesized using CoCl, as starting material and reacting
it with the corresponding lithium aryloxide or alkox-
ide. In a typical reaction procedure, dried CoCl, is dis-
solved in dry THF under heating to reflux. After stirring
for 30 min, aliquots of LiOR (R = Ph, ‘Bu, ‘Pr, Et, Me)
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are added. The mixture is heated to reflux, stirred dur-
ing 30 min and then concentrated. Layering the concen-
trated solution with a non-solvent, respectively solvent
exchange lead to single crystalline material for com-
pounds 1-5 and 9, while powders were obtained for 6-8
and 10-12. Table 1 resumes the reaction conditions for
all compounds, with detailed synthesis protocols and IR-
analyses given in the Additional file 1: Text 1.

Calcination to LiCoO,

Among the so obtained precursors, compounds 1, 8—12
were heated up to 450 °C for 1 h and 500 °C for 2 h at
an average rate of 18 °C/min under an air flow of 8 I/min
in a muffle furnace equipped with an evacuation smoke-
stack for combustion gases. The black powder obtained
was then cooled to room temperature within 5 min in air.
The black/grey powder was next washed by centrifuga-
tion three times with water and two times with ethanol in
order to remove LiCl. The clean and dry oxide nanopow-
der was finally annealed using an average ramp of 17 °C/
min up to 600 °C for 80 min to remove low temperature
oxide phase impurities. These materials were used for
the biohazard tests. LiCoO, prepared with LiOMe and
LiO'Bu was calcined further until 700 °C for 30 min to
measure charge/discharge capacities at different current
densities.

Characterization

Single crystal X-ray structures

Single crystals of compounds 1-5 and 9 were mounted
on a loop and all geometric and intensity data were
taken from these crystals. Data collection using Mo-K
radiation (\ = 0.71073 A) was performed at 150 K on a
STOE IPDS-II diffractometer equipped with an Oxford
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Cryosystem open flow cryostat [49]. Absorption correc-
tion was partially integrated in the data reduction pro-
cedure [50]. The structure was solved by SIR 2004 and
refined using full-matrix least-squares on F* with the
SHELX-97 package [51, 52]. All heavy atoms could be
refined anisotropically. Hydrogen atoms were introduced
as fixed contributors when a residual electronic density
was observed near their expected positions. Diffraction
data sets for compounds 1-5 are unfortunately incom-
plete due to decomposition of the single crystals, result-
ing in poor data sets and R-values for the compounds.
However, the isotropic attribution of heavy atoms is
unambiguous.

Crystallographic data (excluding structure factors) for
the structures in this paper have been deposited with
the Cambridge Crystallographic Data Center, 12 Union
Road, Cambridge CB21EZ, UK. Copies of the data can
be obtained on quoting the depositing numbers CCDC-
1527018 (1), 1527022 (2), 1527023 (3), 1527020 (4),
1527019 (5), and 1527021 (9) (Fax: +44-1223-336-033;
E-mail: deposit@ccdc.cam.ac.uk). Important crystal data
for these compounds are given in the Additional file 1:
Table S1.

Other characterizations

For powder XRD measurements, a Stoe IPDS II theta,
equipped with monochromated Mo-K,, radiation
(0.71073 A) was used in order to avoid X-ray fluores-
cence of the cobalt but also a Stoe STADIP, equipped
with monochromated Cu-K,; radiation (1.540598 A)
and Mythen detector. TGA was recorded on a Mettler
Toledo TGA/SDTAS851e in closed aluminium crucibles
with a pin hole. Specific surface area was measured on a
Micromeritics Gemini V series BET with a pre-treatment

Table 1 The reactants, synthetic conditions and the yields of the compounds 1, 8-12

Compound Formula Reactants in synthesis Yields (%)
1 [Co(OPh),Li5(THF),] CoCl, (0.1 g,0.77 mmol) + 4 LiOPh 1 Min THF (3.1 ml, 3.1 mmol) 82
2 [Co(OPh),Li5(THF),J-THF Idem as 1, but —24 °C under argon 56
3 [Co(OPh),Liy(THF),(H,0) ldem as 1, but —24 °Ciin air <10
(THF),1,
4 [Co(OPh),LiL(TMEDA),] Idem as 1, recrystallized from TMEDA 69
5 [Co(OPh),Li,(dioxane),],, Idem as 1, recrystallized from dioxane 95
6 [Co(OPh),Li,(DME),] Idem as 1, recrystallized from DME 47
7 [Co(OPh),Li5(Py),] Idem as 1, recrystallized from pyridine 39
8 [Co,(O"Bu)Liy(THF),] CoCl, (585 mg, 4.5 mmol) 4 3 LIO'Bu 1 M in THF 13.5 ml (13.5 mmol) 87
9 [Co,(O"Bu),(OPh),Li5(THF),] CoCl, (500 mg, 3.85 mmol) + LiOBu (3.9 ml, 3.9 mmol) + LiOPh 1 M in THF (7.7 ml, 85
7.7 mmol)
10 [Co,(OPr)Li,(THF),] CoCl, (500 mg, 3.85 mmol) + 3 LiO'Pr 2 M in THF (5.8 ml, 11.6 mmol) 92
1 [Co,(OEY);,Lig (THF)g10) CoCl, (500 mg, 3.85 mmol) + 6 LIOEt 2 M in THF (11.6 ml, 23.2 mmol) 89
12 [Co,(OMe)4Li,(THF),(MeOH),]  CoCl, (500 mg, 3.85 mmol) 4 3 LiOMe 2 M in THF (5.3 ml, 11.7 mmol) and MeOH 90
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under vacuum at 150 °C for one night. SEM images
were recorded on Phenom Desktop SEM and a FEI XL
30 Sirion FEG with Secondary Electron and EDS Energy
Dispersive Spectrometer detectors. SEM samples were
prepared by spraying them on a carbon tape glued on a
SEM holder to reproduce the spraying in the exposure
chamber. All images were obtained without sputter coat-
ing pretreatment. TEM images were recorded on a FEI/
Philips CM-100 Biotwin. Raman spectra were recorded
with a confocal micro-Raman spectrometer, HORIBA
LabRAM HR800, combined with an optical microscope
Olympus BX41, using a red laser at 633 nm for excita-
tion, attenuated with filters in order to avoid thermal
degradation of the scotch tape used as sample holder. The
LiT and Co?*®* ion concentrations were determined by
inductively coupled plasma optical emission spectros-
copy (ICP-OES) using a Perkin Elmer Optima 7000DV.
The muffle furnace used for combustion and tempering
is equipped with a eurotherm thermal controller (Tony
Giiller Naber Industrieofenbau, Zurich, Switzerland).

Metal ion release

A metal ion release test was conducted to assess the
amount of potential metal ion dissolution from the tested
compounds. 100 mg of each of the micro- and nanopar-
ticles were immersed in 10 ml of deionised water at pH 7
and pH 4.5 for 24 h. The concentrations of the metal ions
were then determined using ICP measurements (Addi-
tional file 1).

Statistical and data analysis

The microparticles of LiCoO, are represented in
black and the nanoparticles in grey bars. Data are the
mean =+ the standard error of the mean (SEM) and are
absolute values. Values were considered significantly dif-
ferent compared to the negative control with p < 0.05
using a one way Anova with a post hoc Tukey test (*nan-
oparticles, #microparticles).

Electrodes and electrochemical tests

Preparation of the electrodes

0.5 g of the nanoscale-LiCoO, and 10 wt% SFG graphite
with respect to LiCoO, were ball milled in a horizon-
tal set-up (Retch MM 400) for 15 min at a frequency of
30 Hz. The ball milling jar had a volume of 10 ml and con-
tained two stainless steel balls of 10 mm in diameter. The
electrode paste was prepared in a glass tube, starting with
polyvinylidene fluoride (PVDF) (10 wt% with respect to
LiCoO,) and 0.5 ml of N-methyl-2-pyrrolidone (NMP),
which were stirred by a mechanical stirrer for 30 min until
PVDF was completely dissolved. 2 wt% of ABG graphite
with respect to LiCoO, was then added and the mixture
was stirred for 15 min. Then, the ball milled composite
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powder (0.6 g) of graphite and LiCoO, were added to the
PVDEF/graphite/NMP mix and stirred for a half an hour.
The so-obtained paste of PVDF/NMP/graphite/LiCoO,
was spread onto an aluminum foil by the doctor-blade
method and dried overnight at 120 °C. The overall weight
ratio of the composite made of nano-LiCoO, (active mate-
rial), carbon and binder was around 78:12:10.

