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Cytoskeletal proteins are essential in maintaining cell morphology, proliferation, and viability as well as inter-
nalizing molecules in phagocytic and non-phagocytic cells. Orderly aligned cytoskeletons are disturbed by a
range of biological processes, such as the epithelial-mesenchymal transition, which is observed in cancer
metastasis. Although many biological methods have been developed to detect cytoskeletal rearrangement, simple
and quantitative in vitro approaches are still in great demand. Herein, we applied a flow cytometry-based
nanoparticle uptake assay to measure the degree of cytoskeletal rearrangement induced by transforming
growth factor f1 (TGF-B1). For the assay, silica nanoparticles, selected for their high biocompatibility, were
fluorescent-labeled to facilitate quantification with flow cytometry. Human keratinocyte HaCaT cells were
treated with different concentrations of TGF-p1 and then exposed to FITC-labeled silica nanoparticles. Increasing
concentrations of TGF-p1 induced gradual changes in cytoskeletal rearrangement, as confirmed by conventional
assays. The level of nanoparticle uptake increased by TGF-p1 treatment in a dose-dependent manner, indicating
that our nanoparticle uptake assay can be used as a quick and non-destructive approach to measure cytoskeletal

rearrangement.

1. Introduction

The cytoskeleton is a complex filament bundle that plays a pivotal
role in maintaining cell structure and communication between neigh-
boring cells, as well as cell migration, invasion, and the metastasis of
tumor cells [1-3]. Orderly aligned cytoskeletons are disturbed by
different biological processes, such as the epithelial-to-mesenchymal
transition (EMT). The EMT is a change from tightly connected cells to
highly motile mesenchymal cells that occurs during cellular develop-
ment; this process also participates in cell migration, invasion, and the
metastasis of tumor cells [4-7]. Wound healing (or wound
re-epithelialization) is another biological phenomenon where active
cytoskeletal rearrangement occurs. Both EMT and wound healing
involve the disruption of adherens junctions leading to the induction of
cell migration by growth factors [8]. Many studies have investigated
various inhibitors or stimulators of cytoskeletal proteins in order to
observe how these substances affect cell morphology and their further
influence on cell migration and invasion [9-12]. Such research has

typically employed traditional assays such as Western blot, PCR, and
optical microscopy, most of which are end-point and destructive, as well
as relatively time-consuming. The introduction of new analytical
methods with simple, rapid, and non-destructive properties could
greatly aid the understanding of cytoskeletal rearrangement.
Nanoparticles possess advantages including a large surface to vol-
ume ratio and a facilitated uptake by cells due to their small size [13],
features that have encouraged their use in diverse fields such as drug
delivery for advanced therapy and diagnosis [14,15], the food industry
[16], and cosmetics [17] over recent decades. In particular, nano-
particles have been chosen for various therapeutic purposes due to the
benefits they provide as drug carriers [18,19], such as facile delivery
into cells and their targeting ability using surface modification.
Fluorescent-labeling can further improve the usability of nanoparticles
due to the selectivity, good contrast, and wide range of possible mole-
cules it provides; indeed, fluorescent-labeled nanoparticles are consid-
ered as ideal candidates for cancer diagnosis for their high sensitivity
and relatively inexpensive techniques [20]. Among different
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nanomaterials, silica nanoparticles are employed in diverse applications
for their low cytotoxicity, stability, and ease of production [21-23].

In this study, we employed fluorescent-labeled silica nanoparticles as
a tool for detecting cytoskeletal rearrangement in an immortalized
keratinocyte cell line, HaCaT. We chose HaCaT as a model cell line
because the skin is the organ that is primarily exposed to nanoparticles
along with the lungs, intestines, and blood, and it is often used to study
EMT [24-26]. First, we induced cytoskeletal rearrangement by various
chemical treatments and chose the appropriate stimulator by investi-
gating morphological changes and nanoparticle uptake. We then applied
our previously developed quantitative assay, which measured fluo-
rescently labeled nanoparticle uptake in mammalian cells using a flow
cytometer [27]. In that work, we demonstrated the assay with different
types of cells and showed that the cellular uptake of nanoparticles is
largely proportional to cell area. Since cytoskeletal rearrangement is
accompanied by changes in the area of cell adhesion, we anticipate that
the nanoparticle uptake assay may provide a means to indirectly probe
the cytoskeletal rearrangement of keratinocytes.

