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ABSTRACT: When considering the inhalation of high-aspect
ratio nanoparticles (HARN), the characterization of their
specific interaction with lung cells is of fundamental
importance to help categorize their potential hazard. The
aim of the present study was to assess the interaction of
cellulose nanocrystals (CNCs) with a multicellular in vitro
model of the epithelial airway barrier following realistic aerosol
exposure. Rhodamine-labeled CNCs isolated from cotton (c-
CNCs, 237 ± 118 × 29 ± 13 nm) and tunicate (t-CNCs, 2244
± 1687 × 30 ± 8 nm) were found to display different uptake
behaviors due to their length, although also dependent upon the applied concentration, when visualized by laser scanning
microscopy. Interestingly, the longer t-CNCs were found to exhibit a lower clearance by the lung cell model compared to the
shorter c-CNCs. This difference can be attributed to stronger fiber−fiber interactions between the t-CNCs. In conclusion,
nanofiber length and concentration has a significant influence on their interaction with lung cells in vitro.

■ INTRODUCTION

Cellulose nanocrystals (CNCs), which can be isolated by acid
hydrolysis from many natural sources or even cellulosic waste
materials, are increasingly used as a basis for a broad variety of
products.1−4 CNCs offer benefits to a wide range of
applications in different fields of science and technology; they
show advantageous characteristics, such as high tensile strength
and stiffness, and are thus useful as a filler in high-performance
nanocomposites,5,6 but are also applicable in mechano-adaptive
materials,7,8 water purification systems,9 and other applications
as a cost-effective alternative to carbon nanotubes (CNTs).10

Therefore, the universal use of these inexpensive and easy to
isolate materials and their consequential mass-scale production
is only a matter of time, with a projected production volume of
up to 1700 tons of cellulose nanofibers per year by 2017.11

Unintended exposure of people to CNCs during production,
processing, or disposal of these materials is most likely to occur
via inhalation of CNC-containing aerosols.12,13 Previously, it
has been demonstrated that well-dispersed CNCs isolated from
cotton and tunicates (c-CNCs, t-CNCs), when delivered as an
aerosol to a three-dimensional in vitro model of the human
epithelial airway barrier, elicit no significant negative impact on
the cytotoxicity, (pro-)inflammatory response, or oxidative
stress status of the cells, even in an overload situation.14 These
results are in congruence with an earlier study by Clift et al.,
who found similar results of c-CNCs in submerged exposures

toward the same in vitro model in comparison to crocidolite
asbestos fibers and multiwalled carbon nanotubes
(MWCNTs).15 Furthermore, the benign nature of CNCs was
shown in a broad ecotoxicological evaluation conducted by
Kovacs and co-workers, who tested nanocellulose toward
several aquatic trophic levels at environmentally realistic
concentrations.16 Similar results were obtained by Dong et
al., who tested CNCs in suspension against nine different cell
lines.17 However, the interaction between CNCs and the
cellular entity, when considering the lung as a main entry portal
into the human body within an occupational setting, is still not
fully understood.
The cellular interactions of anisotropic particles is a relatively

new field, especially in the case of engineered HARN, which
have a nanoscale diameter (≤100 nm) and a much greater
length leading to high aspect ratios (ratio of length/diameter).
The uptake of single-walled CNTs (SWCNTs) in NIH-3T3
cells has been shown to occur in a length-dependent manner,18

as well as the uptake by macrophages and translocation of
CNTs into the pleura after inhalation in an overload scenario in
vivo.19,20 Brown and co-workers showed that long, straight and
well-dispersed CNTs caused a higher production of (pro-

1

Published in 
which should be cited to refer to this work.

ht
tp

://
do

c.
re

ro
.c

h



)inflammatory cytokines and reactive oxygen species than
curved and entangled samples in vitro, highlighting the
importance of fiber dimensions, dispersion state, and fiber−
fiber interactions.21,22 These results were explained with the
phenomenon of frustrated phagocytosis, which is well-known
for pulmonary exposures to asbestos and has also been shown
with long, straight and stiff CNTs.21,23−25 This mechanism is
induced in a length-dependent manner, with a threshold length
of 8 μm (diameter <1.5 μm) for fibrous glass26 and 5 μm for
engineered silver nanowires.27 In contrast, the uptake of CNTs
is also possible by epithelial cells, which exhibit very limited
phagocytic abilities, as well as macrophages, that is, professional
phagocytotic cells located at the apical side of the epithelium.28