Cell assembly

All compounds used were dried to avoid HF formation in
the electrolyte and were assembled in a glove box under
argon (MBraun, Germany) having <0.1 ppm of water and
oxygen. Typically, the LiCoO, electrode was assembled in
a coin cell using lithium metal as anode, a few drops of
an ethyl carbonate (EC) and diethylene carbonate (DEC)
mixture in a 1:1 volume ratio with 1 M LiPF; and 2 wt%
of vinylene carbonate as electrolyte with respect to sol-
vents and LiPF, as well as a Celgard separator.

Battery tests

A potentiostat, Princeton Applied Research 273A, and
an Arbin battery test instrument (version 4.27) were used
to examine the electrochemical properties of the car-
bon-nano-LiCoO, composite electrodes. Charge and dis-
charge capacities of coin cells were measured by an Arbin
2000 battery test instrument at different current densities
of C/20, C/10, C/5, C/2 and 1C. The voltage window was
set between 2.6 and 4.4 V vs. Li*/Li. The current densi-
ties between C/20 and 1C were based on the practical
capacity of 140 mAh/g.

Li-ion diffusion coefficients were evaluated by cyclic
voltammetry at a sweep rate of 1, 0.7, 0.5, 0.2 and
0.1 mV/s between 3.5 and 4.4 V vs. Lit/Li.

The discharge kinetic of LiCoO, electrodes was investi-
gated at various current densities between 20C and C/20.
The LiCoO, coin cells were re-charged until 4.4 V vs. Li*/
Li at 20C current density and then rested for 3 min. The
electrode was discharged at the same current density of
20C until 2.6 V. This procedure was repeated at various
lower current densities until C/20 (so-called deep dis-
charge). By this procedure, the capacity vs. the discharge
current can be determined directly. The sum of all capac-
ities, obtained at different discharge currents is the maxi-
mum discharge capacity of the battery:

Cmax=11't1+12't2+"'+1n'tn~

The equilibrium potentials of LiCoO, electrodes were
measured with the pulsed cycle method (3 min with
applied current, followed by 3 min rest) in the range of
potentials between 2.6 and 4.2 V vs. Li*/Li. The equi-
librium charge/discharge current was C/10 (15 mA/g).
These procedures were described in detail by Spodaryk
etal. [53].
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The exchange current densities were calculated from
the Tafel plot, i.e. dependence of current vs. overpoten-
tial. Currents (=£i), starting from the smallest to the high-
est, were alternatively applied and the potentials during
the current flow were measured. From the overpoten-
tial (the difference between measured potential with the
applied current and equilibrium potential, i.e. the poten-
tial which the electrode reaches during rest time), the
exchange current densities were calculated. The detailed
method is described by Chartouni et al. [54].

Electrochemical impedance spectroscopy  (EIS)
data were obtained using a potentiostat/galvanostat
PGSTAT302N with FRA module (Metrohm Autolab).
Impedance spectra of the Li-ion batteries were meas-
ured in the range of working frequencies from 10 mHz
to 100 kHz. The range was built using a logarithmic dis-
tribution. The voltage modulation amplitude was 10 mV.
The EIS spectra were analysed using fitting procedure in
NOVA 1.4 software from Metrohm Autolab. The accu-
racy of the potentials measurements is 2 mV, of the cur-
rent £2% and of the capacity £2%.

The values of the elements from the equivalent circuit
model (Additional file 1: Figure S10) were obtained by
the following formulas:

Zri = R;

where R; is contact resistance or charge transfer resist-
ance, Ohm,Constant phase element (CPE), which mod-
els the behavior of an imperfect capacitor or of a double
layer, calculated by:

1

Zo=———
7 Yo(w)”

where Y is admittance of an ideal capacitance, siemens
S; n is an empirical constant, 0 < n < 1 (n is frequency
independent and in the case n = 1 formula describes
an ideal capacitor, n = O—resistor, n = 0.5—Warburg
impedance); j is imaginary part of impedance; w is angu-
lar frequency, rad/s, w = 2xf; f is frequency, Hz.

The Warburg impedance is provided by:

1
Ty o— —
w Yovjo
Lung cell cultures
All in vitro exposure experiments in this study were
conducted with a 3D triple cell co-culture model of the
human epithelial tissue barrier cultured at the ALIL This
system has previously been described in detail [39, 55].
Briefly, the model consists of a layer of human alveolar
type II-like epithelial cells (A549, derived from the Amer-
ican Type Culture Collection) with human monocyte-
derived macrophages (MDM) on the apical side (upper
chamber) and monocyte-derived dendritic cells (MDDC)
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on the basolateral side (lower chamber). A549 epithelial
cells were cultured at a density of 0.5 x 10° cells/ml in
cell culture medium RPMI 1640 (supplemented), on BD
Falcon cell culture inserts (high pore density PET mem-
branes, 4.2 cm* growth area, 3.0 um pore size; Beckton
Dickinson AG, Switzerland). The cell culture densities
of MDM and MDDC were 5 x 10* and 25 x 10* cells/
insert, respectively [56].

Human blood monocytes were isolated from dif-
ferent, individual buffy coats received from the Swiss
blood donation service (Bern, Switzerland) (i.e. differ-
ent donor for each exposure), using CD14" MicroBe-
ads as described previously [57]. Due to this, variations
in the background between different sets of cell cultures
were expected to occur. Co-cultures were incubated for
24 h under suspension conditions in order to allow cell-
cell habituation. Subsequently, cell culture medium was
extracted from the apical layer to allow formation of the
ALI over a period of 24 h in the incubator prior to parti-
cle exposures.

Air-liquid interface cell exposure system

The dry powder insufflator (DP-4, Penn Century, USA)
was used to pulverise the LiCoO, particles. The par-
ticle exposure system consisted of a closed cham-
ber (15 x 15 x 35 c¢m) coated with aluminium foil and
equipped with a quartz crystal microbalance (QCM)
for the in situ determination of the amount of material
deposited. As the material settles onto the QCM, the fre-
quency of the crystal changes (AF). The AF value (Hz)
calculated from the recorded frequency values before
and after deposition of material is converted to deposited
mass per area (ug/cm?) as described in [58].

To avoid electrostatic blocking of the needle, aggrega-
tion, asymmetric deposition and low deposition yield, a
stainless steel needle without bevel of 2 mm @ and 7 cm
of length was used as pulverization means with a gas
expulsion flow of ~120 ml/s of air in two pulse of ~0.5 s
for each exposure.

Particles exposures
As described for the aerosolisation of dry volcanic ash
particles [59] the pulverisation of the dry powder of nan-
oparticles produces a radial distribution of the particles
at the bottom of the chamber. In order to obtain a regular
and reproducible distribution of particles on the cells, the
6-well culture plates were placed in such a way that the
inserts holding the triple cell co-cultures and the QCM
balance were disposed equidistant from the centre in a
cross-like pattern as drawn in the scheme below (Fig. 1).
Two inserts/wells were used for each of the three differ-
ent concentrations of nanoparticles and microparticles.
Experiments were repeated 3—4 times for each of the two
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Fig. 1 Scheme of the exposure chamber bottom viewed from the
top

particle sizes chosen (micronsize commercial particles
and homemade nanoparticles). The pulverisation pro-
cess took place over a period of about 1 month with each
week a different blood donor source.

The samples (wells) were incubated overnight at 37 °C
and 5% CO,. The day after incubation, the supernatant
was removed and replaced with 2 ml of culture medium.

