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Development and Characterization of a 96-Well Exposure
System for Safety Assessment of Nanomaterials

Yvonne Kohl,* Michelle Miiller, Marielle Fink, Marc Mamier, Siegfried Fiirtauer,
Roland Drexel, Christine Herrmann, Stephan Ddhnhardt-Pfeiffer, Ramona Hornberger,
Marius |I. Arz, Christoph Metzger, Sylvia Wagner, Sven Singerlaub, Heiko Briesen,

Florian Meier, and Tobias Krebs

In this study, a 96-well exposure system for safety assessment of nano-
materials is developed and characterized using an air-liquid interface
lung epithelial model. This system is designed for sequential nebuliza-
tion. Distribution studies verify the reproducible distribution over all

96 wells, with lower insert-to-insert variability compared to non-sequential
application. With a first set of chemicals (TritonX), drugs (Bortezomib),
and nanomaterials (silver nanoparticles and (non-)fluorescent crystalline
nanocellulose), sequential exposure studies are performed with human
lung epithelial cells followed by quantification of the deposited mass

and of cell viability. The developed exposure system offers for the first
time the possibility of exposing an air-liquid interface model in a 96-well
format, resulting in high-throughput rates, combined with the feature for
sequential dosing. This exposure system allows the possibility of creating
dose-response curves resulting in the generation of more reliable cell-
based assay data for many types of applications, such as safety analysis.
In addition to chemicals and drugs, nanomaterials with spherical shapes,
but also morphologically more complex nanostructures can be exposed
sequentially with high efficiency. This allows new perspectives on in vivo-
like and animal-free approaches for chemical and pharmaceutical safety
assessment, in line with the 3R principle of replacing and reducing animal
experiments.

1. Introduction

Due to the coronavirus disease 2019 pan-
demic, research on lung diseases and the
development of sophisticated lung models
have become even more important. The
need for models and new techniques for
the development of new drugs, especially
inhalable drugs, is growing steadily.l! It is
apparent, not only in the field of therapy
development, but also in the field of risk
assessment of air pollutants — such as par-
ticulate matter, dusts, nanoparticles, and
chemicals—that there is a great need for
test systems that reflect the “real” situa-
tion of pollutant exposure or inhalation,
both from the biological and the technical
application side.

In addition, due to ethical aspects and
political demands, animal models in phar-
maceutical and toxicological testing are
being increasingly replaced by animal-free
methods, such as advanced in vitro models.
Within the scope of the 3R principle of Rus-
sell and Burch (replace, reduce, refine),’!
compliance is becoming mandatory in
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Europe and worldwide in the execution of pharmaceutical and
toxicological studies.!*l

In order to meet this challenge, not only in vitro models, but
also technical application systems combined with the in vitro
models must be developed further.

During the last several years, a significant number of
advanced in vitro lung models (co-cultures, multi cultures,
primary cultures, 3D cultures, organoids, or models based
on induced pluripotent stem cells)””] have been developed;
as they bring distinct advantages such as relevance to human
physiology, cost effectiveness, and handling. Nevertheless,
many in vitro test methods are not yet complex enough to
replace the process of “inhalation” as a whole.’’® Due to its
complexity, mechanical devices have been combined with bio-
logical models, thereby enabling the exposure of gas or aero-
sols to cells cultured at an air-liquid-interface (ALI).2l Until
today, most devices that allow “physiological” aerosol expo-
sure of cells have been based on the sedimentation principle,
which facilitates cell exposure with the test substance only as
non-sequential aerosol exposure and only for up to 48 positions
at the same time.21%2%] When using the flow principle, the
maximum number of positions exposed in parallel is limited
to 48 samples.?12%l To date, no exposure system has been devel-
oped to enable a sequential exposure of ALI models in a high-
throughput format, such as a 96-well plate.

To simulate the inhalation process in vitro nebulizers are
used for aerosolization of liquid drugs, as they provide a mod-
erate, continuous flow rate and a constant aerosol size distri-
bution in the optimal range for pulmonary or nasal delivery.l’!
Choosing a nebulizer exerting low shear forces during aerosol
generation can reduce aggregation and loss of bioactivity.?8-3%

This is also of special relevance in the field of nanosafety
assessment of inhalable dusts and nanomaterials.?"3! Lung
diseases, such as pneumoconiosis or allergic alveolitis, are
caused by the inhalation of dusts with subsequent deposition
in the lungs as well as tissue reaction.?>*?l In addition to dusts,
which are solid microparticles, numerous nanomaterials, and
particulate matter also trigger inflammation and other diseases
in the lungs.’¥ These findings are largely based on in vivo
studies.3>30

At present, there are no validated systems for aerosol appli-
cation of drugs or nanomaterials in a high-throughput format
and for the rapid determination of effect thresholds. Such sys-
tems would be of great help in the field of occupational hazard
potential analysis and in the risk assessment of new materials
in the micro- and nanoscale regime, such as cellulose nanocrys-
tals (CNC) for example.’’-#2 Although CNC are already used on
a commercial scale, little is known so far about their potential
biological effects after inhalation. This particle type can act as
a good example for several new materials with complex mor-
phology, whose effects on inhalation need to be studied. Due to
the lack of validated in vitro methods and application technolo-
gies in a high-throughput format, such studies are currently
performed only in vivo.?631 Against this background there
is a great need for advanced technologies for assessing a dose-
response relationship of new inhalable materials in a fast and
reproducible manner.

Cloud technology represents a promising approach for
sequential ALI exposure with aerosols in a 96-well format.
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The first prototype of cloud technology was introduced in 2009
by Lenz et al.*o followed by a detailed characterization of a
refined, commercially available system, Cloud 6, which was
subsequently extended by versions with 12 and 24 inserts.[*64]
The application of this cloud system for in vitro aerosol expo-
sure studies of chemicals,*®-°% dust, and gasi**>' as well as
nanoparticles®>-%? has already been successfully demonstrated.
While the cloud system SEQ 24 has been characterized for
application in cell experiments,*%3 the effect of the miniaturi-
zation of the format (24-well to 96-well) on the distribution of
the nebulized substances, the cultivation of the cells, as well
as the effect efficiency of the test substance, is unclear. In this
study, an aerosol exposure system for dose-response studies of
drugs and nanoparticles on an ALI lung epithelial model, in a
96-well format, was fabricated and characterized using refer-
ence drugs and nanomaterials.