Surprisingly, internalization occurred also independent from
energy-mediated uptake mechanisms.29−31 Furthermore, it has
been observed that the overall uptake rate for anisotropic
particles depends on the radius of curvature of the NP at the
point of contact with the cell surface, explaining the reduced
uptake of higher aspect ratio NPs.32 Despite their widespread
use, the understanding of the interactions of CNCs with cells is
still very limited. Clift and co-workers found CNCs to be
present within membrane-bound endosomal structures within
monocyte-derived macrophages at the apical side of a triple-cell
coculture model featuring epithelial cells, macrophages, and
dendritic cells.15 Dong et al. showed very low uptake of
fluorescently labeled CNCs in RAW 264.7 macrophages only,
compared to eight other cell lines, including endothelial and
epithelial cell monocultures.33 Another study suggests the
attachment of CNCs, that is, no internalization, on the cell
surface of the algae Chlorella vulgaris after exposure, which is in
contrast to MWCNTs that were found in the cytoplasm.34 The
understanding of CNC−cell interactions, especially within the
human alveolar region after inhalation is currently poorly
understood.
To close this knowledge gap, the aim of the present study

was to investigate the fiber−cell interactions between CNCs
extracted from cotton (c-CNCs) and tunicates (t-CNCs),
which differ in average length (c-CNCs: 237 ± 118 × 29 ± 13
nm; t-CNCs: 2244 ± 1687 × 30 ± 8 nm) and aspect ratio. Of
special interest was the investigation of the potential uptake and
translocation of CNCs across the above-described three-
dimensional in vitro lung model. To further create a realistic
environment for inhalation exposure investigations, relevant
doses of rhodamine-labeled CNCs, deduced from permissive
exposure limits (PEL) for cotton dusts,35,36 were nebulized
with the Air−Liquid Interface Cell Exposure System (ALICE),
as described previously.14 With this approach, the influence of
CNC-dimensions on the cellular interactions with an in vitro
lung model could be elucidated.

■ MATERIALS AND METHODS
Chemicals and Reagents. All reagents and chemicals were

obtained from Sigma-Aldrich (Switzerland), unless otherwise men-
tioned. Deionized, ultrapure water (Sartorius stedim biotech, arium
611DI; Sartorius, Germany) was used in all experiments.
Extraction of Cotton and Tunicate Cellulose Nanocrystals.

Cotton cellulose nanocrystals (c-CNCs) were extracted from filter
paper (Whatman No.1, Whatman Ltd., England) as previously
described by Capadona et al.37 who used a modified protocol than
the one reported by Dong et al.38 Tunicate cellulose nanocrystals (t-
CNCs) were isolated from the species Styela clava as published
previously.7,8

Fluorescent Labeling of CNCs. To enable the visualization of the
CNCs by fluorescence microscopy, their surfaces were functionalized

with rhodamine B isothiocyanate (RBITC). The functionalization of
both types of CNCs was carried out following exactly the same
protocol, except for the initial dispersion procedure. For t-CNCs, 1 g t-
CNCs that were previously dried at 70 °C under vacuum overnight
were added to 250 mL of dry dimethylformamide (DMF), so that the
CNC concentration was 4% w/w, and a dispersion was prepared by
carrying out approximately six alternating cycles of stirring for 30 min
and ultrasonication for 1 h (Sonoswiss SW3H, Sonoswiss AG,
Ramsen, Switzerland; 280 W, room temperature). In the case of c-
CNCs, 1 g c-CNCs, also previously dried at 70 °C under vacuum
overnight, were dispersed in dry DMF at a concentration of 4% w/w
by 4 h of ultrasonication.

Functionalization of both CNC types was carried out by adding 0.1
mol equivalent of RBITC to all the glucose monomers and 1 drop of
dibutyltindilaurate to the CNC dispersion, heating the mixture to 100
°C, and stirring at this temperature overnight under a N2 atmosphere.
Then, the reaction mixture was allowed to cool to room temperature
and the modified CNCs were isolated by centrifugation (7000 rpm for
10 min) and decanting. Residual rhodamine and dibutyltindilaurate
were removed by 15 steps of dispersion in alternating ethanol, water,
centrifugation, and decanting. Finally, the modified CNCs were
dialyzed against water and then freeze-dried.33,39 The degree of
functionalization of rhodamine-CNCs was determined by UV−vis
absorption at a wavelength of 556 nm following the standard addition
procedure. This was carried out by adding known amounts of RBITC
to suspensions of functionalized CNCs. To determine the amount of
rhodamine attached on the CNCs, the dye concentration in the
solutions was plotted against the UV−vis adsorption and the value at
the intercept of the resulting graph with the x-axis was used as the
amount of rhodamine on the CNCs.40