Biological assays

Cytokine and chemokine quantification

The pro-inflammatory response of the triple co-culture
after exposure to LiCoO, particles was quantified using
the amount of the pro-inflammatory mediators which
are tumor necrosis factor a (TNF-a) and interleukin-8
(IL-8) using commercial ELISA development kit and the
related supplier protocol. The positive control for the
pro-inflammatory proteins was treated with lipopolysac-
charide 1 pg/ml (LPS) for 24 h.

Optical microscopy/LSM microscopy

After the exposure, cells were fixed and labelled as previ-
ously described by Lehmann et al. [56]. In short, samples
were stained with a 250 ul mix of a 1:50 dilution of phal-
loidin-rhodamine for cell cytoskeleton and 1:100 dilu-
tion of 4/,6-diamidino-2-phenylindole (DAPI) for the cell
nuclei. Coverslips were then mounted onto microscope
slides using Glycergel and imaged by LSM.

Results

1-Solid states structures

Compounds 1-7 were obtained by reacting CoCl, with
LiOPh in THE, followed by crystallization in THF under
different conditions (temperature, presence of water or
not, leading to compounds 1-3) or by eliminating the
THF solvent and replacing it with other mono- or bis-
dentate ligands, like TMEDA, dioxane, DME, or pyridine
(4-7). A general reaction scheme (Scheme 1) resumes
the family of compounds obtained. We describe here the
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solv

4 LiOPh + CoCl, __solv

[Co(p-OPh)aLis(solv),] + 2 LiCl

solv = THF, TMEDA, pyridine, DME or dioxane.
Scheme 1 General reaction scheme for obtaining compounds 1-7

single crystal structures of compounds 1-5, on which
we base our structural discussion. For compounds 6 and
7, the single crystal structures could not be determined
as the single crystal quality was poor; yet, the chemical
analyses confirm a chemical composition in analogy to
the other five compounds.

Among the compounds, different structure types could
be identified depending on the solvent present. For com-
pounds 1-7, the core of the structure is essentially based
on one central cobalt ion which is tetrahedrally coordi-
nated by four phenolate entities, bridging pairwise to
two lithium ions. The coordination spheres of the lithium
cations are completed by coordinating solvent molecules,
leading either to molecular entities or a coordination pol-
ymer in case of 5. Figure 2 shows as an example of such
a core structure the one of compound 1. In compound 3,
the terminal ligands of one of the two Li-ions have been
formally replaced by two water molecules, which act as
bridging ligands between two [Li,Co(OPh),] cores, lead-
ing thus to a dimer-type structure. Detailed structure
descriptions for 1-5 with distances and angles are given
in the Additional file 1: Text 2, while a resume is given in
Table 6.

Compounds 8-12

For the compounds 8-12, the aim was to test ligands
other than aryloxides, such as alkoxides, and to also mix
aryloxides and alkoxides as ligands. The synthesis used
is similar to the one for compound 1 (Scheme 2), but
replacing the LiOPh with alkoxides or using a mix of
both.

Since the precursor compounds 8, 10, 11 and 12 did
not afford single crystals, other methods were used to
approach their structure. In possible analogy to com-
pound 8, the sodium compound [Na,Co,(O'Bu)(thf),]
was described in the literature [60]. Since the sodium
ions are coordinated by four ligands, similar to the pre-
ferred coordination of Li*, and since Co®>* tends to a
tetrahedral coordination [61], we propose a similar struc-
ture for the lithium compound 8 (Fig. 3). The TGA and
NMR measurements confirm that there are two THF
molecules per three O'Bu ligands and the ICP measure-
ment gives a ratio of one lithium for one cobalt ion.

The compounds 10-12 were also analyzed by TGA
and NMR to determine the amount of ligand and sol-
vent remaining in the solid state structure and the
ratio between the ligand and the coordinating solvent
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Fig. 2 Labelled view of the molecular structure of 1, H-atoms are omitted for clarity (left); coordination polyhedra in 1 (right)

THF, 66°C
x CoCl, +y LIOR —————> Complex + 2x LiCl
30 min

R = Ph, Bu, 'Pr, Et, Me

y =3 or more

Scheme 2 General reaction equation for the synthesis of compound
8-12

molecules. ICP measurements and argentometric titra-
tions of chloride (Additional file 1: Table S3) were also
performed to evaluate the ratio of lithium per cobalt ions
and the amount of LiCl remaining in the material. The
results are resumed in Table 2.

From the synthesis, we observed that three equivalents
of ligand are required to form carbonate-free LiCoO,
from this precursor 10. The low amount of impurity of
mainly Li,CO; after combustion indicates that there
is no excess of unreacted lithium precursor. We also
found one Li" for one Co*" ion in the complex as well
as two THF molecules. From this data we propose that
the O'Pr-compound possesses a structure similar to
the O‘Bu-precursor 8 (Fig. 4). Using the same method
for the compound 12 and based on the findings shown
in Table 2, we can propose a similar structure as for 8
(Fig. 4). The extra methanol molecules are difficult to
assess since both methanol and THF have almost the
same boiling point. Finally, NMR measurements are not

O'Bu—Co—O0'Bu
AN

an
THF —Li—0'8l

AN
O'Bu—Co—O'Bu

described in [60]

O'Bu—Li— THF

Fig. 3 Proposed structure for 8 (left) based on the [NazCoz(OrBu)é(thf)z] compound (right, dark blue Co, violet Na, red O, grey C; H-atoms omitted

Table 2 Combined results from TGA, NMR, ICP and argentometric titration for compounds 8-12

Compound no—reagent Ligand eq. vs. Co eq. Solvent molecules per complex Free lithium (eq.) LiCl (eq.)

8—LiOBu 3 4 (residual THF) 1 Li per Co 2 Li per Co
9—LiO'Bu + LiOPh 14+203) 4 1 Li per Co 2 LiperCo
10—LiOPr 3 2 THF 1 Li per Co 2 Li per Co
11—LiOEt 6 4-5THF 4 Liper Co 2 Liper Co
12—[iOMe 3 2 THF/2 MeOH 1 Li per Co 2 Li per Co
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helpful since the broadening of the signals (due to the between the cobalt and lithium ions, while two THF
paramagnetic influence of the cobalt ion) hides most of  molecules complete the coordination of the lithium ions
the possible peak shifts. (Fig. 5). A detailed description with distances and angles
The compound 11 is the only one which does not fol- is given in the Additional file 1: Table S1 and Text 2. The
low this rule of three ligands per Co*" and requires six ~ bond valence sums are >2 for both cobalt ions and >1 for
ligands per Co®* to form the desired oxide without impu-  both lithium ions, indicating sufficient good coordination
rities of Co;0,. An open double heterocubane structure  of the metal ions by their ligands, as it is also the case for
is proposed, as it combines the minimum amount of compounds 1-5 (Table 6).
ligands, the amount of free lithium for coordination, the
amount of THF and the preferred coordination of lith-  Thermal decomposition to LiCoO,
ium ions (4) and cobalt ions (4,6) as determined by TGA, Among all compounds, 2 and 3 are difficult to handle as
NMR, ICP and argentometric titration (Fig. 4). they lose their solvent molecules very quickly. The com-
Compound 9 is an interesting mixed ligand compound  pounds 4-7 are not well suited for the formation of oxide
as it forms molecules of [(thf),Li(u-OPh),Co(u-OBu)], at low temperature because of their relatively high boil-
where the two O‘Bu groups act as bridging ligands ing point, high carbon content and molecular weight.
between two Co*" ions. The OPh ligands bridge pairwise  The following investigations for the formation of LiCoO,

oiPr—Co<o'Pr
THF —Li—O'Pr O'Pr—Li—THF
N\ |
O'Pr—Co—O'Pr
THF,
Li——OEt
THF, /
MeOH
Li—OEt- —LiTTHF
—LlI
N
OEtEE‘I % THF OMe—Co—OMe
N / N\
OEt—Co —OFEt THF —Li—OMe OMe—Li—THF
THF /| |OEt |
Li—t OMe—Co—OMe
/'L|—QEIOEt—L|
THF |/ |/ ~N
THF
OEt—Li_ MeOH
THF
Fig. 4 Proposed structure of compound 10 (top), 11 (left bottom) and 12 (right bottom)

Fig. 5 Molecular view of compound 9 measured by XRD. H-atoms are omitted for clarity
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were thus limited to compounds containing THF and the
less carbon containing compounds, hence 1 and 8 to 12.

