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ABSTRACT (arbon nanotubes (CNTs) are receiving much attention in medicine, electronics,

Carbon-Nanotube Induced Loss of Cell Chirality

consumer products, and next-generation nanocomposites because of their unique nanoscale
properties. However, little is known about the toxicity and oxidative stress related anomalies
of C(NTs on complex multicellular behavior. This includes cell chirality, a newly discovered
cellular property important for embryonic morphogenesis and demonstrated by directional
migration and biased alignment on micropatterned surfaces. In this study, we report the
influence of single-walled carbon nanotubes (SWCNTs) on multicellular chirality. The
incubation of human umbilical vein endothelial cells (hUVECs) and mouse myoblasts
(€2C12) with CNTs at different doses and time points stimulates reactive oxygen species
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(ROS) production and intra- and extracellular oxidative stress (0S). The 05-mediated noxious
microenvironment influences vital subcellular organelles (e.g., mitochondria and centrosomes),
cytoskeletal elements (microtubules), and vinculin rich focal adhesions. The disorientated nuclear—centrosome (NC) axis and centriole disintegration lead
to a decreased migration rate and loss of directional alignment on micropatterned surfaces. These findings suggest that (NT-mediated 0S leads to loss of
multicellular chirality. Furthermore, the in vitro microscale system presented here to measure cell chirality can be extended as a prototype for testing

toxicity of other nanomaterials.
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terials have revolutionized biomedicine.

They have been engineered and custo-
mized into nanoscale constructs with pay-
loads for imaging and chemotherapeu-
tics."? Carbon-based nanomaterials, such
as single-walled carbon nanotubes or
SWCNTs, have drawn much attention due
to their superior mechanical and chemical
properties.>* SWCNTs have demonstrated
enormous potential applications in tissue
engineering (due to their high stiffness and
one-dimensional geometry),* ¢ biosensing
(due to functionalization opportunities and
hydrophobicity that allows the binding with
proteins, peptides and antibodies),”® intra-
cellular probing (due to their nanoscale
diameter)® and photothermal imaging and
therapy in cancer (due to optoelectronic

I n the past 20 years, a variety of nanoma-
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properties).*>”'® Furthermore, the unique
morphology, crystalline structure, and high
surface area of CNTs enhance their interac-
tions with the cell membrane and give
snaking access to enter into the cell."" Their
one-dimensional (1D) characteristics, wall
rigidity, and flexibility have been attributed
to serious cell injury and asbestos-like carci-
nogenic toxicity.'? While no human pathol-
ogy has been reported thus far due to
CNT exposure, single and multiwall CNTs
have been shown to elicit adverse inflam-
matory cascades, such as frustrated phago-
cytosis, genotoxic responses, and oxidative
stress.'>™'> Therefore, it is necessary to
understand CNTs toxicity and its implica-
tions due to their widespread human
exposure in occupational and consumer
settings.'®
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Oxidative stress is one of the most common hazar-
dous manifestations of CNTs.'” In particular, cells lining
the epithelium of skin and endothelium of blood
vessels, which come in close contact with nanomater-
ials when adsorbed or inhaled in vivo, are most
affected.'®"® The use of as much as 30% of transition-
metal catalysts, predominantly iron, nickel and cobalt
in CNT manufacturing processes, are sources of reac-
tive oxygen species (ROS)."” Postmanufacturing pro-
cessing for research and clinical application removes
the majority of metal impurities; however, partial en-
casement within CNTs makes complete removal
impossible.' Therefore, health hazards associated
with CNTs are not only due to the CNT itself, but also
potential metallic components. The safety of these
materials needs to be evaluated in consumer, environ-
mental and occupational settings.'?