Preparation of c-CNCs and t-CNCs Samples. Homogenous and
stable suspensions were prepared by dispersing functionalized c-CNCs
and t-CNCs at a concentration of 1 mg/mL in ultrapure water via
sonication in a 10 mL flat bottom glass flask (Duran Schott, Germany)
in an Elmasonic P30.H sonication bath (Elma, Hans Schmidbauer
GmbH&CoKG, Singen, Germany) (1 h; frequency 37 kHz, 100%
intensity, pulse mode). Further dilutions with ultrapure water were
carried out immediately, and after the addition of 3.5 μL NaCl
(NAAPREP, physiological saline 0.9%; Glaxo Smith Kline AG,
Münchenbuchsee, Schweiz) per mL of rhodamine-CNC dispersion
(end concentration, 500 μM), samples were nebulized with the Air
Liquid Interface Cell Exposure system (ALICE) as previously
described.14,41

Characterization of Rhodamine-Functionalized Cellulose
Nanocrystal Suspensions. Transmission Electron Microscopy
(TEM). For the TEM characterizations of the rhodamine-c-CNCs
and rhodamine-t-CNCs before and after the nebulization process
following the protocol published previously,14 the procedure by
Michen et al. to avoid material aggregation artifacts during drying of
the TEM grids was used.42 Representative images of all samples were
taken using a Hitachi H-7100 (Hitachi, Japan) TEM operated at 75 kV
equipped with a Morada 11 MPix digital CCD camera (Olympus,
Japan). Lengths and widths of the rhodamine-functionalized CNCs
were subsequently analyzed using ImageJ software.43 Data presented
are representative of 100 individual measurements for each material
before and after nebulization, from at least three individual
nebulizations (mean ± standard deviation).

Electrophoretic Mobility. To confirm that the surface functionaliza-
tion did not change the charge of the CNC surface, the electrophoretic
mobility of rhodamine-CNCs in comparison to their nonfunctional-
ized counterparts was measured with a Brookhaven ZetaPALS
(Brookhaven Instruments Corporation, Holtsville, U.S.A.), where the
CNCs were dispersed in ultrapure water at a concentration of 1 mg/
mL.

Stability. The colloidal stability of rhodamine-CNC dispersions was
assessed with a NanoSight NS500 (Nanosight Ltd., Amesbury, United
Kingdom) by Nanoparticle Tracking Analysis (NTA).44 This
technique was used to complement previous stability measurements
conducted by depolarized dynamic light scattering (DDLS) of
unfunctionalized CNCs.14 The dispersed CNCs (1 mg/mL) were
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diluted 10000-fold in ultrapure water and loaded into the instrument.
Measurements were periodically taken and the mean size was plotted
against time, thus indicating the colloidal stability from sonication up
to nebulization.
Exposure in the “Air Liquid Interface Cell Exposure System”

(ALICE). All in vitro experiments were performed with a coculture
model of the epithelial airway barrier of the human lung,45,46 as
detailed by Lehmann et al.47 Additionally, the selection of CD14+ cells
was employed, as further described by Steiner et al.48 The
aerosolization of nanoparticles with the ALICE system was previously
published41 and recently applied to HARN with the example of
unmodified CNCs.14 Briefly, 1 mL of aqueous rhodamine-CNCs
suspensions of 0.5 mg/mL (doseHIGH) and 0.1 mg/mL (doseLOW) in
500 μM NaCl or NaCl only (negative control) were nebulized and
monitored using the integrated quartz crystal microbalance (QCM).
Immediately after exposure or the respective postincubation time, cells
were fixed for confocal laser scanning microscopy (LSM) or TEM.
Postincubation periods (0, 1, 24, 48 h) at 37 °C, 5% CO2, followed
prior to sampling for cytotoxicity measurements and microscopy
analyses. Supernatants from the basal side of exposed cells were stored
at 4 °C prior to subsequent analysis.
Cytotoxicity. The release of lactate dehydrogenase (LDH) from

the cell lumen was assessed as a measure of cell membrane damage by
a LDH cytotoxicity detection kit (Roche Applied Science, Mannheim,
Germany) according to the manufacturers̀ protocol. All measurements
were carried out in triplicate and evaluated against the negative
control. A total of 100 μL of 0.2% Triton X100 in phosphate buffered
saline (PBS) was placed on the apical side of the coculture and served
as the positive assay control.
Confocal Laser Scanning Microscopy (LSM). For visual

examination of the in vitro model exposed to rhodamine-function-
alized CNCs, cells were fixed at the respective time points (0, 1, 24, 48
h) with Fluorocarbon-72 (FC-72) for 7 min to sustain the deposited
CNCs and the liquid lining layer, as shown by Blank et al.45