In order to use these compounds as precursors for the
manufacturing of LiCoO,, TGA measurements under
oxygen atmosphere with open crucible were performed
on the chosen compounds (Fig. 6). The general decom-
position process of these complexes begins with the loss
of the coordinated and residual non-coordinated solvent
molecules before 120 °C (THF B.P. 66 °C, MeOH 65 °C).
At higher temperature, between ca. 100 and 400 °C
depending on the precursor, the combustion process
occurs: it consists of an oxidation of the Co*" to Co®>" and
of the ligand carbon backbone combustion. Above the
temperature of 450 °C, the masses remain quasi constant
(Fig. 6). The completed combustion temperature and the
detail thermal measurement information are described in
Additional file 1: Tables S4 and S5.

Based on the minimum temperature of decomposition
of the complexes determined by TGA, combustion tests
were performed at different temperatures. Heating to the
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minimal temperature of decomposition of the precursors
of 300 °C for 1 h lead to the formation of the HT-LCO
phase with some byproducts (Li,CO,) (Fig. 7a). Since
Li,COy is highly soluble in water, it was removed after
rinsing. We believe that the formation of HT-LCO at
such a low temperature is possible due to the preorgani-
zation of metal ions within the heterobimetallic single
source precursors. We decided nevertheless to increase
the decomposition temperature by 50-100 °C compared
to the decomposition temperature of the compounds in
order to reduce the amount of byproducts, and for com-
parison purposes, the temperature was set to 450 °C for
1 h for all compounds.

After indexation of the powder diffractograms
obtained after combustion at 450 °C, all of the tested
precursors (1, 8—12) afforded LiCoO, with low amounts
of impurities that could not be detected by powder X-ray
analysis after washing with water, hence less than 5%
(Fig. 7). Heating to the minimal temperature of decom-
position of the precursors of 300 °C for 1 h leads to the

Fig. 6 TGA measurements of complexes 1, 8,9, 10,11, 12

Q
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50 4

Relative intensity [%]

2Theta (°)
Fig. 7 XRD patterns of the oxides obtained after combustion of the precursors 1, 8,9, 10, 11, and 12 at 300 °C (a) and 450 °C (b) in air
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formation of the HT-LCO phase with some byproducts
(among which Li,COj3). A Rietveld refinement of the dif-
ferent diffractograms, taken on a Mo source, was per-
formed to determine the exact phase of the oxide. The
lattice cell parameters from the different precursors cor-
respond to a slightly distorted HT-LCO, with the space
group R-3 m. This small distortion of the unit cells arises
from the fact that this material is composed of nanocrys-
tallites which possess a more strain than standard micro-
metric crystallites. The c¢/a ratio gives also an indication
on the general cation ordering of the oxide phase. If the
¢/a ratio is 4.899 or lower, it means that it is a cation-dis-
ordered rock salt structure, also called the LT-LCO with
a spinel structure (Fd3 m). Since this ratio c¢/a is higher
than this value in all cases, it indicates that the high
temperature phase has been obtained for all precursors
(Table 3).

Another method to identify LT and HT phases of LiCoO,
is to verify the peaks at 2 theta = 65-67° (A = Cu-K,). The
HT-LCO has two split peaks of the (108) and (110) planes
while the LT-LCO has one single peak of the (440) plane
at 65° [13, 62]. As shown in Fig. 8 below, all the materials
prepared with O'Bu, O'Pr, OMe and OPh show two split
peaks corresponding to the HT-LCO phase.

After thermal treatment at 450 °C, the morphologies of
the materials prepared with different precursors were ana-
lyzed using SEM (Fig. 9). All the materials show polyhedral
shapes but the materials obtained from LiO'Pr and LiOPh
precursors formed rhombohedral and triangle shapes.

Since the detection limit in powder X-ray diffraction
is 3-5%, Raman spectroscopy was used to complete the
analysis. The HT-LCO possesses only two Raman active
modes: A;, (Co—O stretching) v, at 595 cm~!and E, (O-
Co-0 bending) v, at 485 cm ™!, while LT-LCO has four
Raman active modes (A, E, 2 F,,) which are respec-
tively at v = 590, 484, 605 and 449 cm™" and are due to
the mixing of cations in the structure [63].

The Raman spectrum of our non-annealed nano-LCO
obtained from compound 8 shows a contamination of the

Table 3 Cell parameters of the LiCoO, formed using differ-
ent precursors and HT-LiCoO, Ref. [61]

Compound a [4 c/a Volume (A3)
HT-LiCoO, [61] 2.8156(6) 14.0542(6) 499 96.49(4)
1 (LiOPh) 2.8193(2) 13.930(3) 4.94 95.88 (3)
8 (LIO'Bu) 2.8179(3) 13.9493) 495 95.93(4)
9 (LIOPh + LiO'Bu) 2.8139(3) 13.970(4) 4.96 95.79(4)
10 (LiO'Pr) 2.8199(1) 13.936(2) 494 95.97(2)
11 (LiOEY) 2.8144(2) 13.942(2) 495 95.64(2)
12 (LiOMe) 2.8199(2) 13.956(3) 495 96.11(3)
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Fig. 8 XRD of LiCoO, prepared with 8-LiO'Bu, 10-LiOPr, 12-LiOMe
and 1-LiOPh precursors

HT-LCO with the LT phase which can be easily removed
by annealing at 600 °C for 1 h. No significant improve-
ment can be observed for a 700 °C annealing (Fig. 10).
In order to avoid particle growth due to coalescence and
ripening, the duration and temperature of annealing have
to be minimized, hence we used the 600 °C annealed
nanoparticles for the biological assays described later.

ICP measurements on the nano-LCO obtained from 8
and on commercial micron-sized LCO were carried out
and the ratio between Li* and Co®" ions was calculated:
we found 0.96 + 0.02 Li™ ions per Co®* ion for the nano-
LCO (Additional file 1: Table S4). Thus the stoichiometry
is a little bit lower than the optimal 1:1 stoichiometry
ratio. This can be explained at least partly by the washing
steps during which part of the Lit can be washed away,
the mechanical stress induced by ultrasounds and the
shear stress of the centrifuge and the annealing in which
the Li™ and Co®" ions can diffuse out of the oxide into
the crucible. The ICP measurements of the micro-LCO
give a LiT content of 1.01 + 0.02 which is the optimal
ratio for the HT-LCO.

Morphologies and determination of the particle

and crystallite sizes

The crystallite and particle sizes were assessed via the
Scherrer equation (X-ray) and the BET equation (gas
adsorption), respectively. The details are described in the
Additional file 1: Equation S1 — S5.

Table 4 gives the summary of specific surface area, dif-
ferent sizes of particles and crystallites obtained under
identical combustion conditions (temperature, time,
speed of heating/cooling and atmosphere composition)
depending on the starting complexes.
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Fig. 9 SEM images of LiCoO, prepared with 8-LiO'Bu (a), 10-LiO'Pr (b), 12-LiOMe (c), and 1-LiOPh (d) at 450 °C for 1 h
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The morphologies of the particles were investigated
by SEM images (Fig. 11). The shapes of the particles
obtained from the different precursors are similar and
submicron. It is also noted that the material always
tends to form large aggregates due to its high surface
area.

Electrochemistry and Li-ion diffusion
Finally, in order to learn if the size of particles has a direct
influence on the Li-ion diffusion, cyclic voltammetry of
LiCoO, electrodes was performed on two different par-
ticles sizes: 40 and 15 nm coming from the precursors 8
and 12, respectively after a prolonged ball milling of 1 h
instead of 15 min.