2. Results and Discussion

2.1. Setup of the Sequential 96-Well Exposure System

A 96-well exposure system for nebulization of substances was
manufactured. The developed system provides aerosol expo-
sure for ALI cell models to chemicals, drugs, and nanoma-
terials or other active substances, in aerosolized form, under
controlled and reproducible conditions. It features ease of
operation and reliable exposure. Compared to the 6-, 12- and
24-well format, the 96-well design allows testing at high-
throughput rates, combined with the feature of sequential
dosing on each of the 12 rows of well, offering the possibility of
creating dose-response curves. This exposure system consists
of nine different components (Figure 1). The nebulizer and the
mounting of the nebulizer with the vacuum outlet are placed
on the aerosol chamber. The sliding panel can be moved manu-
ally across the base module. The base module consists of a flat,

Figure 1. Schematic set-up of the 96-well exposure system. 1) nebulizer,
2) mounting of the nebulizer with vacuum outlet, 3) aerosol chamber, 4)
sliding panel, 5) flat 96-well stainless steel plate, 6) 96-well insert plate,
7) 96-well stainless steel plate, 8) quartz crystal microbalance, 9) tem-
perature control unit.
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Figure 2. 96-well exposure system. A) completely assembled system, B) 96-well stainless steel plate with sliding panel and quartz crystal microbalance,
C) complete system without aerosol chamber, D) formed mist in the aerosol chamber.

96-well stainless steel plate that covers the 96-well insert plate.
This is then placed onto a second, 96-well stainless steel plate
that contains the basal cell culture medium. The base module
holds another insert for the 6-well quartz crystal microbalance
(QCM) and can be used to heat the cells up to physiological
temperatures, with a temperature control unit (Figure 1 and
Figure 2).

The basic principle of the cloud system has been previously
described in detail.®! In brief, cells are grown on cell culture
inserts, which are placed at the bottom of the exposure chamber.
A solution of the test substance is placed on the vibrating mesh
nebulizer located on the top of the chamber. The test liquid
passes the vibrating mesh nebulizer resulting in the formation
of a dense cloud of droplets. Subsequent sedimentation results
in uniform aerosol deposition onto the cells, which are located
in inserts at the bottom of the exposure chamber. A QCM in
the base module facilitates accurate dosimetry measurement of
the deposited mass onto the cells.[*¢4

The developed exposure system allows exposure to aerosols
using a 96-well format for the first time, resulting in high-
throughput rates. This is combined with the feature for sequen-
tial dosing of each of the 12 rows of well, which offers the possi-
bility of creating dose-response curves with an aerosol exposure
system. The characterization of drug and nanoparticle distribu-
tion as well as in vitro studies on dose response in a 96-well
format has not yet been reported. This application has previ-
ously been reported using a 12-well exposure system.%! For
the characterization of the 96-well exposure system, a stepwise
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approach was taken, using chemicals and nanomaterials in
each case. In the first step, distribution studies were performed
with fluorescein sodium and fluorescence-labeled crystalline
nanocellulose (CNC). In the second step, ALl models were
sequentially exposed to chemicals or nanomaterials, followed
by later determination of cell viability.

2.2. Nanoparticles for System Characterization

In addition to known reference chemicals and pharmaceuticals,
nanoparticles with a spherical shape as well as nanoparticles
with a complex morphological structure were used to charac-
terize the 96-well exposure system. As an example of the latter,
CNC was synthesized and labeled with a fluorescent dye. The
characteristics of the labeled and unlabeled CNC are described
in detail in the supplementary material. In brief, CNC was
extracted from hardwood pulp by sulfuric acid hydrolysis and
fluorescently labeled with AlexaFluor (AF) 488 (CNC-AF488) by
treating the CNC with 3-aminopropyltriethoxysilane (APTES)
and AF 488 NHS ester. For physicochemical characteriza-
tion, {-potential, mean hydrodynamic diameter (using batch
DLS), and gyration radius (using asymmetrical-flow field-flow
fractionation coupled with multi angle light scattering (AF4-
MALS)) were determined (Table 1, Tables S1,S2 and Figure S1,
Supporting Information). Successful conjugation of AF488 was
demonstrated by FTIR spectroscopy (Figure S2 and Table S3,
Supporting Information).

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Table 1. Physico-chemical characteristics of CNC and CNC-AF488 in the stock solution.

Nanoparticle Size [nm]/DLS Size [nm]/AF4-MALS {-potential [mV] PDI
CNC 140.0+1.0 136.0£0.2 -39.0+1.0 0.402 +0.009
CNC-AF488 151.0+1.5 196.6 £ 8.9 -3.9+0.5 0.240 +0.008

Further evidence of the particle characteristics of the CNC
was provided by transmission electron microscopic (TEM)
analysis. CNC and CNC-AF488 show characteristic fiber-like
structures, which are distinguishable from each other, showing
no agglomeration. No differences in morphology or size ratio
and distribution are evident between un-nebulized CNC and
un-nebulized CNC-AF488. These findings are consistent with
those described by Campora et al.l®® Also, no differences
between nebulized and un-nebulized CNC are detectable either
by coupling the fluorescence dye or by the process of nebuliza-
tion (Figure 3). After threefold nebulization, larger clusters are
visible, but particle shape and size correspond to un-nebulized
material. Even after threefold nebulization, CNC and CNC-
AF488 still correspond to the shape and size of the un-nebu-
lized material (Figure 3).