Subsequently, cells were fixed in 4% paraformaldehyde (PFA) in PBS
for 15 min at room temperature before transferring the samples to 0.1
M glycine in PBS for 10 min and stored at 4 °C. Cells were washed
three times with PBS and subsequently permeabilized with 0.2%
Triton X100 in PBS for 15 min. Over a period of 2 h, the actin
cytoskeleton was then stained with Alexa Fluor 633 phalloidin
(Molecular Probes, Life Technologies Europe B.V., Zug, Switzerland)
in a 1:100 dilution, and cell nuclei were labeled with 4′,6-diamidin-2-
phenylindol (DAPI) at 1 μg/mL in 0.3% Triton X100 in PBS.
Following this, the samples were embedded in Glycergel (DAKO
Schweiz AG, Baar, Switzerland). An inverted Zeiss confocal laser
scanning microscope 710 (LSM, Axio Observer.Z1) was used to
visualize the samples. For each sample, representative images (z-
stacks) were taken at five random fields of view. Image processing was
conducted using the 3D reconstruction software IMARIS (Bitplane
AG, Zurich, Switzerland).
Measurement of Translocation and Rhodamine Release.

Translocation experiments were carried out with complete supple-
mented cell media in the basal side without phenol red. Cocultures
were transferred to fresh medium containing wells immediately after
exposure in the ALICE system. After the respective incubation time,
supernatants were collected and measured for their fluorescent
intensity at 556 nm in a table-top fluorescence spectrophotometer

using excitation/emission filters of 530/590 nm (TriStar, LB941,
Berthold Technologies GmbH&Co.KG, Bad Wildbad, Germany). To
prove the permeability of the used membrane for CNCs, 100 μL of 0.1
mg/mL CNC suspensions were directly dropped on top of the air−
liquid interface (ALI) cocultures or empty inserts and analyzed as
described above. The fluorescence intensity of a 2-fold dilution series
of both rhodamine-CNCs was measured over a range of 0−250 μg/
mL in order to compare their fluorescence to each other.

To probe whether or not the rhodamine dye was cleaved off after
exposure or during uptake, fluorescence measurements were
conducted in buffers that simulate these respective environments,
that is, physiological (extracellular, after deposition) or acidic
(intracellular in lysosomes, after uptake). Specifically, rhodamine-
CNCs were diluted 1:10 in 10 mM sodium phosphate buffer (pH 7.4)
or acetate buffer (pH 4.5) from the stock (1 mg/mL) suspension
resulting in a final concentration of 0.1 mg/mL. The baseline was
taken as the total fluorescence immediately after sonication and
dilution. After removal of CNCs by filtration, only free rhodamine dye
due to incomplete purification or detachment by sonication was
measured (0 h time point in the respective buffer). Removal of CNCs
was accomplished by filtering suspensions of 2 mL with a 0.22 μm
(Aerodisc 33 mm, PALL AG, Basel, Schweiz) followed by a 0.02 μm
(Anotop 25, Whatman Ltd., England) syringe filter after 1, 24, 48, and
72 h incubation resembling exposure times for both materials at both
conditions. The results are expressed as a percentage release from the
baseline, that is, initial fluorescence measured.

■ RESULTS

Characterization of CNCs before and after Nebuliza-
tion. Well-dispersed rhodamine-functionalized CNCs derived
from cotton (rhodamine-c-CNC) or tunicates (rhodamine-t-
CNC) in suspension were characterized for their dimensions,
degree of functionalization, electrophoretic mobility, and
colloidal stability prior to exposure. In addition, the CNC
dimensions after the nebulization process were determined.
The characteristics of the CNCs are summarized in Table 1 and
are compared to the values of nonfunctionalized CNCs.14 After
functionalization, rhodamine-CNCs showed dimensions and
aspect ratios that showed no significant differences in
comparison to their nonfunctionalized counterparts. Figure 1
shows TEM micrographs of rhodamine-c-CNCs (Figure 1a)
and rhodamine-t-CNCS (Figure 1b), together with their
corresponding length distributions (insets), which were
established by quantitative analysis of TEM images.
The respective degree of functionalization with rhodamine

on the CNCs was assessed using UV−vis spectroscopy and was
slightly higher for c-CNCs (21 mmol/kg) than for t-CNCs (14
mmol/kg; Table 1). This was confirmed by measuring the
relative fluorescence units (RFU) of a 2-fold dilution series of
the two different CNC types in a fluorescence plate reader
(data not shown). The differences were negligible up to 60 μg/
mL, which is over 10-fold higher in concentration than any of
the exposure scenarios in the present study. Furthermore,