Figure 12a shows the cyclic voltammograms of
LiCoO, electrode prepared with LiO'Bu precur-
sor at different scan rates between 0.1 and 1 mV/s.
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When Li" is extracted from LiCoO,, Co®" in LiCoO,
is oxidized and electron is released (LiCo®>tO,—Li;_
Co*3t0, + xe~ + xLi*). On the other hand, oxi-
dized Li;,_,CoO, is reduced and electron is uptaken
when Lit is re-inserted into Li, ,CoO, (Li, ,Co*t/3*
0, + xe~ + xLi"—LiCo*T0,). Therefore, the current
increased where the redox reactions of Co®>"/Co*"
occurred above 3.9 V for anodic peaks and between 3.6
and 3.9 V vs. Lit/Li for cathodic peaks. The CVs and the
maximum current peaks of the compound 12 are shown
in Additional file 1: Figure S9.

The Li-ion diftfusion coefficient can be determined from
these cyclic voltrammograms by using the Randle—Sevcik
equation. The Randles—Sevcik equation [63]:

1/2
Ip = (269 x 10°) n*2A D} *C v!/2 (1)
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Fig. 10 Raman spectra of the annealed nano-LiCoO, obtained
from compound 8 at different temperatures and annealing steps
(0x =500 °Cfor 2 h, 1x = first annealing at 600 °C for 1 h and
2x = second annealing at 700 °C for 30 min)

with Ip the peak current; n the number of transfer elec-
trons; A the surface area of the electrode; C the concen-
tration of reactants; and v the scan rate.

The plot of the square root of the scan rate vs. the
anodic or cathodic peaks gives the slopes which repre-
sent the square root of the Lit ion diffusion coefficient
value, Dy, (Fig. 12b).

The Li* ion diffusion coefficients (D;;,) of our nano-
particles were 2.3 x 107° and 4.5 x 107 cm? s™! for
8-LiO'Bu and 12-LiOMe, respectively while the one of
commercial HT-LCO was 2 x 1077 ¢cm? s™! (Table 5). The
values obtained from nanoparticles are 20-100 higher
than the standard value for HT-LCO [64]. Thus the kinet-
ics with Li* ions are much faster in nanoscale LCO than
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in micron-LCO. When we compare the values of diffu-
sion coefficients of 15 and 40 nm of nano-LCO, the larger
particle size of 40 nm has even higher diffusion coeffi-
cient. It will be explained in the discussion part later.

Electrochemical properties

After Dy;, was determined, the battery properties of our
nanoscale LCO materials were investigated. The charge/
discharge current is expressed as a C-rate to evaluate
battery capacities at various current values. A C-rate is a
measure of the rate at which a battery is discharged rela-
tive to its maximum capacity. The current density and
C-rate are determined by the nominal specific capac-
ity of 150 mAh/g. For example, the current densities are
150 and 7.5 mA/g at 1C (a battery is charged in 1 h) and
C/20 (a battery is charged in 20 h), respectively. Figure 13
shows the discharge capacities of LiCoO, electrodes pre-
pared by the precursors 1-LiOPh, 8-LiO’Bu, 10-LiO'Pr
and 12-LiOMe. Depending on the precursor used in the
synthesis, the specific capacity varies. 10-LiOPr and 1-
LiOPh derived LiCoO, electrodes obtained superior
capacities to the ones obtained with 8-LiO’Bu precur-
sors. The mean specific capacity of LiCoO, derived from
1-LiOPh was 210 mAh/g at C/20, which is 77% of the
theoretical capacity of 272 mAh/g, while LiCoO, from
the LiO'Bu precursor had 124 mAh/g (46% of the theo-
retical value) at the same rate.

After cycling of charge/discharge at different cur-
rent densities, we disassembled the batteries for all four
samples and rinsed the LiCoO, electrodes to verify their
structures. XRD in Fig. 14 shows that all the cycled
LiCoO, electrodes have two peaks at (108) and (110) cor-
responding to the HT-LCO phase, hence the structure is
unchanged after cycling.

Table 4 The specific surface area, mean particle size and crystallite size of LiCoO, prepared with different precursors

SSA (m?%/g)
Annealed  1-LiOPh 8-LiO'Bu 9-(LiOPh + LiO'Bu) 10-LiO’Pr 12-LiOMe 11-LiOEt
500 °C 946 (025) 16.50 (0.2) 962(0.2) 1150 (0.3) 19.70 (0.12) not measured
600 °C 2.59(0.015) 12.50(0.14) 0.95 (0.03) 3.65(0.05) 8.00 (0.07) 0.95(0.01)
700 °C 0.50(0.02) 6.10 (0.17) 0.78 (0.02) 3.04(0.05) 5.50(0.05) 0.34(0.02)
Particle size (P)* and crystal size(C)** (nm)
P(1) C(1) P(8) c(@8) P9 c(9) P(10) C(10) P(12) C(12) P(11) c(11)
500 °C 126 (2) 50(2) 72(1) 60(2) 1242 75(2) 103(2) 40(1) 60 (1) 50 (4) Not measured Not measured
600 °C 459 (2) 45(2) 95(1),40*** 45(3) 1251 (26) 150(3) 326(3) 75(1) 149 (1), 15%** 45 (1) 1251 (9) 110 (3)
700 °C 2376 (60) 90 (2) 195 (4) 55(2) 1529(26) 185(1) 391(4) 295(1) 216(1) 170 (2) 3494 (130) 285 (1)

*The mean particle size was determined by the equation of d = K/(p x Sger), where Kiis the shape factor, p is the density of the material (5.05 g/cc). and Sggy is the

specific surface area of the material

** Crystal size was determined using Scherrer equation d = K\/(B cos6), where d is the mean crystallite size in volume-weight, A is the wavelength of the X-rays, B is
the width of a peak at a half maximum due to size effects assuming that there is no strain, Kis a constant value of 0.89, and 6 is the incident angle

*** Particle sizes were obtained after 1 h of ball milling
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Fig. 11 SEM images of LiCoO, materials prepared with LiO'Bu (a), LIO'Pr (b), LIOMe (), LiOPh (d) annealed at 600 °C
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The equilibrium charge/discharge curves of the LiCoO,
electrodes obtained from LiOPh, LiO’Bu and LiOMe pre-
cursors were investigated as shown in Fig. 15. The mark-
ers are measured when the current is not applied to the
battery while the dashed lines are recorded when the
current is applied. They show the plateau of equilibrium
charge curves at 3.9 V and discharge at 3.8 V vs. Li*/Li.
The coulombic efficiency of the LiCoO, electrodes from
LiOPh reached >95% with relatively low polarization
between charge and discharge process (Fig. 15a). In case
of the LiCoO, electrode from LiO’Bu (Fig. 15b), the cou-
lombic efficiency reached also >95% but both charge and
discharge processes result in half of the capacities com-
pared to these of the electrodes from LiOPh. Moreover,
the potentials during charging with the applied current
(dashed lines on the graphs) are higher in Fig. 15b com-
pared to these in Fig. 15a, c.
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The deep discharge process was evaluated to estimate
how fast the battery can reach the maximum discharge
capacity of the different LiCoO, electrodes. Figure 16
exhibits that the LiCoO, electrode from LiOPh precursor,
(a), can reach 99% of its maximum capacity (120 mAh/g)
within 9 min (at 5.2 C) due to the fast kinetic reaction of
Lit ion insertion/extraction. Of course, this maximum
capacity remained at any lower current densities, show-
ing the plateau on the right side in Fig. 16a. On the other
hand, the electrode from LiO'Pr precursor, (b), can be
discharged to 90% of its maximum capacity (122 mAh/g)
at much lower current density of 0.44 C (about 26 min)
than (a). (b) can reach 85% (104 mAh/g) of its maximum
discharge capacity within 6 min (at 7 C). Thus, this deep
discharge measurement supports that the discharge
capacities at higher current densities (>C/2) are lower
in LiCoO, electrode with LiOPh than those in LCO with
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Fig. 12 a Cyclic voltammograms of the 40 nm LiCoO, particles from
compound 8 at different scan rates. b The maximum anodic and
cathodic current peaks of LiCoO, electrode vs. the square root of

sweep rate

Table 5 Size and Li-ion diffusion coefficient comparison
between two precursors, 8 and 12, and HT-LCO Ref. [64]

Compounds/precursors Size D, (cm?s™)
HT-LCO [64] 11 um 2% 1077
8—Li0Bu 40 nm 23x107°
12—LiOMe 15 nm 45x107°
— 250
Y /20 2 12-LiOMe
< ¢/10 & 1-LiOPh
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Fig. 13 Discharge capacities of LiCoO, electrode. LiCoO, materials
were prepared by 8-LiO'Bu, 10-LiO'Pr, 12-LiOMe and 1-LiOPh
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Fig. 14 XRD of LiCoO, electrodes after cycling. LiCoO, materials
were prepared with different precursors: 8-LiO'Bu (square), 10-LiO'Pr
(), 12-LiOMe (triangle) and 1-LiOPh (circle) precursors; the aluminum
peak stems from the current collector of the electrode

LiO’Pr (Fig. 16). Therefore, the kinetics of the electrode
(a) obtained from LiO'Pr is an order of magnitude faster
than (b) (obtained from LiOPh) at high current densities.