2. Materials and methods
2.1. Cell culture

Human keratinocyte HaCaT cells were obtained from the Korean Cell
Line Bank. Cells were maintained in DMEM supplemented with 10% FBS
and 1% penicillin-streptomycin at 37 °C under 5% CO, atmosphere.
Analyzing cell viability by trypan blue exclusion was performed with a
Countess II Automated Cell Counter (Invitrogen). All culture supplies
and reagents were obtained from Thermo Fisher Scientific, unless
otherwise indicated.

2.2. Chemicals and nanoparticle treatment

To choose an appropriate stimulant for the cytoskeletal rearrange-
ment, various chemicals at fixed concentrations—TGF-f1 (2 ng/mL),
Y27632 (10 uM, Enzo Life Sciences), and blebbistatin (25 pM, Enzo Life
Sciences)—were treated to HaCaT cells in culture. After the selection
process, cells were treated with a two-fold serial dilution of TGF-$1 (0,
0.5, 1, 2, 4 ng/mL) for 5 days. During the prolonged treatment of TGF-
B1, cells were subcultured every other day to avoid over-confluence.
After the treatment, cells were removed from the culture dish and sub-
cultured in a 6-well plate at a density of 2 x 10° cells per well. After 24 h,
cells were washed with fresh media to remove residual TGF-p1 and
incubated with different concentrations of nanoparticle solutions that
were prepared in the culture media. We used in-house synthesized
fluorescein 5(6)-isothiocyanate (FITC)-labeled SiO, nanoparticles
(FITC-SiO2NPs) of 25 nm size as described in our previous study [27].
FITC-labeled polystyrene nanoparticles of 20 nm size were purchased
from Nanocos. After the nanoparticle treatment for 24 h, cells were
washed twice with 1x PBS to remove residual nanoparticles, and then
cells were prepared with trypsinization for flow cytometry (FCM)
analysis.

2.3. Flow cytometry analysis

FCM data was obtained using a FACSVerse™ (BD Biosciences) and
analyzed with FlowJo (version X, FlowJo LLC). For data reliability, a
large number of cells (>20,000 events) were recorded in the acquisition
step. In brief, a main cell population was selected to exclude debris, and
then a single-cell population was gated in the scatter plot. Histograms in
the FITC channel for the single-cell population were analyzed. The
background signal in the FITC channel of each sample without nano-
particle treatment was subtracted from the measured value of each
sample after nanoparticle treatment.
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2.4. Bright-field and fluorescence imaging

Cell images in bright-field were obtained using an inverted micro-
scope (Olympus IX71). To visualize and analyze the location and dis-
tribution of the nanoparticles in cells, cells were fixed with 4%
paraformaldehyde and 0.1% Triton X-100 for 2 min, and then post-fixed
with 4% paraformaldehyde for 15 min. Actin was stained with
rhodamine-conjugated phalloidin for 30 min at room temperature and
then the nuclei were counterstained with 4,6-diamidino-2-phenylindole
(DAPI) for 5 min. ProLong® Gold antifade reagent was used for
mounting coverslips. Cells were imaged with either a Z1 microscope
with ApoTome 2 or an LSM 810 confocal microscope (ZEISS). All image
analyses, such as cell number count and area calculations, were per-
formed with ImageJ (version 1.52a, NIH).