2.3. Aerosol Distribution in the 96-Well Exposure System
2.3.1. Cell-Free Characterization with Fluorescein Sodium

For characterization and evaluation of the system, cell-free
experiments with aerosolized fluorescein sodium solution

CNC, un-nebulized

CNC-AF488, un-nebulized

CNC, nebulized 1x

CNC-AF488, nebulized 1x

as a chemical/drug proxy were conducted. The system was
tested in both, non-sequential mode (exposing all 96 posi-
tions once) and sequential mode (exposing single rows of
well up to 12 times, resulting in 12 different dose levels).
Spectrometric quantitative analysis of the deposited fluores-
cein sodium was performed. The QCM was not used in this
experiment. For the non-sequential mode, the mean depos-
ited mass of fluorescein sodium is 0.047 + 0.007 ug cm~2 after
a single exposure with 500 uL fluorescein sodium (30 ug
mL7Y). For the sequential mode, the deposited mass ranges
from 0.033 £ 0.002 ug cm™2 after one exposure with 500 pL
fluorescein sodium (15 ug mL™) to 0.382 + 0.015 pg cm™2
after 12 exposures. For 12 exposures in sequential mode a
total volume of 6 mL fluorescein sodium (15 pg mL™) was
used. Besides a significantly higher deposition efficiency
(Figure 4A) the insert-to-insert variability is also significantly
lower in the sequential mode (Figure 4B). In the case of the
sequential mode, a uniform increase in the dose levels for
each additional exposition could be detected (Figure 4C).
These results verify that the sequential dosing feature is
functional. As Steiner et al. previously showed for a cloud
system SEQ 24, it is crucial for sequential operation to clean
the chamber between the exposures to avoid contamination

CNC, nebulized 3x

CNC-AF488, nebulized 3x

Figure 3. TEM images of CNC and CNC-AF488 un-nebulized and after nebulization. CNC and CNC-AF488 were analyzed before nebulization, after

single, and after three times nebulization. Scale bar 50 nm.

Small 2023, 19, 2207207

2207207 (4 of 15)

© 2023 The Authors. Small published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

A 100

[ non-sequential
77 sequential

g 80 -
>
%)
<
9 60
9
E
()
=
L 40
b —
7]
o
<
[
o 204

0 -

Application mode
10

[ non-sequential
72 sequential

Insert-to-insert variability [%]

Application mode

C o4

0.40

y =0.0012 + 0.0322x
R? = 0.99952

e © o o o
- N N w w
[3,] o o o (34
1 1 1 1 1

Deposited mass [ug*cm™]

o

=

o
1

1 2 3 4 5 6 7 8 9
Number of sequential nebulizations

10 11 12

Figure 4. Delivery characteristics of the 96-well exposure system in cell-
free experiments using a fluorescein sodium solution as a proxy drug.
A) Deposition efficiency of non-sequential and sequential modes. Deposi-
tion efficiency of the non-sequential mode, meaning one exposure over all
96 positions, was lower compared to sequential mode. B) Insert-to-insert-
variability of sequential and non-sequential modes. These values dem-
onstrate highly uniform distribution of the aerosol between the inserts.
C) Mean deposited mass of fluorescein sodium for 12 dose levels (n = 3).
The uniform increase between the levels shows the functionality of the
dosing feature for up to 12 doses.
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due to electrical charge deposited on the chamber walls.[®3]
Data from the 96-well exposure system proves that applying
a slight vacuum after each exposure is an alternative, faster
and easier-to-handle method to remove residual aerosol
between the exposures. The sedimentation time is driven
by the two settling mechanisms which are cloud settling
and single droplet sedimentation. As the particles are incor-
porated into the droplets the recommended settling time
mainly depends on the droplet size. This is defined by the
pore size of the mesh of the nebulizer. Based on theoretical
cloud settling, that is, particle settling speed®l and experi-
mental QCM data,l®¥ a settling time of 5 min is conserva-
tively recommended for the Cloud system. Thus, it can be
assumed that >95% of the final deposited drug dose is deliv-
ered during the chosen settling time of 7 min for cell-free
and 5 min for biological experiments before evacuation.
From the deposited fluorescein dose the deposition effi-
ciency of the cloud system was determined, indicating the
percentage of the total nebulized fluorescein mass reaching
the bottom of the exposure chamber after settling time,
implicitly assuming spatially uniform aerosol deposition.
Another important characteristic of the cloud systems is the
insert-to-insert variability, representing the uniformity of the
aerosol distribution in the inserts (Figure S5, Supporting
Information).

Deposition efficiency and insert-to-insert variability for
non-sequential and sequential modes of the 96-well expo-
sure system are depicted in Figure 4A,B. Mean deposition
efficiency for the non-sequential mode is 59.2 + 1.7%. For
the sequential mode, the average deposition efficiency of all
12 doses is 82.5 £ 4.5%. Mean insert-to-insert-variability for
non-sequential mode and thus over 96 inserts is 8.4 £ 0.8%
and 4.7 £ 1.6% for non-sequential mode over 8 inserts in
one row. Comparing these values to previously reported data
using fluorescein sodium to characterize the cloud exposure
systems, deposition efficiency of the sequential mode of
82.5% is in the range of the values of 83.6% and 79.0% for
the Cloud 6.4 The slightly lower reported values of 68.0%
for the Cloud 12 and 69.0% for Cloud 24 SEQ (non-sequential
mode) may indicate, that higher losses might correlate with
a decreased insert size, for example, due to higher losses at
the insert-walls.[*%4 This could explain the comparable lower
deposition efficiency of the non-sequential mode of 59.2%.
The difference in the deposition efficiency of the non-sequen-
tial and the sequential mode might be explained by the two-
fold higher concentrations of fluorescein sodium nebulized at
once in the non-sequential mode. The higher concentration
of nebulized fluorescein sodium might lead to proportion-
ally higher losses, resulting in a lower deposition efficiency.
However, insert-to-insert variability for non-sequential mode
and sequential mode was lower than 10%, implying high uni-
formity and is in the range of 8.6% reported by Lenz et al. in
2014 for Cloud 6.1 In conclusion, the cell-free experiments
with fluorescein sodium demonstrate that the 96-well expo-
sure system can be operated in non-sequential and sequential
modes in a dose-controlled, highly reproducible manner with
spatially uniform deposition (Figure S5, Supporting Informa-
tion). The sequential dosing feature is functional for up to 12
doses (Table S4, Supporting Information).

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. Nanomaterial delivery characteristics of the 96-well exposure system in cell-free experiments using fluorescent crystalline nanocellulose
(CNC-AF488). A) Deposited mass of CNC-AF488 for 10 dose levels measured by QCM. The uniform increase between the levels also shows the func-
tionality of the dosing feature for nanomaterials. B) Relative fluorescence intensity of CNC-AF488 for 10 dose levels. Mean values of three independent

experiments * standard deviation.