Table 1. Key Physico-Chemical Characteristics of Nonfunctionalized and Rhodamine-Functionalized CNCs Derived from
Cotton and Tunicates

stock solution nebulized

dimension (nm) aspect ratio
functionalization
(mmol/kg) zeta potential stable dimension aspect ratio

c-CNCsa 168 ± 72 × 19 ± 7 9 ± 4 −26.7 ± 0.3 yes 161 ± 61 × 16 ± 5 11 ± 5
rhodamine-c-CNCs 237 ± 118 × 29 ± 13 9 ± 5 21 −19.9 ± 0.4 yes 181 ± 68 × 20 ± 6 10 ± 7
t-CNCsa 2331 ± 1394 × 31 ± 7 80 ± 21 −22.8 ± 2.1 yes 2093 ± 1038 × 20 ± 5 108 ± 57
rhodamine-t-CNCs 2244 ± 1687 × 30 ± 8 81 ± 68 14 −27.6 ± 0.5 yes 1744 ± 1765 × 16 ± 4 115 ± 123
aRef 14.
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unchanged electrophoretic mobility and sufficient stability in
aqueous suspension were found for both rhodamine-function-
alized CNC types (Table 1, Supporting Information, Figure 1).
The nebulization of 1 mL of CNC suspensions at a

concentration of 0.5 mg/mL (doseHIGH) resulted in a
deposition of 0.56 ± 0.25 μg/cm2 CNCs in the case of
rhodamine-c-CNCs and 0.67 ± 0.09 μg/cm2 in the case of
rhodamine-t-CNCs. Experiments with a lower dose are
discussed below. As shown in Table 1, CNCs deposited onto
TEM grids, the dimensions of the nebulized CNCs do not
significantly differ from those dimensions of CNCs cast from
the stock solutions. Furthermore, the CNCs are homoge-
neously deposited (Table 1 and Supporting Information, Figure
2). This is in congruence with the results obtained for
nonfunctionalized CNCs (Table 1),14 indicating that the
nebulization procedure does not fractionate nor damage the
nanocrystals.
Cell Exposure and CNC Clearance. Lung cocultures were

exposed to both rhodamine-CNC types via the ALICE system,
as described in detail elsewhere.14,41 No significant cytotoxicity,
as measured by LDH release, was observed for either material
following exposure at the air−liquid interface (Supporting
Information, Figure 3a). The purpose of the cytotoxicity
measurement was to confirm the absence of nonspecific
cytotoxicity of rhodamine-functionalized CNCs toward the in
vitro model as we have previously shown for nonfunctionalized
CNCs.14 These findings were confirmed by LSM, which
showed no alterations to cellular morphology over time (Figure
2 and Supporting Information, Figure 4a−d). It is important to
note that the epithelial layer condenses over the exposure
period, due to multiple cell divisions (cell number increases,
cells and nuclei become smaller). This results in the formation
of multilayers, a known phenomenon during an extended
culturing period at the air−liquid interface (>24 h post-
exposure; Figure 2 and Supporting Information, Figure 4).45

The confocal images in Figure 2 show the distribution of the
CNCs deposited, via the ALICE, after nebulization. Individual
fibers cannot be spatially resolved due to the resolution limit of
sub-100 nm objects, only fiber bundles/aggregates are visible by
LSM. Nevertheless, the spatially homogeneous distribution of
both deposited CNC types on the cell surface is readily
observed (Figure 2a,e, shadow projections). c-CNCs appear as
small fluorescent signals on top of the epithelial cell layer
(Figure 2a). After 1 h postincubation, c-CNCs were present
inside single cells of the coculture (Figure 2b). In addition,
subsequent shadow projections of the captured z-stacks show
that the morphology of deposited c-CNCs is accumulating in

“hot-spots” around cells (Figure 2b,c). After 24 and 48 h,
respectively, the hot-spot morphology is more prominent and
most c-CNCs are cleared from the surface by cells (Figure
2c,d). In contrast to the c-CNCs, the t-CNCs form a strong
fluorescent, and almost continuous, sheet on top of the cell
layer directly after nebulization (Figure 2e). No internalization
of t-CNCs was observed after 1 h. Moreover, the t-CNC-sheet
appears to shrink in height compared to the directly fixed
sample (Figure 2f). After 24 or 48 h, the t-CNC-sheet is largely
unchanged in coverage and cellular internalization of t-CNCs is
rarely observed (Figure 2g,h). It is interesting to point out,
however, that t-CNCs interact with the apical F-actin-network
of the epithelial cells (yellow regions, arrow Figure 2g). In some
regions, the cells form an interconnecting network between
CNCs and actin filaments or are observed on top of the
deposited t-CNC-sheet after 48 h post exposure (Figure 2h).
To unravel the different interaction phenomena of the two

CNC types, exposures with CNC suspensions were repeated at
a 5-fold lower dose of CNCs. The nebulization of 1 mL of a 0.1

Figure 1. TEM images of rhodamine-c-CNCs (a) and rhodamine-t-
CNCs (b) cast after sonication in aqueous suspensions. Histograms
show length distributions from 100 individual measurements. Scale
bars represent 1 μm.