2.5. Western blot analysis

Cells were lysed in ice-cold 2x Laemmli sample buffer (0.125 M Tris-
HCI, 20% glycerol, 4% sodium dodecyl sulfate, and 0.004% bromo-
phenol blue) with protease inhibitor cocktail (Sigma-Aldrich). The cell
lysates were separated by SDS-PAGE and transferred to a 0.2 pm nitro-
cellulose membrane. The membrane was probed with primary antibody,
E-cadherin (BD Biosciences, 610181, 1: 1000), N-cadherin (Abcam,
ab18203, 1: 500), Fibronectin (BD Biosciences, 610077, 1:1000), and
a-tubulin (Sigma- Aldrich, T5168, 1: 1000). Primary antibodies were
detected with peroxidase-conjugated AffiniPure goat anti-mouse IgG or
goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories) at 1:2000
dilution, and visualized by enhanced chemiluminescence.

2.6. Statistical analysis

Experiments were independently repeated at least in triplicate. Error
bars in the graphical data represent standard deviations. A two-tailed t-
test was used for statistical analysis in Excel 2016 (Microsoft), and sta-
tistical significance was claimed when the p-value was lower than 0.05.
In figure legends, asterisks denote statistically significant differences

between conditions and treatments (*p < 0.05, **p < 0.01, ***p <
0.005, and ns: not significant).

3. Results and discussion
3.1. Selection of an appropriate stimulator for HaCaT cells

The main purpose of this study was to design a method to apply the
nanoparticle uptake assay to the measurement of cytoskeletal change in
epidermal keratinocytes using fluorescent-labeled nanoparticles. We
tested three cytoskeleton modifiers, namely EMT inducer TGF-f1, Rho
kinase inhibitor Y27632, and myosin Il inhibitor blebbistatin, to explore
the assay development, along with dimethyl sulfoxide (DMSO)-treated
cells as a control. HaCaT cells were treated with the modifiers and then
exposed to FITC-SiO,NPs. Upon treatment with TGF-B1, cells lost their
tight junctions and exhibited a mesenchymal-like appearance, as shown
in the brightfield micrograph in Fig. SIA. On the other hand, cells
treated with Y27632 and blebbistatin showed loosened cell-cell contacts
with spike formations. Among the treatments, TGF-pl-treated cells
showed the biggest change in FITC intensity compared to control and
other samples in the FCM analysis (Fig. S1B). A higher level of nano-
particle uptake by TGF-p1-treated cells was also confirmed with fluo-
rescence microscopy, showing the presence of nanoparticles near the
nuclei (Fig. S1A). Overall, TGF-B1-treated cells showed both a dramatic
change in morphology and an increased nanoparticle uptake compared
to cells treated with either Y27632 or blebbistatin. Therefore, in the
following sections, we use TGF-B1 to induce cytoskeletal rearrangement.

Next, we checked whether the addition of nanoparticles induces
noticeable changes in HaCaT cells. Within the concentration range
tested, 0-50 pg/mL FITC-SiOoNPs, cellular proliferation and
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morphology remained unchanged in both untreated and TGF-p1-treated
cells (Fig. 1A). For the FCM analysis, single cells were gated (Fig. S2) and
FITC channel histograms were compared (Fig. 1B and C). Compared to
untreated cells, TGF-p1-treated cells showed a significant increase in the
FITC intensity of HaCaT cells at both 10 and 50 pg/mL nanoparticle
concentrations. In the case of cells treated with 50 pg/mL nanoparticles,
a much higher FITC intensity change was induced by the TGF-p1 treat-
ment; however, the fold-increase was similar to the cells treated with 10
pg/mL nanoparticles. Accordingly, both concentrations seemed suitable
for investigating cytoskeletal changes.