To date, the evaluation of nanotoxicity has been
limited to biochemical quantification of glutathione
(GSH) depletion, protein oxidation, lipid peroxidation,
and total antioxidant capacity.'® Previous reports in-
vestigated the mechanistic toxicity of raw SWCNTs at a
molecular level and found that they interfered signal
transduction and key molecular events involved in
mesothelioma development.?*?' In addition, in vitro
models also reported that CNTs mediated the induc-
tion of inflammatory cytokines and cellular responses
under static and dynamic culture conditions.??~ 2
None of the reports, however, have systematically
evaluated the impact of CNT-mediated oxidative stress
(OS) on complex cell behavior at a multicellular level,
including collective behavior in alignment and migra-
tion that is important for multicellular morphogenesis
during tissue development. These issues are of para-
mount importance in light of the transition of CNTs
from research to clinical practice.?® Recently, we have
demonstrated that mammalian cells exhibit pheno-
type specific left—right (LR) asymmetry (also known as
handedness or chirality) when micropatterned on
fibronectin coated cell adhesive geometries.?”?® This
micropatterning system gives us the opportunity to
study developmental toxicity at a multicellular level,
and the potential to use cell chirality as a biomarker
to evaluate alterations in cell function due to nano-
material toxicity. This novel approach could set forth a
paradigmatic in vitro model for assessing the risk of
CNTs and other emerging materials through evaluat-
ing collective cell behavior.

In this study, the possible cytotoxicity of SWCNTSs is
evaluated with endothelial cells and myoblasts on
micropatterned cell adhesive surfaces. In particular,
we explore the influence of CNT exposure on cell chiral
morphogenesis and the role of oxidative stress (OS)
and subcellular organelle damage. We find that when
incubated with CNTs, both cell types show a dose- and
time-dependent loss of chirality due to intra- and
extracellular OS induced by CNTs. In-depth analyses
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reveal disintegrated centrosomes, disorganized micro-
tubulin networks, matured adhesion complexes, and
decreased cell migration. These results suggest that
nanomaterial toxicity can be tested by evaluating the
function of cellular chiral machinery, a potentially
important measure for developmental toxicology.

RESULTS

Exposure to SWCNTs Induces Loss of Cell Chirality. Cell
chirality is an important cell function associated with
embryonic development of LR asymmetry.®® To study
effects of cellular exposure to nanoparticles on chi-
rality, we treated human umbilical vein endothelial cells
(hUVECs) and mouse C2C12 myoblasts with SWCNTs
on micropatterned surfaces (Figures 1 and S1, Support-
ing Information).?® Without CNTs, both cell types
formed chiral alignment on micropatterned rings, as
demonstrated previously.?” phase contrast images of
hUVECs on fibronectin-coated ring-shaped micropat-
terns were taken (Figure 1A), and cell alignment was
determined with a custom-written MatLab program
and shown with orange lines (Figure 1B). On the basis
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Figure 1. Endothelial cells lose chirality in presence of
carbon nanotubes (CNTs). (A) A phase contrast image of
asymmetric cell alignment of endothelial cells on ring
patterns without the CNTs. (B) Local cell alignment of (A)
determined with an automatic MatLab program and indi-
cated with short orange lines. (C) The circular histogram of
biased angles (based on the deviation of short orange lines
in (B) from the circumferential direction) shows a CW bias in
endothelial cells. (D—F) Endothelial cells incubated with
CNTs show no preference in left—right asymmetry on
appositional boundaries (D) as indicated in cell alignment
(E) as well as measured biased angles (F). (G) The percentage
of chiral rings decreases with CNT concentration after 3-day
exposure. (H) Time-dependent chirality loss of endothelial
cells when exposed to 10 ug/mL of CNT. Scale bars: 50 um.

voL.8 = NO.3 = 2196-2205 = 2014 ACNJANIC)

WWww.acshano.org

2197



>
@!
=)

& © o
S © o

o
=3

o

Hz 0z concentration (uM)
GSH (% of control) _
AN

C 05 5 10 50 100 :-' l 5 10 50 100

C 0.
CNT Concentration (ug/ml) CNT Concentration (ng/ml)

F

{

Intensity (am)

0

CNT Concentration (ug/ml)