Figure 2. Confocal laser scanning microscopy images of the triple-cell
coculture model exposed to 0.56 ± 0.25 μg/cm2 rhodamine-labeled c-
CNCs (green; a−d) or 0.67 ± 0.09 μg/cm2 t-CNCs (e−h) via the
ALICE system. Cocultures were either immediately fixed (a, e) or after
1 (b, f), 24 (c, g), or 48 h (d, h) postexposure and stained for
cytoskeleton (red) and nuclei (cyan). Images are presented as surface
rendering (top), xz-projection of the z-stacks (middle), or 2-fold
optical zoom (bottom). Boxes indicate digitally enlarged (2×) areas.
Arrows show fiber-F-actin interactions. Scale bar = 30 μm.
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μg/mL rhodamine-CNC-suspensions (doseLOW) resulted in the
deposition of 0.14 ± 0.06 μg/cm2 in the case of c-CNCs and
0.13 ± 0.04 μg/cm2 in the case of t-CNCs, with consistent
dimensions and homogeneous deposition (Supporting In-
formation, Figure 2). No cytotoxicity was observed in either
exposure scenario compared to the negative control, as
determined by LDH release and morphological analysis via
LSM (Supporting Information, Figure 3b and Figure 3). In the

case of c-CNCs, visualization via LSM revealed that the uptake
was similar to the higher dose, suggesting phagocytosis of
scavenging macrophages on top of the epithelial surface (Figure
3a−d).
Interestingly, the lower dose of t-CNCs led to a similar

uptake pattern, as observed with the shorter c-CNCs (Figure
3e−h). It was noticeable, however, that the t-CNCs required a
longer postincubation period in order to be taken up by single
cells: c-CNCs were readily internalized and observed within

cells after 1 h (Figure 3b), while the internalization of t-CNCs
required up to 48 h (Figure 3h). The formation of fluorescence
hot-spots could also be observed with the t-CNCs, but to a
lower extent. In contrast to c-CNCs, which were completely
cleared, the deposited t-CNCs were not entirely removed from
the surface of the cell layer within 48 h, which is the longest
time point that can be observed in this in vitro system (Figure
3h).
Regarding translocation, no rhodamine-functionalized CNCs

were detected in the lower well compartment and monocyte-
derived dendritic cells, which are located at the basal side of the
membrane, at all doses tested. This observation was confirmed
by LSM (data not shown) and fluorescence measurements of
the supernatants at all of the time points investigated (Figure
4). In case of the lower dose exposure, the detected values were
similar to the limit of quantification (defined as 10x the
standard deviation of 10 measurements of water (SDH2O)).
A rhodamine only control, in which the triple-cell cocultures

was exposed to a 100 μM rhodamine solution via the ALICE,
was conducted for 0, 1, 24, and 48 h post-exposure periods.
Fixation occurred as described above. Supporting Information,
Figure 4e−h shows an overall diffuse rhodamine staining in
contrast to the rhodamine-CNC exposed cocultures. Consistent
cell morphology, including multilayer formation after 24 h
postexposure can be observed indicative of the absent
cytotoxicity.
Nevertheless, an increase in cell size, induced by residual

ethanol from the rhodamine stock solution, at 1 h (Supporting
Information, Figure 4f) can be noted, which attenuates after 24
h (Supporting Information, Figure 4g) and disappears after 48
h (Supporting Information, Figure 4h).
In addition, the potential detachment of rhodamine from the

functionalized CNCs was investigated over the course of 72 h
under physiological (pH 7.4) or acidic (pH 4.5) conditions. In
both environments, no detachment of the rhodamine dye from
the CNC surface was detected, thus indicating stability of the
dye−CNC complex when outside of the cell after nebulization
or under acidic conditions, such as in a lysosome, after uptake.
An initial level of ≤5% free rhodamine fluorescence was
measured for all tested conditions, except rhodamine-t-CNCs,
which showed an initial value of ∼11% under neutral
conditions. For all conditions and time points tested, no
increase in unbound rhodamine could be demonstrated
indicating no detachment of the dye due to physiological or
acidic conditions during investigation (Figure 5).