The Nyquist plots presented for electrodes with differ-
ent precursors were obtained in the frequency range of
100 kHz—-0.01 Hz at 25 °C (Fig. 17). The EIS spectra of the
electrodes with LiOPh and LiOMe precursors are similar
in shape with one semicircle and Warburg branch, while
the electrode obtained from LiO’Bu precursor shows
hodographs with two semicircles without Warburg
impedance. After fitting the EIS data, the equivalent cir-
cuit models were proposed (Additional file 1: Figure S11).

The ion transfer resistance and total impedance of elec-
trodes with different precursors increase in the following
sequence: LiOPh < LiOMe < LiO'Bu, which is in good
agreement with the discharge capacities and equilibrium
charge/discharge curves.

Hazard assessment of particles

Particle aerosolisation

Nanoparticles obtained from precursor 8, which was
annealed at 600 °C for 1 h, were compared to a com-
mercially obtained, micron-sized LiCoO, sample. A dry
powder insufflator was used to aerosolise both materials
for direct deposition onto the surface of the multicellular
epithelial tissue barrier model. Initially, following aero-
solisation, the deposition of the two particle types was
characterised in terms of their mass deposition, particle
size, as well as their distribution and morphology.

The cell-delivered dose was monitored using an inte-
grated quartz crystal microbalance (QCM) and showed
a dose-dependent deposition of the both samples, i.e.
0.81 + 0.2, 0.55 & 0.14 and 0.16 £ 0.05 pg for nanoparti-
cles, and 3.92 % 0.78, 1.46 £ 0.63 and 0.51 =+ 0.18 pg for
microparticles. It was, however, not possible to achieve
the same range of deposited concentrations for both
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Fig. 15 Charge (filled markers) and discharge (empty markers) curves of LiCoO, electrodes prepared with filled circle, open circle—LiOPh (a), filled
square, open square—LiO'Bu (b), filled triangle, open triangle—LiOMe (c) precursors. Lines (-) correspond to the potentials with applied current and
markers to the potentials without current (in equilibrium state)
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Fig. 16 Deep discharge curves for electrodes obtained from: a LiOPh (filled circle, open circle) and b LiO'Pr (filled triangle, open triangle) Right axes
indicate the state of discharge in percentage (empty markers)

Fig. 17 a Nyquist plots of coin cells consisting of LiCoO, electrodes with different precursors: square—O"Bu, triangle—OMe, circle—OPh. b Magni-
fied Nyquist plots of (a)
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nano- and micron-sized particles despite using the same
initial feed concentration, as shown in Fig. 18a. Reason
for this, apart from the different pulverisation methods,
is that the microparticles can be considered to exhibit a
higher density, and therefore greater tendency to agglom-
erate/aggregate leading to a higher surface density com-
pared to the limited agglomeration/aggregation shown by
the nanoparticles.

By using TEM it was observed that the pulverized
nanoparticles of LCO formed agglomerates/aggregates
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ranging from nano-sized to micron-sized (ca. 0.05-
50 pum). This could possibly be attributed to the low
surface charge of the material (i.e.< 10 mV). The aver-
age size of primary nanoparticles was estimated to be
64 + 5 nm, as determined by the BET method, while the
crystallite size was determined to be 60 £ 5 nm using the
Scherrer equation. The micron-sized particles were noted
to exhibit a size of 10-12 um, as previously reported
[16-21]. In terms of their morphology, nanoparticles
were observed to show rhombohedral/tetrahedral shaped

Nanoparticles

B Vicroparticles

250 1
200 1

-
o
o

100 A

Deposited dose [ng/c

13
o

=]

Deposited doses as a function of
feed concentration

I
| -

1 mg [Low]

Nanoparticles

6 mg

0.2 ym

S pm
Fig. 18 Deposition characterization of aerosolised nano-sized and micron-sized particles. a Average mass deposition (ng/cm?) of particles quanti-
fied using a quartz crystal microbalance (QCM) following nebulisation of low (1 mg), medium (6 mg) and high (11 mg) particle doses using a dry
powder insufflator. Data are presented as the mean = standard error of the mean. b Transmission electron micrographs of aerosolized nano- (left)
and microparticles (right), indicating, in a qualitative manner, the heterogeneity of the particle deposition for each particle-size. Images also show a
representative overview of the particle morphology following the aerosolisation process

[Medium] 11 mg [High]
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Microparticles
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patterns, whereas the commercial microparticles were
found to be irregular in shape, with most showing round-
ish shapes (Fig. 18b).

Cell death

After 24 h exposure, LiCoO, nanoparticles showed
limited ability to cause cell death following their aero-
solisation onto the in vitro multicellular epithelial tis-
sue barrier model at each particle concentration tested
(Fig. 19a). Both low and medium nanoparticle concen-
trations showed similar effects, whilst the highest con-
centration applied increased the level of cell death by
50% compared to the lower concentrations studied. This
result can be attributed to an ‘overload’ scenario upon the
cells at the highest concentration applied (Fig. 19b) [65].
It is important to note that although these values are sig-
nificantly different from the negative control (p > 0.05)
(i.e. cell culture media only), with the highest concentra-
tion applied showing a maximum of <15% cell death in
the in vitro co-culture system, the findings indicate that
the nanoparticles are not causing complete destruction
of the cellular system but do induce a limited cytotoxic
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effect at these concentrations. Similar results were also
evident following micron-sized LiCoO, particle expo-
sures at each test concentration (Fig. 19a). In respect to
these semi-quantitative results, it is also important to
highlight that qualitative assessment, via confocal laser
scanning microscopy, showed no morphological changes
to the multicellular system following exposure to either
particle type at the highest concentration applied for 24 h
(Fig. 19b).

(Pro-)inflammatory response

No significant (pro-)inflammatory response (i.e. either
TNF-a and IL-8 release) was observed following nan-
oparticle exposures across all concentrations tested
(Fig. 20). Similar results were observed with the micron-
sized particles in terms of the TNF-a response from
the multicellular system after 24 h exposure. However,
microparticle exposures did show a significant increase
(p > 0.05) in terms of the IL-8 response from the co-cul-
ture, in a concentration-dependent manner at this time
point (Fig. 20).

a Cell Death [%]

Nanoparticles

Microparticles

Negative control 0.71 £0.33
Low 7.20 £ 0.45* 9.49 + 0.09*
Medium 7.27 £ 0.25* 9.29 + 0.34*
High 14.23 + 0.09* 12.23 + 0.50*
b Untreated cells Nanoparticles Microparticles