2.3.2. Cell-Free Characterization with Fluorescent CNC

Fluorescent CNC (CNC-AF488) was used for cell-free experi-
ments in sequential mode (exposing single rows up to ten
times, resulting in 10 dose levels). Mean deposited mass of
CNC-AF488 for 10 dose levels was measured by QCM. The
values range from 742 + 0.09 ug cm™ after one exposure to
61.68 £ 0.52 pg cm™? after 10 exposures (Figure 5A). In parallel,
the CNC-AF488 deposition efficiency was determined by meas-
uring the fluorescence intensity in each well. The values range
from 12910 £ 1249 relative fluorescent units (RFU) after one
exposure to 35804 + 2221 RFU after 10 exposures (Figure 5B).
As shown previously for chemicals, in a 24-well format,®’]
the homogeneous distribution and sequential aerosol applica-
tion of nanostructures could be clearly verified in the 96-well
exposure system. In conclusion, the cell-free experiments with
CNC-AF488 demonstrated the suitability of the 96-well expo-
sure system for sequential mode in a dose-controlled, highly
reproducible manner, with spatially uniform deposition.

2.4. In Vitro Studies after Exposure in the 96-Well
Exposure System

After a very homogeneous distribution of the nebulized test
materials in the individual wells could be verified, the in vitro
application of the exposure system was characterized. For this
purpose, reference chemicals were used in the first step and
nanomaterials in the second step.

In order to ensure that the nebulization process itself has
no influence on the viability of the treated cells and their mor-
phology, A549 cells, which were cultured in the 96-well plates
at ALI for 24 h prior to exposure, were treated with cell culture
medium without any supplements or test materials sequen-
tially up to 10 cycles of exposure. With the increasing number
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of nebulizations, no effect on the cell viability was determined
(Figure 6A). The same result can be observed when dimethyl
sulfoxide (DMSO) containing cell culture medium is sequen-
tially nebulized (Figure S7, Supporting Information). DMSO is
a widely used organic solvent that is also used in cell biology
for the preparation of poorly soluble substances, such as Bort-
ezomib in this study, and can thus be present in low concentra-
tions in the cell culture medium.

140

[ Cell culture medium
120 -

=i E e E S

60

Cell viability [%]

40

20

0 T T T T T T T T T T

1 2 3 4 5 6 7 8 9 10
Number of sequential nebulizations

Figure 6. Effect of cell culture medium nebulization on human lung epi-
thelial cells. A549 cells cultured as ALl model were exposed with FCS-free
cell culture medium without any supplements. The cells were exposed up
to ten times and its viability was calculated in relation to the untreated
control cells. The cell viability was quantified based on metabolic activity
analysis (alamarBlue assay). Mean values of three independent experi-
ments (+ standard deviation) are presented.
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CCM, nebulized 10x

500 um
I

Figure 7. Electron microscopic characterization of human lung epithelial cells after nebulized cell culture medium (CCM) exposure in the 96-well
exposure system. Upper row: scanning electron microscopy (SEM) indicates the dense monolayer of the flat epithelial cells with microvilli on the apical
side. Bottom row: transmission electron microscopy (TEM) of A549 cells. Microvilli are visible under each tested condition.

The cell morphology was also not affected by the multiple
nebulizations of cell culture medium. Even after 10 nebuliza-
tions, the characteristics of the lung epithelial cells, such as
microvilli, are clearly visible (Figure 7). SEM images identi-
fied the confluent layer with characteristic flat epithelial cells
as a monolayer and TEM images clearly show apical microvilli
(Figure 7).

2.4.1. Characterization with Reference Chemicals

Before the platform was used for cell-based in vitro studies with
nanomaterials, the system was characterized with a number of
reference chemicals. For this purpose, A549 cells, which were
cultured in the 96-well plates at ALI for 24 h prior to expo-
sure, were treated with 1 wt% TritonX and 200 M Bortezomib
sequentially up to 10 cycles of exposure. The deposited mass of
both chemicals could be measured by the QCM and increases
almost linearly with an increasing number of exposure cycles
(Figure 8). In the case of TritonX, the cell viability decreased
with an increasing dose (Figure 8), whereas Bortezomib does
not induce loss of metabolic activity of the cells (Figure 8).
TritonX is a detergent, which irreversibly disrupts cell mem-
branes and consequently induces cell death.’”] This chemical-
induced effect can be clearly replicated in the 96-well exposure
system, since A549 cells lose their viability with increasing
dose of TritonX (Figure 8Al). Bortezomib is a cytostatic
drug, whose effect is based on the inhibition of proteasomes,
which degrade damaged proteins by proteolysis.l®® Since the
used viability assay is based on the reduction of resazurin to
resorufin by metabolic active cells, it does not correlate with
the proteolytic activity of the cells. Based on this, no effect on
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the mitochondrial cell metabolic activity is observed, even with
increasing doses of Bortezomib (Figure 8B).

2.4.2. Effect of AgNP and CNC on ALl Culture in 96-Well Format

After characterizing the system with reference chemi-
cals, A549 cells were cultured as ALI in the 96-well plate
and as the next step, these cells were exposed to spherical
Ag-NP (20 ug mL™Y) and the synthesized rod-shaped CNC
(22 mg mL™). The deposited mass of both nanomaterials
was measured by the QCM and increased nearly linearly with
an increasing number of exposure cycles (Figure 9). None of
the tested nanomaterials induce loss of metabolic activity of
the cells at any of the delivered doses. Unlike a number of in
vitro studies that report strong cytotoxicity of applied Ag-NP
suspensions, Ag-NP applied as an aerosol to cells cultured
at ALI is negligibly cytotoxic and only induces mild inflam-
matory effects.[*7% It has been shown in many nanotoxicity
studies that aerosol exposure induces different biological
answers than submerged exposures,®®027172] which is in line
with the results of this study. In addition to the study of cell
viability, the morphology of the cells was investigated via TEM
and SEM. Compared to the untreated control and the cells
nebulized several times with pure CCM (Figure 7), the cells
exposed to Ag-NP no longer showed a homogeneous cell layer
after tenfold nebulization. Individual nanoparticles could be
found inside the cells, which proves the uptake of Ag-NP into
the cells (Figure 10). Cell morphology was also not affected by
the multiple nebulizations of CNC (Figure 10). Even after 10
nebulizations, the characteristic microvilli are clearly visible
on the surface of the lung epithelial cells (Figure 10). TEM

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 8. Characterization of the 96-well exposure system with chemicals. A549 cells cultured as ALI model were exposed with A) 1 wt% TritonX or
B) 200 um Bortezomib. In parallel to the exposure the deposited mass was measured by QCM (A2, B2). The cell viability was quantified based on
metabolic activity analysis (alamarBlue assay) (A1, B1). Mean values of three independent experiments (+ standard deviation) are presented.

images identified vesicles in which CNC seems to be incorpo-
rated (Figure 10).