3.2. Analyses of HaCaT cells treated with increasing concentrations of
TGF-p1

When HaCaT cells are treated with an appropriate concentration of
TGF-f1, a change known as the EMT occurs [7,24]. In the EMT, the
morphology of cells typically changes, spreading them out and thus
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increasing the adhesion area of the cells. It has been documented that
epithelial cell morphology and protein expression levels switch to show
mesenchymal-like features by treatment with TGF-pl in a
concentration-dependent manner [28,29]. In terms of the nanoparticle
uptake assay, we anticipated that HaCaT cells treated with increasing
concentrations of TGF-p1 would show a gradual change in cellular sta-
tus, and that such changes could be probed quantitatively. The pheno-
typic changes in HaCaT cells by increasing concentrations of TGF-f1
were first analyzed by conventional methods, optical microscopy and
Western blot, and then by the nanoparticle uptake assay.

HaCaT cells were treated for 5 days in two-fold serial concentrations
of TGF-p1 ranging from O to 4 ng/mL. As the TGF-p1 concentration
increased, strong cell-cell adhesion started to loosen and the area per
cell increased, as shown in the micrographs and image analysis results in
Fig. 2A and B. In the Western blot analysis, we monitored three adherens
proteins, E-cadherin, N-cadherin, and fibronectin. Cadherins are one of
major adhesion molecules forming adherens junctions in epidermal and
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Fig. 1. HaCaT cells after the treatment of different concentrations of FITC-SiO;NPs. (A) Micrographs showing morphological differences between untreated and 2
ng/mL TGF-B1-treated HaCaT cells. Scale bar = 100 pm. (B) Histogram shift of HaCaT cells in the FITC channel by the uptake of FITC-SiO;NPs. (C) Bar graph showing

the FITC intensity change of HaCaT cells by the uptake of FITC-SiO;NPs.
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Fig. 2. Morphology and nanoparticle uptake changes by increasing concentrations of TGF-p1. (A) Brightfield images of HaCaT cells at day 5, showing morphological
changes by TGF-p1 treatment. Scale bar = 100 pm. (B) Image analysis results of cell area and strong cell-to-cell contact area. (C) Western blot results at day 5 for a few
adherens proteins indicative of the EMT. (D) Nanoparticle uptake assay results showing increased FITC intensity correlated with TGF-f1concentration.

epithelial cells [30]. E-cadherins are replaced by N-cadherins with a
reorganized actin cytoskeleton followed by increased migratory char-
acteristics from TGF-p1 treatment [28,31,32]. High levels of fibronectin
are stimulated by TGF-p1 treatment, which lead cells to become motile
and loosen their cell-cell contacts [33,34]. Protein immunoblot data
showed that TGF-f1 treatment resulted in a slight decrease of E-cadherin
expression, whereas a proportional increase of N-cadherin and fibro-
nectin were observed with increasing concentrations of TGF-p1 (Fig. 2C
and Fig. $3). Similar results were observed in HaCaT cells treated with
TGF-f1 for 3 days, as presented in the Supplementary Information
Fig. S3 along with brightfield images. In particular, the difference in
expression level was remarkable in fibronectin: the sample treated with
4 ng/mL TGF-B1 showed a 30 times stronger band intensity than that of
the sample treated with 0.5 ng/mL TGF-p1 for 5 days. Also, retarded cell
proliferation (Fig. S4) with increasing concentrations of TGF-p1 was also
observed, as reported previously [7,24]. These observations are typical
phenotypic changes caused by the EMT, indicating that TGF-p1 effec-
tively induces cytoskeletal rearrangement and influences cell prolifera-
tion. In sum, we were able to probe TGF-p1-mediated EMT responses in
HaCaT cells, demonstrating that this system can be used with the

nanoparticle uptake assay as an alternative way to probe cytoskeletal
rearrangement and in turn the EMT process.