Fig. 19 Percentage (%) cell death levels and morphological analysis of the multicellular model of the epithelial tissue barrier following 24 h
exposure to both LiCoO, nano-sized and micron-sized particles. a Table shows quantification of the average % cell death levels of propidium iodide
stained cells at the three tested concentrations (low, medium and high), as analysed via one-colour flow cytometry analysis. Asterisks indicates a
statistically significant increase in the % level of cell death within the multicellular in vitro system compared to the negative control (i.e. cell culture
medium only) (p > 0.05) (n = 3). b Confocal laser scanning microscopy images show F-actin cytoskeleton (red) and the nuclei (blue) staining of the
complete multicellular model following exposure to both particle sizes/types at the highest concentration tested after 24 h
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Discussion
The general reaction of CoCl, and LiOPh for the genera-
tion of the precursors 1-7 is based on the LiCl-elimina-
tion and the formation of a mixed phenoxide with always
the same metal ion ratio of 2:1 for Li:Co, as found in the
core [Li,Co(OPh),] of the structures 1-7. The formation
of this type of compound is in our hands independent of
the amount of LiOPh added (between 1 and 6 equiva-
lents). The core is always made of a central Co®" ion
which is surrounded in a (more or less distorted) tetra-
hedral way by four phenoxide ligands. Two by two, these
O-donors act each as p-bridging ligands to one Li" ion.
The coordination sphere of the latter is then completed
by either mono- or bidentate donor molecules stemming
from the solvent. These coordinated solvent molecules
influence the arrangement of the complexes with respect
to each other. For instance, 0-dimensional compounds
are obtained with monodentate terminal ligands like
THF and pyridine or bidentate terminal ligands like DME
and TMEDA, whereas bridging ligands such as dioxane
lead to polymeric arrangements. In the [Li,Co(OPh),]
cores (Fig. 21) of all compounds 1-5, for which the sin-
gle crystal structures could be determined to satisfaction,
the Co—O distances are between 1.938(4) and 1.978(4) A
long, while the angles O1-Co—02 and O3-Co-04 are
very similar with 86°(+1°). The O2—Co—03 and O1-Co-
O4 angles are however more sensitive to the environ-
ment of the Li* cations (see Table 6), respectively packing
effects, and vary between 112 and 127°.

The difference of composition between 1 and 2 origi-
nates from the crystallization technique. Indeed, 1 is pre-
pared at room temperature with the addition of heptane
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for crystallization, while 2 is crystallized without any
co-solvent at —24 °C. These two different methods give
two different products: one thermodynamic compound 1
and one kinetic compound 2, which can be considered as
solvates to each other [66].

In the structure of the compounds 1 to 7, an inherent
stoichiometric ratio of two Li* for one Co*" exists, hence
excess of one equivalent Li* with respect to the desired
LiCo0O,. During the firing, this excess of Li" in the pre-
cursor tends to form lithium carbonate either by reac-
tion with the CO, in air or with the byproducts of the
combustion. The carbonate can clearly be seen in pow-
der X-ray diffractogram of the raw oxide. However, these
impurities, as well as the main byproduct LiCl (formation
of the precursors), can be easily washed away with water.
Successful removal of LiCl was confirmed by powder
X-ray diffraction as well as TEM/SEM.

For the compounds 8-12, except 11, the stoichiomet-
ric ratio is 1:1 for Li™ to Co®", thus there is no excess
Lit and hence almost no formation of lithium carbonate

Fig. 21 Schematic representation with numbering of the
Li,Co(OPh),-core of compounds 1-7

Nanoparticles
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Fig. 20 (Pro-)inflammatory response of the multicellular epithelial tissue barrier following 24 h exposure to nano-sized and micron-sized nanoparti-
cles at the three different test concentrations. Graphs show the results for the specific (pro-)inflammatory mediators chosen; tumor necrosis factor-a
(TNF-0) and interleukin-8 (IL-8). Lipopolysaccharide ([100 pl of 1 ug/ml]) served as the positive assay control, whilst the negative control was cell

culture medium only. Data is presented as the mean = standard error of the mean. findicates a statistically significant response (p > 0.05) compared
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(Additional file 1). While we produced our nanoscale
materials in quite pure form by this washing step, the
analysis of the commercial HT-LiCoO, shows that it con-
tains some Li,CO; impurities, which is one of the reac-
tants of its synthesis.

The main physical/chemical differences in the final
oxides obtained at 450 °C from 1 and 8-12 are the
amount of impurities due to stoichiometric reasons and
the size of the particles/crystallites obtained. Indeed, the
LiOPh precursor 1 tends to form more impurities (car-
bonates, XRD in Additional file 1: Fig. S7) and a larger
crystallite size. The amount of impurity is mainly due to
the incorrect stoichiometric ratio in the starting struc-
ture of 2:1 for Li:Co, but also to a large amount of carbon
atoms in the precursor. However, by decreasing the num-
ber of carbon atoms using alkoxide and by balancing the
ratio between Co and Li to 1:1, better results in terms of
size and smaller amounts of byproducts can be achieved.
As shown in the Table 4, sizes as low as 60 nm of HT-
LCO can be obtained.

We observed different LCO morphologies from the
single source precursors. This could be related to the for-
mation of LCO nuclei, which likely depend on the initial
structure of the complex precursor. Not only the core
structure, but also the arrangement of the molecules with
respect to each other may play a role in the formation of
different nuclei.

The redox potentials indeed confirm that the obtained
nano-LiCoQO, is in the HT-LCO phase. We also recog-
nized that the oxidation of Co®* to Co** (corresponding

Table 6 Comparison of compounds 1to 5 and 9
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to Lit extraction from Li;_,CoO,) shows higher cur-
rent than the reduction of Co** to Co®" (Li* insertion
into Li;,_,Co0,). The cyclic voltammograms (CV) of
both samples obtained from 12 and 8 show a HT-LCO
CV profile with a low polarization and high potential, as
expected from the X-ray diffraction pattern.

In terms of the Lit diffusivity, hence the kinetic with
respect to Li* ions, we found it to be much faster in
nanoscale LCO than in micron-LCO. In other words, the
amount of Li™ ions available for electrochemistry is larger
in nanoscale LCO than that in micron-LCO due to the
shorter path length of the Li* ion diffusion. The values
obtained are >20 times higher than the standard value for
HT-LCO [64]. In the best case measured in our hands,
77%, of all Li™ ions were extracted from and re-inserted
in the structure of nano-HT-LCO, while for the com-
mercial material, only about 50% of Li* ions (0 < x < 0.5,
Li,_,Co0O,) can be used electrochemically in the rhom-
bohedral layered structure of LiCoO,. Further de-lith-
iation of commercial, micro-HT-LCO induces a phase
transformation to the monoclinic system [17], resulting
in irreversible capacity loss upon cycling. Therefore, the
phase stability of LiCoO, is important during lithiation
and de-lithiation in order to obtain high coulombic effi-
ciency and longer cycleability of battery. This is what we
could show for the nano-HT-LCO after battery cycling by
analyzing the material by XRD. Hence, our LCO materi-
als prepared by heterobimetallic single source precursors
are stable upon cycling and provide fast electrochemi-
cal reactions with Li™ ions due to nanosized particles.

1 2 3 4 5 9
Tetrahedral volume of Co (A%) 3332 3.384 3344 3.364 3.339 3.229
Quadratic elongation 1.093 1.088 1.092 1.079 1.100 1.120
Angle variance (*%) 37827 360.86 374.83 32226 401.40 486.42
01-Co (A) 1961 (6) 1.960 (7) 195 (1) 1954 (3) 1.958 (4) 1.954 (4) 1947 (3)
1949 (3)
02-Co (A) 1.948 (5) 1.957 (6) 193 (1) 1963 (4) 1955 (3) 1.962 (4) 1960 (3)
03-Co (A) 1.963 (5) 1.946 (6) 1961 (8) 1.954 (3) 1.966 (3) 1978 (4) 1.958 (4)
04-Co (A) 1972 (6) 1.960 (6) 1.966 (7) 1952 (4) 1961 (4) 1.938 (4) /
Mean O-Co (A) 1.961 1956 1952 1.956 1.960 1958 1953
01-Co-02 (°) 849 (2) 865 (3) 85.7 (1) 86.8 (2) 86.6 (2) 856 (2) 80.2 (1)
03-Co-04 (°) 86.0 (2) 852 (3) 85.1 (4) 87.5(1) 87.0(2) 84.8(2) 83.9(2)
01-Co-04 (°) 1224 (2) 1210 (3) 125.6 (4) 1186 (1) 1227 (2) 1265 (2) 1244 (2)
02-Co-03 (°) 1184 (2) 1200 (3) 123.0 (4) 117.6 (2) 1250(1) 1124 (2) 1252 (1)
Mean O-Co-O (°) 8545 85.85 854 86.98 852 820
1204 1205 1243 120.98 11945 1248
BVS on Co 193 1.96 198 196 194 195 1.97
BVS on Li 117 113 113 119 113 119 118
1.14 1.14 1.07 117 1.14 125
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The LCO materials prepared from various complexes
showed different specific capacities. This difference may
be related to several parameters such as the homogeneity
of particle size, ball milling and the shape of LCO parti-
cles. Also, when a particle size distribution is broad, the
specific capacity can be less good than the one from the
narrower size distributed particles. The large size differ-
ence can lead to different Li* diffusion kinetics. However,
the larger particles can be broken during ball milling and
the size distribution becomes narrower, improving the
kinetics of Li™ diffusion and finally the specific capacity.
The shape of LCO particle can also affect the diffusion of
Li* because Li* diffuses in a specifically oriented layer of
the structure.