Figure 2. CNTs induce mitochondrial oxidative stress. (A,B) Transmission electron microscope (TEM) images of carbon
nanotubes. (C) Hydrogen peroxide production (an extracellular oxidative stress indicator) as a function of CNT concentration.
(D) Glutathione (an intracellular antioxidant preventing reactive oxidative stress-induced cellular damages) decreased with
CNT concentration. (E) Mitochondria staining in hUVECs control, as well as (F) in the cells treated with 10 ug/mL of CNTs for
24 h. (G) A magnified image showing concentrated mitochondrial staining in vicinity of the perinuclear region. (H) Quantified
integrated fluorescence density of Mitotracker stain in the cells (n = 40—50) of control and test groups. Bars represent
standard error. Scale bars in (A) 50 nm; (B) 20 nm, (E,F) 40 um; (G) 10 um.

of their deviation from the circumferential direction,
biased angles between 90° and —90° were assigned
(Figure S2C, Supporting Information), and a positive
value represents a counter clockwise (CCW) alignment,
while a negative value represents a clockwise (CW)
alignment. The circular histogram plot (Figure 1C)
reveals that biased angles had a preference for nega-
tive values, corresponding to a CW bias of hUVECs
control (i.e., without CNTs exposure). In contrast, CNT-
treated hUVECs showed no preference and exhibited
an unbiased or nonchiral behavior (Figure 1D—F).
On the other hand, C2C12 cells exhibited a CCW bias
in the control, but no bias in the CNT-treated sample
(Figure S2A,B, Supporting Information).

(NTs Affect Multicellular Chirality in a Dose- and Time-
Dependent Manner. We then evaluated the effects of
CNT concentration and exposure time on multicellular
chirality of both hUVECs (Figure 1G,H, Table S1, Sup-
porting Information) and C2C12 cells (Figure S2, Table S2,
Supporting Information) on ring-shaped micropat-
terns. The gradual loss of chirality with hUVECs was
found to depend on CNT concentration. The cells were
treated with CNTs for 3 days at concentrations ranging
from 0.5 to 100 ug/mL. The hUVECs exhibited a CW
dominant alignment (~70% CW) at a CNT concentra-
tion of 1 ug/mL or below, although the percentage of
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chiral rings decreased with CNT concentration. When
the concentration exceeded 5 ug/mL, far below the
widely reported toxic concentration of 100 ug/mL, the
cells began to lose chirality.>' Even at 5 ug/mL, more
than 65% patterned rings did not show a CW prefer-
ence, when compared to only 30% for the control
group. A similar trend was observed for C2C12 cells,
and CNTs at 10 ug/mL or above induced nonchiral
behavior on patterned surfaces.

The CNT exposure time with hUVECs (Figure 1H)
and C2C12 cells (Figure S2D,E and Tables S3 and S4,
Supporting Information) also affected measured cell
chirality. An initial 24 h exposure of CNTs did not affect
hUVECs intrinsic CW alignment, but incubation of cells
with nanotubes beyond 72 h (3, 5, 7, and 14 days
in vitro: DIV) significantly discouraged these endothe-
lial cells to align in a biased fashion (Figure 1H) with less
than 25% of endothelial cell patterns demonstrating
chirality. The C2C12 cell line exhibited greater toler-
ance toward CNT exposure, and the cells lost chiral
behavior over a longer exposure time, typically 5 days.

(NTs Induce Oxidative Stresses. To explore the under-
lying mechanisms of CNT-induced loss of cell chirality,
we first examined whether cell metabolism was sig-
nificantly altered by CNTs, using the MTT assay. hUVECs
were cultured with CNTs at different concentrations
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(0.5—100 ug/mL) for 24 h. A significant difference in
cell metabolism was only found at a high dose (50—
100 ug/mL) (Figure S3B, Supporting Information;
p < 0.0001 for control vs 100 ug/mL). However, the
threshold concentration of CNTs switching multicellu-
lar behavior from chiral to nonchiral is as low as 5 ug/
mL. This indicates that the loss of cell chirality is not
likely caused by any significant changes in cell viability
or metabolism, and that cell chirality may be a more
sensitive measure for toxicity than other assays that
detect cell viability, proliferation, and/or cellular
metabolism.