As Ag-NP are biologically well-characterized nanomaterials,
little is known to date about the potential biological effects of
CNC extracted from cellulose. CNC is a key player in the devel-
opment of advanced materials due to their outstanding physical
and chemical properties.””*! These kinds of particles, with
typical dimensions of 4-20 nm in width and 100-500 nm in
length”?! are found in a wide range of industrial applications,
such as polymer composites or in cosmetic and medical prod-
ucts.®? Nevertheless, to date, only a few studies have investi-
gated the toxicity of CNC on lung cell function.[3747%]

Published toxicological studies with nanocellulose, in
vitrol”>767% and in vivol**89-82 show a distinct lack of coherent
data to substantially assess and target the toxicological potential
of CNC. The published studies indicate that the physicochem-
ical properties of CNC, particularly the agglomeration state and
aspect ratio, influence their biological effects.®*#°] However, a
way to predict toxicity as a function of CNC physico-chemical
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properties has not yet been reported. In the present study, an
increased dose of CNC delivered as an aerosol to A549 cells,
induces no decrease in metabolic activity using 22 mg mL™
CNC (Figure 9B1). This is in contrast to recently published
animal studies conducted in rats, where CNC inhalation caused
lung toxicity by inflammation and oxidative stress.[*®! However,
rats were exposed for 6 h a day for a total of 14 days, which
cannot be compared with the dose delivered in the presented in
vitro 96-well exposure system. Another study, in which a lower
dose was delivered to mice twice a week over 3 weeks, also
reported lung damage induced by inflammation and oxidative
stress after CNC exposure.l®® Occasional in vitro studies have
reported lower cytotoxities of CNCs than multi-walled carbon-
nanotubes on a 3D, co-culture, lung model,””) and referred to
the aspect of length and concentration of cellulose nanofibers
in the context of interaction with lung cells.”® Besides the
influence of nanocellulose on inflammatory processes and oxi-
dative stress, they have also been discussed as a possible trigger
of genotoxic effects./o8-4

© 2023 The Authors. Small published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

A1 140

[ Ag-NP

120

100

80

60

Cell viability [%]

40

20

0-
1 2 3 4 5 6 7 8 9

Number of sequential nebulizations

I CNC

10

B1

120

100

80

60

Cell viability [%]

40 -

20

1 2 3 4 5 6 7 8 9

10
Number of sequential nebulizations

www.small-journal.com

A2 12

B Ag NP
y =2.5421 + 0.686x
R? = 0.99676

10 4

Deposited mass [ug*cm?]

1 2 3 4 5 6 7 8 9
Number of sequential nebulizations

10

B CcNC

y =6.669 + 11.587x
R? = 0.98653

140

=3

N

o
1

100 ~

2] -]
o o
1 1

Deposited mass [ug*cm?]
B
o

1 2 3 4 5 6 7 8 9
Number of sequential nebulizations

10

Figure 9. Characterization of the 96-well exposure system with nanomaterials. A549 cells cultured at ALI were exposed with A) 20 pug mL™ Ag-NP or
B) 22 mg mL™ CNC. In parallel to the exposure the deposited mass was measured by QCM (A2, B2). Cell viability was quantified based on metabolic
activity analysis (A1, B1). Mean values of three independent experiments + standard deviation are presented.

3. Conclusion

The goal of this study was to develop and characterize a 96-well
aerosol exposure system for the safety assessment of nanoma-
terials. For this purpose, an exposure system for sequential
nebulization in a 96-well format was designed, fabricated, and
characterized using an ALI lung epithelial model. This 96-well
exposure system was developed with the capability of sequen-
tial exposure of individual rows of wells with test substances as
aerosols, thus offering the possibility of creating dose-response
curves using the system. This allows the generation of a more
reliable cell-based assay data for many types of applications,
such as safety analysis (endpoint and toxicokinetic studies), dis-
ease modeling, drug efficacy testing, or chemical registration
within REACH (Registration, Evaluation, Authorisation and
Restriction of Chemical Substances).!

The presented results show that the developed expo-
sure system can be used for dose-response studies of drugs,
chemicals, and nanomaterials with simple, but also complex
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morphology on an ALI epithelial model in a 96-well format.
The integration of a QCM in the base module allows a method
for accurate dosimetry measurement of deposited mass on the
cells.

The comparison of the application modes clearly indicated
that a sequential application produces very good distribution
profiles (both within a row of wells and between the wells). This
is valid not only for the distribution of large molecular struc-
tures, such as fluorescein sodium, but also for morphologically
complex nanoparticulate structures, such as CNC. Thus, the
system is suitable for the application of drugs and chemicals
but also for the homogeneous distribution of nanomaterials. A
negative influence, such as agglomeration effects on the nebu-
lization process on the morphology of the particles could be
excluded. The design of the exposure system is obviously suit-
able for the cultivation and exposure of any ALI model and is
not limited to lung in vitro models. Although the cloud system
is mainly used for lung exposure studies, the method is also
suitable for the application of ALI cultured skin cell models.®l
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Figure 10. Electron microscopic characterization of human lung epithelial cells after nebulized cell culture medium (CCM) exposure in the 96-well
exposure system. Upper row: A549 cells (cultured as ALl model) after 10x exposure with 20 ug mL™" Ag-NP (upper row) or 22 mg mL™" CNC (bottom
row). The cells were analyzed with scanning electron microscopy (SEM) and transmission electron microscopy (TEM).

After successful characterization with this first set of chemi-
cals, drugs, and nanomaterials, future steps include combi-
nation of the system with other cell models, such as human
induced pluripotent stem cells!”! or reporter cells,'% for
example.