The smaller particle size provides higher diffusion
kinetics with Lit because the higher surface area of
nano-LiCoO, provides more Li* ions to be released and
uptaken into/from the electrolyte. In addition to the high
surface area, there is another parameter governing the
diffusion kinetics, which is the orientation of Li* diffu-
sion path in the lattice structure of LiCoO,. Li* is located
in one layer of the LiCoO, lattice cell, diffusing in one
preferred orientation. Thus, the length of Li* diffusion
path in LiCoO, also affects the diffusion kinetics. We
reported that the diffusion of Lit is not only related to
the size of particle but also the shape of particle due to
the preferred diffusion direction and its length in the lat-
tice structure [67, 68]. In this regard, the higher diffusion
coefficient of 40 nm (compound 8) is probably coming
from the shorter diffusion path of Li* in a single particle
although the compound 12 has a smaller size of 15 nm.

We also found that LiCoO, produced from LiO*Bu has
a larger overpotential and higher resistance than the one
obtained from LiOPh. On the other hand, the LiCoO,
electrode formed from LiOMe reached >120 mAh/g of
charge capacity. However, the discharge capacity was
90 mAh/g with 70% of coulombic efficiency. These dif-
ferences of equilibirum charge/discharge curves can be
explained by different kinetics at equilibrium state.

The deep discharge measurement supports that the
discharge capacities at higher current densities (>C/2)
are lower in LiCoO, electrode with LiOPh than those in
LCO with LiO’Pr (Fig. 16). Therefore, the kinetics of the
electrode (a) obtained from LiOPr is an order of magni-
tude faster than (b) (obtained from LiOPh) at high cur-
rent densities.

The electrochemical properties of batteries are influ-
enced by not only the active material but also the com-
posite, consisting of carbon and the active material [69].
The structural morphology and the physicochemical
properties of composite affect the electron transfer and
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lithium ion diffusion in the electrode [64]. An ongoing
follow-up study is hence the optimization of the elec-
trode composites for each nanoscale HT-LCO material as
a function of precursor.

In terms of the biological assessment, such studies had
never been done on nanoscale LCO and are quite rare for
battery materials in general. We found both nano- and
micro-LCO to be relatively low toxic in the lung model
which we used. The (pro-)inflammatory response upon
exposure to nano-LCO was nil across all tested concen-
trations, while it was dose-dependent for micro-LCO.
Neither nanoparticles nor micro-LCO induce a cytotoxic
effect at the tested concentrations which leads to more
than 15% cell death. In terms of the surface charges of
nano and microparticles, we estimate it is low since both
particles rather stick together [70].

Conclusions

A series of 12 new precursors containing lithium and
cobalt ions in ratios of 2:1 or 1:1 with different aryl- and
alkoxide ligands have been prepared and characterized.
Their thermal decomposition leads to the formation of
nanoscale HT-LiCoO, with the size of the so obtained
nanoparticles depending on the precursor. Also, pre-
cursors with a 1:1 ratio of Li* to Co*" lead to quite
pure product, while the precursors with a 2:1 ratio gave
Li,COj as byproduct. The use of our precursors allowed
lowering the production temperature and time for the
generation of HT-LiCoO, as a preorganisation of the
metal ions takes place in the starting material. The nano-
materials of LiCoO, showed a superior Li-ion diffusivity
by a factor of 20-100 compared to commercial LiCoO,,
depending on the precursor used to generate the cathode
material. The electrochemical performance was varied
depending on the precursors. LiCoO, with LiOPh and
LiO'Pr provided higher specific capacities while LiCoO,
with LiOMe and LiOtBu obtained lower specific capaci-
ties. Lithium ion diffusion coefficients of our nanoscale
LiCoO, were >10 times higher than the one of microscale
LiCoO, due to the shorter path length of lithium ion dif-
fusion in nanomaterial of LiCoO,. This means that high
surface area of nanoscale LiCoO, can release and take
Li* ions much more than micron LiCoO, material at the
same condition.

To mimick conditions of recycling of batteries, nano-
powders of LiCoO, were tested on a lung cell model.
During the spraying of the powders, it was shown that
the nanopowders tend to aggregate during the process
due to a low zeta-potential. Nevertheless, they are slightly
more toxic than the micron-scale material, while toxicity
remained overall very low.
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Additional file

Additional file1: Text 1. Synthesis of bimetallic compounds. Table S1.
Crystal data. Text 2. Single crystal structure descriptions. Text 3. Argen-
tometric titration. Table S$2. Idealistic oxidation reactions of two types of
compounds, precursors 1,5 with 2:1 and precursors 8,9 with 1:1 stoichio-
metric ratio between Li+ and Co2+. Table $3. Results of the argentomet-
ric titration of chloride and ICP-measurements for lithium. Table S4. ICP
analysis for Li+ and Co3+ of LiCoO2 obtained from different precursors.
Figure S6. XRD study of commercial LCO, and nano-LCO obtained from
LiOtBu before annealing and after annealing at 600°C and 700°C. Figure
§7. XRD of LiCoO2 from 9-LiOPh calcined at 450°C before washing. The
red line corresponds to HT-LCO and the blue lines are Li2CO3. Table S5.
The combustion temperature and the thermal measurement conditions
of the compounds 1, 8-12. Table $6. TGA weight loss in percentage [%]
with associated steps of compounds 1, 8-12. Equation S1-S5. Deter-
mination of the particle and crystallite sizes. Figure S8. Morphologies of
LiCoO2 prepared with different precursors at 450°C. Figure S9. (a) Cyclic
voltammograms of the 15 nm LCO prepared from the compound 12 at
different sweep rates. (b) The maximum anodic and cathodic current
peaks of LiCoO2 electrode versus the square root of sweep rate. Table S7.
Li+ diffusion coefficients determined for HT-LCO obtained from different
precursors. Figure $10. Nyquist plot for LiCoO2 electrodes from LiOtBu
with fit: filled markers — experimental points, open markers — fit points
with error bars a) and corresponding equivalent circuit model b) with
fitting report c). Figure S11. Nyquist plot obtained for LiCoO2 electrodes
from LIOPh with fit: filled markers — experimental points, open markers —
fit points with error bars a) and corresponding equivalent circuit model b)
with fitting report ¢).
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lithium iso-propoxide; TMEDA: tetramethylethylenediamine; DME: dimethox-
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ABG and SFG: name of graphite provided from the manufacturer; EC: ethylene
carbonate; DMC: dimethyl carbonate; DEC: diethylene carbonate; C/20, C/10,
C/5,C/2,1Cand 20C: charging for 20 h, 10'h, 5 h, 2 h, 1 h.and 3 mins; EIS:
electrochemical impedance spectroscopy; FRA: frequency response analyser;
RPMI: Roswell Park Memorial Institute; PET: polyethylene terephthalate; CH:
cluster of differentiation; DP: dry powder insufflator; ELISA: enzyme-linked
immunosorbent assay; BVS: bond-valence-sum.
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