The nanoparticle uptake assay was performed on HaCaT cells, with
the results summarized in Fig. 2D. The FITC intensity of the HaCaT cells
increased in a TGF-p1 concentration-dependent manner with both 10
and 50 pg/mL FITC-SiO2NPs, showing a steady intensity increase up to
2 ng/mL TGF-p1 concentration and then flattening. Although the ab-
solute value of FITC intensity was much higher at 50 pg/mL FITC-
SiO2NPs (Fig. S5), the relative increase of FITC intensity was higher with
10 pg/mL FITC-SiOoNPs. Even at the lowest tested TGF-p1 concentration
(0.5 ng/mL), a noticeable uptake increase was observed (Fig. 2D). Given
that the conventional assays indicated that cytoskeletal rearrangement
occurs in TGF-f1 treated HaCaT cells in a concentration-dependent
manner, a gradual increase in the level of nanoparticle uptake can
probe the rearrangement. Increases in the FITC signal are expected to be
attributable to two main factors. One is an increase of nanoparticle
uptake possibly due to the increased cell-covered area by cytoskeletal
rearrangement, and the other is a reduction of intracellular nanoparticle
dilution by cell division due to the retarded cell proliferation. Elucida-
tion of the relative contribution of these two factors or other possible
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factors influencing nanoparticle uptake could follow in another study.

One thing to consider when applying this assay is that cytoskeleton
disruption may occur when cells are exposed to nanoparticles,
depending on the physicochemical properties, size, and exposure time
[35,36]. For this reason, the choice of nanoparticle and experimental
conditions such as concentration should be optimized. Under the
experimental conditions that we adopted, the cytoskeleton was not
adversely affected by the nanoparticle treatment. Based on the data so
far, we concluded that cytoskeletal rearrangement can be probed
quantitatively by the nanoparticle uptake assay in a minimally
destructive manner and that the analyzed cells can be further analyzed
with proper tools.

We then explored the nanoparticle uptake dynamics of the HaCaT
cells. In most nanoparticle uptake experiments, 24 h is the common
choice because it is a sufficient time for nanoparticle uptake while also
short enough to avoid undesirable dilution effects from cell division
[37]. However, shorter analysis times achieving a similar level of
quantification would be preferred since the dilution effect by cell
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division can be lessened with shorter assay times. We measured the FITC
intensity of cells at 2, 4, and 6 h. FITC intensity started to separate at the
early time point of 2 h, after which the intensity plots further deviated at
4 and 6 h time points, showing a dose-dependent pattern (Fig. S6). From
these data, we determined that the phenotypic differences can be probed
with shorter nanoparticle incubation times than those in conventional
nanoparticle uptake experiments.

To confirm that this in vitro analysis is not limited to the particular in-
house synthesized silica nanoparticles employed here, we performed the
same experiment with commercially available FITC-labeled polystyrene
nanoparticles, 20 nm in size. An increase in FITC intensity was found,
and FCM analysis supported that it was dependent on increasing TGF-$1
concentration (Fig. S7). Therefore, we emphasize that commercially
available FITC-labeled nanoparticles are also applicable to this method.

3.3. Cellular morphology and nanoparticle localization

Further investigations into the structural changes of TGF-p1-treated
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Fig. 3. Immunofluorescence staining and image analysis of HaCaT cells treated with increasing concentrations of TGF-p1. TGF-f1-treated HaCaT cells were stained
with phalloidin (orange) and DAPI (blue), and show internalized FITC-SiO;NPs (green). Merged images of phalloidin and DAPI co-staining are shown. (A) Untreated
cells. Scale bar = 50 pm. (B) 50 pg/mL FITC-SiO,NP treated cells. (C) Merged images of DAPI and FITC-SiO;NP treated cells showing the location of the nano-
particles. The yellow boxes are highlighted areas of single nuclei with FITC-SiO,NPs, enlarged in (D) Scale bar = 10 pm. (E) Inverted gray images of the phalloidin-
staining images in (B) showing the structural changes of the actin filaments. (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)
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HaCaT cells were performed via phalloidin staining to observe the actin
arrangement and the localization of nanoparticles in the cells. In Fig. 3,
the actin and the nucleus are stained orange and blue, respectively, and
the nanoparticles appear green. The arrangement of actin changes along
with the treated concentrations of TGF-f1. In the case of control HaCaT
cells, actin was tightly ordered to form the rigid outer structure of the
cells. When the cells were treated with TGF-p1, they displayed a motile
phenotype: actin was rearranged (stretched) into filaments to form a
filopodium [7,28,38]. As Liarte et al. reported in their study investi-
gating the response of HaCaT cells to sustained TGF-p1 exposure [39],
we also observed a spindle-shaped phenotype in the present work. To
make the actin filaments more visible, inverted gray images of cropped
sections of the phalloidin staining were obtained (Fig. 3E). As the con-
centration of treated TGF-f1 increased, more long-stretched actin fila-
ments were observed with increasing lengths. The unit cell area also
increased with increasing concentrations of TGF-pl, reaching a
maximum at the 2 ng/mL TGF-f1 concentration, which is in good
agreement with the brightfield image data presented in Fig. 2B.