In all fields of application this in vitro technique offers
new perspectives on in vivo-like and animal-free approaches
and contributes to the replacement of animal testing in safety
assessment studies in compliance with the 3Rs principles of
replacing and reducing animal experiments.

4. Experimental Section

Setup of the 96-Well Exposure System for Nebulization of Test Substances:
The exposure system (Cloud Alpha SEQ 96, VITROCELL Systems,
Waldkirch, Germany) was set up using a series of different components.
The aerosol chamber (length x width X height = 16.0 x 12.5 x 15.1 cm)
was equipped with a Aeroneb Pro vibrating mesh nebulizer (Aerogen
Inc., Galway, Ireland) centrally located on top of the chamber. The
nebulizer generates droplets with an aerodynamic diameter of 4-6 um.
An aerosol outlet on the nebulizer mounting was connected to a vacuum
pump (Laboport N820G, KNF, Germany). The heatable base module
contains a 96-well stainless steel plate, which was filled with cell culture
medium and into which the 96-well insert plate (Merck, Darmstadt,
Germany) was positioned. The dimensions of the insert plate were 12.1 x
7.3 cm with a surface area for cell growth of 0.143 cm? per well. It was
covered with a 96-well silicone seal and a flat 96-well stainless steel
plate on top. For sequential dosing, a row of 8-wells can be covered by a
manually movable stainless steel sliding panel, enabling the coverage of
one to twelve rows. Silicone seals on the lower side of the sliding panel
seal the wells tightly to keep aerosol from entering. The base module
holds another insert for a 6-well QCM. The total surface area of the base
being exposed to the aerosol was 190 cm?.

The principle of the sequential mode exposure feature is schematically
depicted in Figure 11. The test substance was dissolved in an aqueous
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solution and pipetted onto the vibrating mesh nebulizer on top of the
exposure chamber. The nebulizer emits a dense cloud of droplets. Due
to the formation of vortices at the bottom of the chamber, the cloud
was convectively mixed into a uniform mist, gradually filling the entire
exposure chamber from bottom up. Subsequent sedimentation of this
mist results in uniform aerosol deposition onto the cells located at
the bottom of the exposure chamber. Implementation of a QCM in the
base module allows a method for accurate dosimetry measurement of
deposited mass on the cells.¥¢4 Repeated runs of nebulization were
performed (Figure 11). For sequential dosing, the slide panel initially
covers all rows, except for row 1. Before each exposure the slide panel,
covering the cell culture plate, was removed sequentially (Figure 11).
Only the rows which were not covered were exposed to the aerosol.
Thus, the deposited mass on the already exposed rows continually
increases with each exposure resulting in different dosing of the test
substance on the cell cultures. In order to remove aerosol residues after
sedimentation of the aerosol, the chamber was evacuated with vacuum
with a low flow rate.

Cell-Free Characterization with Fluorescein Sodium and CNC-AF488:
Cell-free experiments were conducted with aerosolized fluorescein
sodium salt (Merck, Darmstadt, Germany) dissolved in phosphate
buffered saline (Merck, Darmstadt, Germany) and CNC-AF488.

For the non-sequential-mode a concentration of 30 pg mL™'
fluorescein sodium salt was used. For the sequential mode 15 ug mL™
fluorescein sodium salt was used to stay under saturation. 500 pL of the
solution was nebulized per exposure. After each exposure, the aerosol
was maintained in the chamber for 7 min before being evacuated by a
gentle vacuum flow for 60 s. The fluorescein sodium was trapped in 40 pL
phosphate buffered saline aliquoted onto the membrane of each well of
a 96-well insert plate (3381, Corning; Amsterdam, Netherlands) prior
to nebulization, as trapping liquid. After the last exposure, 30 pL of the
trapping liquid of each well was mixed and transferred to a black 96-well
half area plate (3694, Corning, Amsterdam, Netherlands), respectively.
In this experiment, the QCM was not used. Fluorescence intensity was
measured via fluorescence spectrometry (excitation, 483 nm; emission,
530 nm; CLARIOstar Plus, BMG LABTECH, Ortenberg, Germany) using
MARS Data Analysis Software (BMG LABTECH, Ortenberg, Germany)
for analysis. 1) Mean mass values of fluorescein sodium deposited

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 11. Working principle of the sequential mode feature of the 96-well exposure system. The 96-well insert plate with cells cultured at the air-liquid
interface is placed in the base module. For sequential dosing, the slide panel initially covers all rows, except for row 1. The test substance is dissolved
in an aqueous solution and pipetted onto the vibrating mesh nebulizer on top of the exposure chamber. The nebulizer emits a dense cloud of droplets.
Due to convective mixing by vortices the cloud transforms into a uniform mist of droplets, settling spatially uniform onto the bottom of the chamber.
The cells not being covered by the slide panel are continuously exposed to the aerosol. After sedimentation residual aerosol is removed from the
chamber using a vacuum with a low flow rate. Before each exposure, the sliding panel is removed sequentially row-by-row resulting in 12 different

dose levels.

per cm?, 2) deposition efficiency, and 3) insert-to-insert-variability were
calculated for each setting as follows:

Y (Cinsert X Virappi
Mass deposition [,ugcm’z]= (Ciser trapp'”g). ! m
y Ainsert
. XV, .
Deposition efficiency[%] = Cinsert ™ Verapping _ Achamber 10094 2)
Chebulized X Vnebulized Ainsen
2 (Cinsert =€ )2 1
Insert-to-insert-variability [ %] = | =2 . — . 100% 3)

y Cav

with ¢peen: Fluorescein sodium concentration deposited in each insert
[ug mL™, ¢,y: Mean fluorescein sodium concentration [ug mL™], ¢uepulized:
Concentration of fluorescein sodium in nebulized liquid [ug mL™),
Virapping: Volume of trapping liquid in each insert [mL], Viepuiizea: Volume
of nebulized liquid per dose [mL], Ajser: Inner surface area of insert
[cm?], Achamber: Surface area of the base of the chamber [cm?], y: Number
of inserts per dose, n: Number of experiments.

CNC-AF488 stock solution (22 mg mL™") was diluted in phosphate
buffered saline to a concentration of 10 mg mL™ and aerosolized in
sequential mode. 200 uL of the solution was nebulized per exposure.
80 pL supernatant was collected from each well and transferred to
a black, 96-well plate, with a clear bottom (#655090, Greiner BioOne,
Germany) for fluorescence measurement, using a Tecan Infinite F200
plate reader (Tecan, Maennedorf, Switzerland) at an excitation/emission
wavelength of 485/535 nm.