■ DISCUSSION
Current knowledge regarding CNCs and their potential hazard
following human exposure remains limited. The majority of
studies, that have considered different types and dimensions of
cellulosic fibers or cotton dust16,34,49−59 have focused on
histology or biochemical end point-based toxicity testing in vivo
or in vitro rather than investigating the manner in which CNCs
interact with mammalian cells. Therefore, the here presented
study focused specifically on the interaction of chemically
identical CNCs with two different lengths and at two different
exposure doses to obtain a deeper understanding of the fate of
CNCs in the lung following inhalation. Using CNCs isolated
from natural sources such as cotton or tunicates led to two
distinctly different populations in terms of aspect ratio (Table
1). Although some size variations were observed, the
frequency/length distribution underlines the significant aspect
ratio differences of the two compared CNCs (Figure 1). The

Figure 3. Confocal laser scanning microscopy images of the triple-cell
coculture model exposed to 0.14 ± 0.06 μg/cm2 rhodamine-labeled c-
CNCs (green; a−d) or 0.13 ± 0.04 μg/cm2 t-CNCs (e−h) via the
ALICE system. Cocultures were either immediately fixed (a, e) or after
1 (b, f), 24 (c, g), or 48 h (d, h) postexposure and stained for
cytoskeleton (red) and nuclei (cyan). Images are presented as surface
rendering (top), xz-projection of the z-stacks (middle) or 2-fold
optical zoom (bottom). Boxes indicate digitally enlarged (2×) areas.
Scale bar = 30 μm.
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interaction was investigated by fluorescently labeling the CNCs
with RBITC, thus enabling their visualization by fluorescence
microscopy. Both applied doses represent acute overload
scenarios, which could occur due to accidental release of
CNCs into the air and, due to the favored deposition of fibers
on the bifurcations of prealveolar sacs, the chosen doses can be
deemed realistic. Moreover, these doses can be related to the
PEL for cotton dust simulating weeks or months of
occupational exposure (Occupational Safety and Health
Administration (OSHA) cotton dust PEL deduced).35,36

The results presented here highlight the necessity of using
realistic exposure scenarios for the investigation of inhalation
hazard assessment of HARN with an air−liquid system
combined with advanced 3D in vitro cultures.14 Notably, the
epithelial type II A549 cells in the coculture system have been
shown to produce an aqueous lining layer,45 which can
influence the fate of deposited fibers and particles due its
composition of phospholipoproteins and proteins.60 Whereas
protein/surfactant-rich environments are usually favorable to
raise the stability of nanofiber dispersions,61,62 the surfactant
constituents on top of epithelial cells can form a size-exclusion
mesh-like structure interfering with the fiber-cell interactions.
The nebulization with the ALICE system deposits an aqueous
layer of circa 14 μm in height (assuming a deposition efficiency

of ∼57%, droplets of 5 μm mass median diameter) on top of
the surfactant film.14,41 Under these conditions, the shorter c-
CNCs can diffuse freely due to their dimension without
contacting adjacent fibers within this layer and therefore
interaction and uptake by cells is more probable and
energetically favorable. In contrast, the longer t-CNCs cannot
rotate freely and are more likely to come into contact with
neighboring fibers within this thin layer. Due to this increased
interaction, fiber−fiber attraction forces (predominantly hydro-
gen bonds for cellulosic fibers) are more dominant and lead to
bundling and structures with increased dimensions.63,64 From a
biological stance, these structures could become immobilized
by the surfactant mesh, offering an extended fiber-network
structure that challenge or prevent CNC uptake. These
structural formations would explain the strong F-actin
interactions observed in t-CNC exposed cells hindering uptake.
After exposure of the lung coculture model at the air−liquid
interface to two different CNC doses, distinct differences in the
uptake kinetics between c-CNCs and t-CNCs were observed.
High doses of short c-CNCs were readily cleared from the
surface by internalization within 24 h post exposure, whereas
longer t-CNCs remained as a deposited sheet on top of the cell
layer up to 48 h. This situation was altered when the dose was
lowered 5-fold. In this scenario, t-CNCs are partially removed
from the surface of the cells during the postexposure period (48
h), but to a significantly less extent compared to c-CNCs. In all
cases of successful uptake (doseHIGH and doseLOW c-CNCs,
doseLOW low t-CNCs), macrophages present at the apical side
of the coculture, scavenging the surface of the epithelial layer,
are presumably responsible for removal of CNCs from the
epithelial surface. Additionally, the theory of fiber assembly
prior to uptake by macrophages is supported by the clustering
of CNCs into hot-spot like structures.18 The finding that CNCs
can be internalized into macrophages, however, is consistent
with the study by Clift et al., where nonfunctionalized CNCs
isolated from cotton were used in an submerged exposure
scenario and found within a macrophage endosome using
electron tomography.15 Furthermore, in a study conducted with
nebulized MWCNTs, it was shown that after 24 h postexposure
of a single dose (0.14−0.39 μg/cm2), MWCNT were mainly
found in macrophages of the same coculture model that was

Figure 4. Translocation of rhodamine-CNCs across the epithelial airway barrier in vitro expressed as relative fluorescence units (RFU). Results are
presented as corrected values for background fluorescence over time exposed to doseHIGH (0.56 ± 0.25 μg/cm2 for rhodamine-c-CNCs and 0.67 ±
0.09 μg/cm2 for rhodamine-t-CNCs) (a) or doseLOW (0.14 ± 0.06 μg/cm2 for rhodamine-c-CNCs and 0.13 ± 0.04 μg/cm2 for rhodamine-t-CNCs)
(b). (c) Translocation of CNCs across the inset with or without cells present by directly exposing 100 μL of 0.1 mg/mL of either CNCs at the ALI.
The dotted line indicates the limit of quantification (10 × SDH2O).