The physical and mechanical properties of CNTs,
such as rigidity and large aspect ratios (length/
diameter), have been attributed to cell injury. The
dimensions of CNTs were quantified in transmission
electron microscope (TEM) images (Figure 2A,B), given
an average diameter of 5.0 £+ 0.5 nm and a length of
265 + 110 nm. The CNTs formed entangled shapes,
which were reported to cause less cell injury and
inflammation."?

We then evaluated possible effects of oxidative
stresses induced by CNTs. Extracellular oxidative stress
was measured with Amplex Red hydrogen peroxide
(H,0,) detection kit, and H,0, was found to increase
significantly with the CNT concentration (Figure 2C).
The H,0, most likely arises as a result of traces of
metallic precursors present in CNTs as impurities when
prepared in situ.' Intracellular oxidative stress was
assessed via glutathione quantification (Figure 2D)
and mitochondrial staining (Figure 2E—H). Intracellular
glutathione in its reduced form (GSH) decreased with
the CNT concentration, indicating an increase of oxi-
dative stress with the CNT treatment. The hUVEC con-
trol (Figure 2E) had a stronger staining with an even
distribution throughout the cells, while mitochondria
are less and more concentrated around the perinuclear
region in the CNT-treated cells (Figure 2F,G). These
findings were further confirmed with the quantifica-
tion of integrated fluorescence intensity of mitochon-
dria (Figure 2H) and a 3D surface plot of fluorescence
intensity (Figure S3A, Supporting Information). Alto-
gether, our data indicate the likelihood of CNT-induced
cellular oxidative stress, and possibly mitochondrial
damage.??

Intra- and Extracellular ROS Scavengers Recover Cell Chirality.
We proceeded to investigate whether the loss of
chirality is directly linked with intra- and extracellular
oxidative stress. To answer this question, we subjected
CNT-treated hUVECs with ROS scavengers or inhibitors
including catalase (an enzyme catalyzing the decom-
position of H,0, into oxygen and water), mannitol
(a superoxide anion and hydroxyl radical quencher),
and diphenyleneiodonium chloride (DPI; an inhibitor of
NO synthase and NADPH oxidases) for 3 days (Figure 3,
Table 1). In all cases, the cells exhibited a dominantly
clockwise chirality, with a 60% of clockwise rings,
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Figure 3. Free radical scavenger treatment reverts en-
dothelial chirality. (A) Bar graph demonstrates that perox-
ide scavenger catalase (50 U/mL) ROS quencher Mannitol
(20 mM) and intracellular OS inhibitor DPI (1 M) induce cell
chirality and preserve clockwise alignment of cells on
micropatterns. (B) Table shows quantified clockwise and
nonchiral cells (data: mean =+ standard error; CW, clockwise;
CCW, counterclockwise).

TABLE 1. Role of Carbon Nanotubes (CNTs) and
Extracellular Oxidative Stress in the Loss of Endothelial
Cell Chirality (CNTs: 10 #g/mL, Catalase: 50 U/mL, and
H,0,: 10 zM)

experimental description  number of rings (W  C(CW  NC p-value

control 85 56 0 29 <0.001
(NTs 81 25 5 51 <0.0001
(NTs + catalase 74 39 1 34 >0.05
H,0, 78 29 0 49  <0.01
H,0, + catalase 52 28 1 23 >005
catalase 54 33 1 20 <0.05