Materials for Synthesis of CNC and CNC-AF488: Hardwood pulp
(Guaiba, obtained from eucalyptus and blackwood acacia) was provided
by GRUNPERGA Papier GmbH (Griinhainichen, Germany) and used as
cellulose raw material. Sulfuric acid (H,SO,, 96 wt%) for CNC extraction
was purchased from Carl Roth (Karlsruhe, Germany). Deionized
water (18.2 MQ-cm, Milli-Q Direct 8 water purification system, Merck
Chemicals, Schwalbach, Germany) was used throughout the experiment.
3-aminopropyltriethoxysilan (APTES) 99 wt%, H,SO4 96 wt%, HCl 1 mol
L™, NaOH 1 mol L', Na,CO; 99.5 wt%, NaHCO; 99.7 wt%, DMSO
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99.9 wt%, and acetone were purchased from Sigma Aldrich (Darmstadt,
Germany), AlexaFluor 488 NHS ester (AF488-NHS) from Click Chemistry
Tools (Scottsdale, Arizona/USA).

Reagents for In Vitro Studies: TritonX-100 (T8787-50ML), Bortezomib
(Calbiochem 179324-69-7), and Ag-NP dispersion (730785) were
purchased from Sigma Aldrich (Darmstadt, Germany). All reagents were
diluted in FCS-free cell culture medium before nebulization. In the cases
of Ag-NP and CNC, 0.02 mg mL™ stock solution or 22 mg mL™ stock
solution, respectively, were nebulized.

Extraction of Nanocrystalline Cellulose: Nanocrystalline cellulose (CNC)
was extracted from hardwood pulp by sulfuric acid hydrolysis, following
the protocol of Cranston and Gray with minor modifications.01102
Sulfuric acid (diluted to 62 wt% with deionized water) was pre-heated to
44 °C in a stirred tank reactor (Atlas, Syrris, Royston, UK) equipped with
an anchor-type stirrer. Cellulose raw material (previously dried at 105 °C
for 30 min) was then added at a ratio of 1/10 (cellulose/sulfuric acid,
w/w).M%2 The reaction mixture was stirred constantly at 200 rpm for
40 min. Afterward, the reaction was quenched by tenfold dilution with
deionized water. Centrifugation was carried out for 15 min at a relative
centrifugal force of 4594 rcf (Centrifuge 5910 R, Eppendorf, Hamburg,
Germany). The clear supernatant was discarded and the precipitate
was redispersed in deionized water and recentrifuged until peptization
occurred. For further purification, the obtained suspension was dialyzed
in regenerated cellulose tubes (ZelluTrans/ROTH T3, Carl Roth,
Karlsruhe, Germany). Agglomerates were broken via ultrasonication
using a Sonopuls HD 3200 homogenizer equipped with a VS 70 T
sonotrode (Bandelin, Berlin, Germany) at a specific energy of 2 k] g™
cellulose (as recommended by Beck et al.'%) and an amplitude setting
of 30% in an ice bath followed by centrifugation (4594 rcf, 15 min).
The resulting aqueous CNC suspension (having a solid content of
1.9 — 2.2 wt%) was stored at 4 °C until further use.

Synthesis of Alexa488 Labeled CNC: Labeling of CNC was performed
in a two-step-synthesis—in the first step, a primary amino group was
introduced, which formed a conjugate (here an amide), then with the
AF488-NHS in the second step.

In brief, the synthesis of the amino-conjugated CNC (CNC-NH,) was
conducted as follows (see also ref. [66]): The pH of 300 mL aqueous
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CNC suspension with 1 wt% was adjusted to 1.5 by addition of HCI
(1 mol L), followed by addition of 0.012 moles (2.7 mL) APTES whilst
being vigorously stirred (hydrolysis step of APTES). After stirring for
30 min, the pH was adjusted to 10.5 by adding NaOH (1 mol L™) to the
mixture, which was then left under constant stirring for 3 h (condensation
step = formation of CNC-NH,). Subsequent centrifugation and washing
with mixtures of water and acetone, acetone, and water, with intermittent
sonication periods, isolated the product CNC-NH; (2.7 wt% determined
by drying method).

The conjugation of the AF488-NHS with CNC-NH, was performed as
follows: 37 g CNC-NH, (2.7 wt% in water) was diluted with 63 g 0.1 m
NaHCO;/Na,CO; buffer solution to achieve 100 g CNC-NH, (1.0 wt%
in buffer, pH 9). 100 mg AF488-NHS were dissolved in 10 mL DMSO to
achieve a concentration of 10 mg mL™ and added to the prepared CNC-
NH, suspension. After stirring, in the dark, for 1 h at 4 °C, the conjugate
product CNC-AF488 was centrifuged and washed several times with
buffer solution and diluted to a final concentration of 1 wt%.

AF4-MALS: The samples were fractionated and subsequently
characterized on a multi-detector AF4 system (AF2000 MT, Postnova
Analytics GmbH (PN), Landsberg am Lech, Germany). The AF4 system
was coupled with a UV/Vis detector (PN3211) and MALS detector
(PN3621, 21 angles). The AF4 setup and fractionation conditions
are described in detail in Metzger et al.% An analytical fractionation
channel with a tip-to-tip length of 277 mm, which was equipped with
a regenerated cellulose (RC) membrane of 10 kDa molecular weight
cut-off and a Mylar spacer with 350 pum thickness, was used. The sample
preparation for CNC-AF488 was performed as summarized in Campora
et al.l’®l CNC samples in cell culture medium were injected as received.

Single Particle ICP-MS Measurements: splCP-MS measurements
were carried out on an Agilent ICP-MS 7900 (Agilent Technologies,
Waldbronn, Germany) as described in Kohl et al.'% |n brief, the samples
were introduced using an ASX-500 Autosampler (Agilent Technologies,
Waldbronn, Germany) and a peristaltic pump operating at 0.1 rpm,
which corresponds to a flow rate of 0.346 mL min~". Data were acquired
for 60 s recording the intensities of the isotope 107 Ag at a dwell time of
100 us.