Figure 5. Release of rhodamine from the surface of rhodamine-
functionalized CNCs under to physiological (pH 7.4) or acidic
conditions (pH 4.5) over time. Results are presented as % of original
functionalization directly after dispersion (i.e., unfiltered). Measured
time-points include directly after dispersion, 1, 24, 48, or 72 h after
that.
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employed in the present study.65 It is noted that while longer-
term effects of materials retained in the lung would be
important to study, the cell model employed here is limited to
be used over a period of 3 days; therefore further studies would
be necessary to be performed in vivo.
Despite the observed uptake of c-CNCs and t-CNCs into

cells of the coculture in this study, no translocation, as a
clearance pathway across the barrier, was detectable by
fluorescence measurements or LSM (data not shown) for any
of the materials at the doses or time points tested (Figure 4). It
is worth noting that (i) the confluent and dense epithelial layer
structure was preserved, and (ii) the fibers alone are able to
pass the inset membrane (i.e., when no cells are present on the
inset) (Figure 4c). These observations suggest the removal of
CNCs from the coculture surface occurs via active processes,
potentially through the scavenging ability of immune cells (i.e.,
macrophages), which is a valuable insight when considering the
long-term consequences of CNC exposure to humans.
In addition, another key advantage of the present study is

that it demonstrates the importance of the visualization of
CNC-cell interactions on a micrometer scale via surface-
attached fluorophores and fluorescence imaging. Dong and
colleagues have shown cellular uptake after exposure to
fluorescently labeled CNCs solely in the read-out of a
fluorescent plate reader without visualizing the CNC−cell
interaction.17 Mahmoud et al. showed uptake of FITC or
rhodamine functionalized flax-derived CNCs depending on
their surface charge.66 However, due to the lack of sufficient
microscopic analysis in 3D, the observed fluorescence could
also stem from CNCs attachment to the outer cell membrane.
Although the fluorescent read-out of cell lysates after exposure
confirms the microscopic interpretation, insufficient data of cell
viability and morphology as well as no characterization of the
fluorescence stability depending on pH means the results of this
study is disputable.66 Furthermore, it has to be emphasized that
the physicochemical characteristics of a CNC sample strongly
influences the biological outcome. Yanamala et al. showed
varying inflammatory responses, cytotoxicity, and oxidative
stress induced by pharyngeal aspiration exposure to CNCs in
mice either as dispersions of the gel (CNCS) or powder form
(CNCP) after 24 h.59 The two preparation techniques used led
to significant differences in mean lengths (CNCSTEM 90 ± 3
nm; CNCPTEM 208 ± 49 nm) and according to the authors to
the different outcome observed. Therefore, the study highlights
the difference in biological response upon pulmonary exposure
to CNCs in different dimensions. This is comparable with the
presented findings where the length of CNCs is the main
driving force for rapid (c-CNCs) or slow (t-CNCs) removal
from the epithelial surface.

■ CONCLUSIONS
The outcome of the present study shows the dominating
influence of fiber dimension on the clearance mechanism after
inhalation and deposition in the lung. This was accomplished
by functionalizing and characterizing CNCs with a fluorescent
label (rhodamine B) thus enabling the visualization of CNCs
with LSM. The rhodamine-labeled CNCs were delivered to an
in vitro model of the human epithelial airway barrier in a
realistic scenario for inhalation exposure. In order to under-
stand the possible risk of CNC exposure by inhalation, it is
indispensable to consider their retention time in the lung. As
indicated above, the long t-CNCs cannot be completely cleared
from the apical surface of the cell layer within the investigated

time period, which might lead to long-term consequences.
However, the results within the sensible time frame of the in
vitro model are limited in reflecting the in vivo situation where
clearance can occur more slowly than 48 h postexposure. By
contrast, c-CNCs are readily engulfed and cleared from the cell
surface. Taking into consideration the fiber−fiber interaction,
the dimensions of the mesh network, and the limited clearance
by cells of this tissue region, the potential hazard of these
nanomaterials has to be further evaluated.
In conclusion, the aspect ratio in combination with deposited

dose of CNCs strongly influences the uptake by a 3D coculture
system of the human epithelial airway barrier in vitro under
realistic conditions due to occurring fiber−fiber interactions.
These findings emphasize the potential implications concerning
human exposure to long HARN, such as t-CNCs.
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