TABLE 2. Role of Carbon Nanotube-Induced Intracellular
Oxidative Stress in the Loss of Endothelial Cell Chirality
(CNTs: 10 ug/mL, DPI: 1 uM, and Mannitol: 20 mM)

experimental description  number of rings (W (W NC  p-value

control 81 49 3 19 <0.0001
(NTs 81 25 5 51 <0.0001
DPI 66 29 6 31 >005
(NTs + DPI 73 45 3 25 <0.001
(NTs + mannitol 77 51 7 19 <0.0001

similar to the hUVECs control (without CNTs or any
drugs), while the CNT-treated group had over 60%
rings showing a predominantly nonchiral behavior. To
further confirm the role of H,0, generated by CNTs in
loss of cell chirality (Table 2), we directly treated the
hUVECs with a similar level of H,0, (10 uM), and the
number of nonchiral rings was found to increase
significantly, as observed with the CNT-treated group.
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Figure 4. Cytoskeleton staining and nucleus—centrosome (NC) positioning. (A—C) Actin (red), tubulin (green), and nucleus
(blue) staining of the hUVEC control, showing positioned centrosome (bright green). (D—F) The same staining of endothelial
cells with CNT (10 #g/mL) exposure for 24 h. (G) Schematic drawing demonstrating clockwise biased alignment of endothelial
cell and NC axis positioning, which supports directional cell migration (blue: nucleus, red: centrosome). (H,l) Pericentrin-DAPI
(red-blue) overlay in multicellular hUVEC micropatterns showing NC axis in the control (H) and CNT-treated endothelial cells

(). Scale Bars: 20 um.

This H,0,-induced loss of cell chirality was recovered
by the catalase treatment, while catalase alone did not
have a significant effect on cell chirality.

(NTs Decrease Cell Migration. LR asymmetry on pat-
terned surfaces is established by a mechanism invol-
ving multicellular directional migration on appositional
boundaries. The chiral cell alignment requires proper
cell polarization on boundaries as well as cell migra-
tion. We then measured the speed of hUVECs migra-
tion in the presence and absence of CNTs for 24 h.
hUVEC migration speed significantly decreased with
CNT treatment (Figure S4A, Supporting Information;
p < 0.05, control vs 100 ug/mL of CNTs). This finding
sets forth a new paradigm that relates CNT toxicity and
cell stress, which subsequently down-regulate cell
motility, one of the important parameters determining
multicellular chirality in vitro.” We also measured the
cell morphology by calculating cell area as well as cell
aspect ratio (defined as distance maxima between
leading and trailing edge divided by maximum
width passing through cell nuclear axis). The cell area
did not change significantly (Figure S3D, Supporting
Information), but the cells did appear more elongated,
and seemed to adopt fibroblastoid-shape with the CNT
treatment (Figure S3D, Supporting Information, and box-
whiskers plot in Figure S4B, Supporting Information).
ImageJ quantification revealed that major populations of
control endothelial cells have aspect ratios (AR) closer to
2.8, whereas in the CNT-treated cells, AR is 3.2.

SINGH ET AL.

CNTs Affect Cell Cytoskeleton, Centrosome—Nucleus Position-
ing, and Focal Adhesion Assembly. Establishing and main-
taining subcellular organelle polarity and their
mutual positioning are important for directional cell
migration.>*3% In our previous studies, we have shown
that the Golgi apparatus, centrosome, and nucleus
positioning as well as the cytoskeleton organization
are important for preferred endothelial LR alignment
on micropatterned geometric boundaries and play a
vital role in chirality.?”?® As a result, we examined
whether CNT induced significant alternations in sub-
cellular organelles and cytoskeleton proteins.