Conductometric Titration: The surface charge density (OSO;") of the
CNC was determined via conductometric titration (Konduktometer 703
with an electrode sensor SE 204, Knick, Berlin, Germany) according to
Beck et al.l%%l

Electron Microscopy: TEM analysis of the un-nebulized CNC was
performed as described by Campora et al.®¥ using a Philips CM10
instrument (FEI Eindhoven, Netherlands), coupled with a CCD camera
(u-Eye, IDS Imaging, Obersulm, Germany), at an acceleration voltage
of 80 kV. A small droplet of each un-nebulized sample was placed on
a carbon-coated copper TEM grid and left to dry at room temperature.
Negative staining was carried out with a saturated ethanolic uranyl
acetate solution. For TEM analysis of nebulized samples, they were
nebulized (see procedure below) on a pioloform-coated copper grid
(G2440C, Plano, Wetzlar, Germany) and prepared as in Campora et al.[¢]

For electron microscopy investigation of the cells, cultured as ALI,
were chemically fixed, dehydrated, embedded in resin, and sectioned
as described previously (Kohl et al. 2021).1% TEM investigation was
also carried out by a Philips TEM CM10 at 80 kV. For scanning electron
microscopy (SEM), the fixed and dehydrated cells were dried by critical
point drying using a CPD 010 (Baltec, Pfiffikon, Switzerland). After
drying, the samples were mounted on aluminum stubs (Plano, Wetzlar,
Germany) and coated with gold using a sputter coater SCU 030 (Baltec,
Pfaffikon, Switzerland). The investigations with the SEM DSM 940
(Zeiss, Oberkochen, Germany) were performed with 10 kV and the
images were captured using the software DISS 5 (point electronic).

Dynamic Light Scattering: The hydrodynamic apparent particle size
was determined by dynamic light scattering (DLS) using a Zetasizer
Nano ZSP (Malvern Instruments, Worcestershire, UK) equipped with
a red laser (633 nm) under a backscatter detection angle of 173°. The
harmonic intensity-weighted average particle diameter (Z-average) and
the polydispersity index (PDI) were obtained by cumulants analysis for
samples diluted to 0.025 wt% with deionized water.1%°]
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FTIR Measurement: For characterization of the samples, Fourier-
transform infrared spectroscopy (FTIR) was used. The Infrared
spectroscopic analysis was performed on dry samples using a Perkin
Elmer FT-IR in attenuated total reflection and GoldenGate system as
sample holder. For the evaluation, a combined database system from
Perkin Elmer, Nicodom, and Wiley was used.

{-Potential Measurement: The {-potential of CNC was measured
by electrophoretic light scattering with a Zetasizer Nano ZSP
(Malvern Instruments, Worcestershire, UK) using the Smoluchowski
approximation. Measurements were performed on a 0.25 wt% CNC
suspension in 1 mmol L™! potassium chloride. To determine the surface
charge of CNC, CNC-AF488, and Ag-NP in cell culture media, the
protocol reported by Elje et al.%¢ was used.

Dosimetry Using QCM: After each exposure, the deposited mass
of test substance (ug cm2) was determined by the Monitor software
(Vitrocell, Waldkirch, Germany) after the QCM was allowed to stabilize
for 3 min (until QCM surface was dried).

Cell Lines and Standard Cell Cultivation: All cell culture reagents were
obtained from Invitrogen (Karlsruhe, Germany), unless stated otherwise.
Human lung epithelial carcinoma cells A549 (ATCC CCL-185, American
Type Culture Collection, USA) were cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium supplemented with L-glutamine (4 mm),
penicillin (100 U mL™), streptomycin (100 g mL™), and 10% (v/v) fetal calf
serum (FCS), as previously described by Kohl et al.l%! Cells were passaged
twice a week and cultivated at 95% humidity, and 5% CO, at 37 °C.

ALl Formation in 96-Well Plates: A549 cells were seeded at a density
of 1.5 x 10* per well in 96-well insert plates with a 0.4 um pore sized
polycarbonate membrane (3381, Corning, Amsterdam, Netherlands).
Apical volume was 100 pL and basolateral chamber was prefilled with
200 pL cell culture medium. After a cultivation time of 24 h, apical
medium was removed and cells were cultivated for further 24 h at ALI
until the exposure was performed.

Exposure of ALl Model in the 96-Well Exposure System: Cells were
exposed in sequential mode (11 exposures of single rows) of the 96-well
exposure system to FCS-free cell culture medium without test substance
(control), T wt% TritonX-100 in FCS-free cell culture medium, 200 pum
Bortezomib in FCS-free cell culture medium, 7.7 pg mL™' DMSO in
FCS-free cell culture medium (solvent of Bortezomid stock solution),
20 pg mL™" Ag-NP dispersion or 22 mg mL™" CNC dispersion. 200 pL
of the test substance was nebulized with an Aeroneb Pro vibrating
membrane nebulizer, which generates a dense cloud of droplets with a
median aerodynamic diameter of 4.0-6.0 um.[%% After a settling time of
5 min, remaining droplets were sucked out by a gentle vacuum flow for
60 s. Non-exposed cells (first row) served as negative control.

Viability Assay (alamarBlue) in 96-Well Insert Plates: After the exposure
and 24 h incubation time, cells were incubated apically with 100 pL
of working solution of alamarBlue (Invitrogen, USA) in cell culture
medium without FCS for 1 h at 37 °C. 80 uL supernatant of each well was
transferred to a black, 96-well, with a clear bottom (#655090, Greiner
BioOne, Germany) for fluorescence measurement using a Tecan Infinite
F200 plate reader (Tecan, Maennedorf, Switzerland) at an excitation/
emission wavelength of 560/610 nm. Data evaluation was performed
on Tecan i-control software (Version 1.9.17.0, Tecan, Maennedorf,
Switzerland). Data calculation was performed using Excel (Microsoft
Office 2016).

Statistical Analysis: Results of the physico-chemical characterization
and the toxicology studies were presented as mean + standard deviation
of three independent experiments (n = 3), unless otherwise stated.
Biological effects were compared to non-treated cells, and tested for
statistical significance with GraphPad software. Diagrams were created
with OriginPro, Version 2019 (OriginLab Corporation, Northampton,
MA, USA).
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