Interestingly, the intracellular distribution of nanoparticles was also
altered with TGF-f1 treatment. Most of the FITC-SiOoNPs in the un-
treated cells were localized at a single spot near the nucleus, while
increasing concentrations of TGF-p1 caused scattered nanoparticles
throughout the cells (Fig. 3D). Given that nanoparticles accumulate in
lysosomes before removal from cells [40], and lysosome distribution is
closely related with the cytoskeleton [41], it is possible that cytoskeletal
rearrangement also contributed to the change in nanoparticle
localization.

In this article, we established an assay to detect cytoskeletal rear-
rangement by employing FITC-SiOoNP uptake analysis with FCM. TGF-
Bl was chosen to induce cytoskeletal rearrangement, which is an
essential step in the EMT process, in epidermal keratinocyte HaCaT cells.
Gradual phenotypic changes by increasing concentrations of TGF-p1
were confirmed by conventional assays. We found that the level of
nanoparticle uptake increased in TGF-pl-treated cells in a
concentration-dependent manner. We expect that the nanoparticle up-
take increases due to the increased adhered cell area by TGF-f1 treat-
ment, as we previously observed a linear relationship between cell area
and nanoparticle uptake in various types of cells. We note that other
biological causes for the increased nanoparticle uptake may also play a
role. Also, the developed assay needs to be further validated with other
cell types to be established as a reliable method to assess cytoskeletal
rearrangement. We reserve additional investigations for future work.

Although the relationship between cytoskeletal rearrangement and
nanoparticle uptake is not direct, since it shows a phenomenological
correlation, we expect that the nanoparticle uptake assay can be utilized
as a quantitative method for probing cytoskeletal rearrangement. In
other words, while changes in nanoparticle uptake alone cannot probe
the EMT process or cytoskeletal rearrangement, the experimental pro-
cess in this work is simple and non-destructive, and the results are
quantitative and readily comparable with different sets of experiments
because the fluorescence values can be normalized with calibration
beads. Because conventional assays to quantify EMT, such as Western
blot analysis, immunocytochemistry, and PCR, are more qualitative and
destructive analyses where cells are lysed or fixed, our assay can provide
a valuable complement because the cells can be re-used for other
downstream analyses. In addition, due to the multiplexed analysis
capability of FCM, richer information can be obtained by analyzing
cellular statuses, such as cell proliferation and marker expressions,
together. To elucidate the relationship between nanoparticle uptake and
cytoskeletal rearrangement, employment of diverse experimental plat-
forms could be beneficial. For example, Rao et al. employed tension
gauge tether and reflective interference contrast microscopy to probe
cytoskeletal rearrangement [42]. They successfully probed and quanti-
fied the rearrangement to demonstrate that EGFR stimulation modulates
the mechanical tension thresholds. Quantitative assessment of actin
rearrangement can also be achieved by using antibodies for arginylated

Biochemistry and Biophysics Reports 28 (2021) 101137

actin as introduced by Karakozova et al. [43] We envision that our assay
will support conventional assays as an orthogonal method for probing
cytoskeletal rearrangement.
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