To that end, we first stained actin filaments and
microtubules. Actin filament cables in CNT-treated
endothelial cells were found to be thicker and con-
spicuously located at cell periphery compared to the
control (control: Figure 4A—C; CNTs-treated group:
Figure 4D—F). More interestingly, the control endothe-
lial cells exhibited more stable microtubule expression
with radial patterns of microtubule distribution,
emanating near the nucleus from a bright and well-
organized pericentriolar region as shown in Figure 4B
(white arrow), while the endothelial cells incubated
with CNTs did not show clearly organized tubular
structures (Figure 4E). Microtubule staining appeared
to be evenly distributed throughout cytoplasm
in control cells, whereas in CNT-treated cells, the stain-
ing was concentrated in the central region of the
cells.
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We speculate that the poor organization of micro-
tubules might be the result of the impaired function of
the centrosome, as acentrosomal cells were reported
to be devoid of radial arrays of astral microtubules as
shown in schematic of Figure 4G.3*3>3¢ |n the pericen-
trin staining, noticeably, the CNTs indeed caused de-
struction of centrosome in hUVECs (Figure 4H,, control
and test sample respectively). The orientation of nu-
cleus—centrosome (NC) axis was very well preserved
with all cells maintaining a distinct and integrated
centrosome in hUVECs control (without CNTs) on
patterned boundaries (Figure 4H: red: centrosome,
blue: nucleus). Conversely, a clear destruction of cen-
trosome in CNT-incubated endothelial cells was seen,
with diffused signals and scattered pericentrin region
(Figure 4l). We also did a time- and dose-dependent
study of centrosomal organization and observed
that its integrity was gradually lost with higher dose
(=10ug/mL) or longer exposure (=3 days) (Figures S5B
and S6B, Supporting Information).

Focal adhesion complexes (FACs) or cell-matrix
adhesions are macromolecular assemblies that func-
tion as the cell “stress-sensor”.3” On micropatterned
surfaces, focal adhesion assembly has been shown to
be intricately related to the molecular force transmis-
sion from the surrounding microenvironment.>® This
prompted us to probe the role of FACs to determine if
they play a role in inhibiting cell motion and asym-
metric alignment. As shown in Figure 5A—D, we ob-
served differences in number, morphology, expression
pattern, and distribution in FACs on test and control
samples. Endothelial cells cultured without CNTs

Intensity (au)

30 ol o0 "o 0
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] 2] 0 " 100
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15 140
Figure 5. Analyses of focal adhesion morphology. (A,B)
Immunostained vinculin-rich focal adhesion complexes
(FACs) in hUVECs show differences of FACs in the control
(A) and the CNT-treated group (B). (C,D) Magnified images
from highlighted regions in (A,B). (E,F) Variations in size,
shape, and degree of expression of vinculin in FACs in
control (E) and CNT-treated (F) cells. Scale bars: (A,B)
20 um, (C,D) 5 um.
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demonstrated classical vinculin expression distributed
as thin, elongated adhesions at cellular peripheral
regions as well as some interior regions (Figure 5A).
Conversely, CNT-treated cells were more spread, and
much larger and more circular FACs were found to
distribute mainly along cell periphery (Figure 5B). Mag-
nified images show thick and intense adhesion spots,
few in number and positioned along cell boundary in
CNT-treated hUVECs (Figure 5D), while numerous, less
intense dots distributed through cytoplasm in the
control cells (Figure 5C). The lower panel in Figure 5E,
F shows a line scan of enlarged image with significantly
higher intensity (y axis, gray value) and spread area
(x axis, pixel distance). The measured numerical para-
meters associated with vinculin structured adhesion
complexes (normalized vinculin area, mean value,
average pixel intensity and number) were shown in
Table S5 (Supporting Information), indicating signifi-
cant differences in control versus the CNT-treated
group. We also observed time- and concentration-
dependent changes in FACs number, morphology, ex-
pression pattern, and distribution. Significant changes
occurred at a CNT concentration of larger than 5 ug/mL
or an exposure time of 3 days or more (Figures S5C and
S6C, Supporting Information).

DISCUSSION

In recent years, there has been substantial interest in
SWCNT-based application as tissue scaffolds for regen-
erative medicine or intracellular transporters for var-
ious therapeutic and diagnostic (theranostic) carrier.>
However, numerous reports also highlighted safety
concerns toward SWCNTs as an alternative of conven-
tional theranostic tools.***" Left—right (LR) asymmetry
or chirality has been observed in tissue morphogenesis
of numerous living organisms during embryonic
development.*? Recently, we have shown that micro-
patterned mammalian cells exhibit phenotype-specific
biased LR alignment on micropatterned appositional
boundaries.?” Although LR asymmetry is a fundamen-
tal process in morphogenesis, it could affect many
basic bioengineering phenomena, such as cell migra-
tion, wound healing, and tissue growth of unicellular
and multicellular system.3*** The objective of this
study was to exploit this micropatterning-based chiral
characteristic of the cell as an in vitro approach to
investigate potential effects of nanomaterial, specifically
SWCNTs on development-related cellular functions.

In this study, we used CNTs at a concentration
ranging from 1 to 100 ug/mL. To our knowledge, the
exact concentration of CNT exposure at a cellular level
in real life has not been reported. However, CNT
inhalation in manufacturing industry and intrave-
nous/subcutaneous injection in nanomedicine can
potentially lead to the local accumulation of CNTs at
high concentrations. As a result, to mimic the industrial
exposure of carbon based material to workers, CNTs
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are often administered in vivo at a high concentration
(1—10 mg/mL) and with a dose up to 20 mg/kg of
animal body."® In in vitro experiments, CNTs at up to
1000 ug/mL have been tested for possible toxicity on
various types of cells.'®?® Therefore, the concentra-
tions we used in this study aligned well with published
studies, and we believe that they are relevant to the
potential CNT exposure in real life.

The cells showed significant differences in their
tolerance to CNT toxicity. Incubation of endothelial
cells with 5 ug/mL or higher CNTs for more than 24 h
led to a loss of preferential CW alignment on micro-
patterned rings, while the concentration to switch
chiral behavior of the C2C12 cell line was 10 ug/mL
for 3 days. Such a difference between these two types
was in agreement with previous reports.** This was
expected, as primary cells are typically more sensitive
to nanomaterial toxicity; this is also why more emphasis
is given toward toxic evaluation of nanomaterials with
primary cells, to closely mimic in vivo conditions.'>*®

Oxidative stress was found to be involved in CNT-
associated chirality loss of endothelial cells. Indeed,
lately there is increasing evidence of CNT cytotoxicity
arising due to oxidative stress, and disruption of intra-
cellular metabolic pathways.* It has been established
that the metal impurities, particularly iron and nickel
trapped inside the CNTs, may be partially responsible
for 05.*” These metals produce free hydroxyl and
peroxy radicals via catalytic degradation of hydrogen
peroxide through classic Fenton and Haber—Weiss
reactions, which damage cellular DNA, lipids, and
proteins.*® In our experiments, we found that H,0,
was produced in culture in CNT-treated groups, and
reduced glutathione reductase activity decreased with
the increasing CNT concentration. When incubated
with H,0, overnight, 65% or more of endothelial cell
patterns lost chirality; i.e., more multicellular patterned
rings did not show the preferred clockwise bias.?’
Such loss of cell chirality could be recovered with ROS
inhibitors such as catalase, mannitol, and DPI (Figure 3).
Taken together, the anti-ROS scavenger experiments
strengthened the point that oxidative stress is the
fundamental cause of lost cell chirality reported here.

The analysis of cellular physiological and molecular
machinery responsible for chiral behavior unfolded
the OS mediated mechanism. Time-lapse analysis of
hUVECs in presence and absence of CNTs environment
demonstrated that there is a significant drop in en-
dothelial migration rate when treated with CNTs at
high concentrations. Centrosome disintegration was
also observed for CNT-treated cells (Figure 4H—1). This
suggested a strong connection between the subcellu-
lar organelle integrity and its relation with reduced
migration, and deprivation of multicellular LR align-
ment on ring micropatterns. This observation is in line
with recent evidence that laser ablation of centrosome
from polarized cells abolished cellular capacity to
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maintain its cytoskeletal asymmetry and directional
migration.>® Hence, an intact centrosome is indispens-
able during directional cell migration, which con-
serves and reorganizes the microtubule network into
an asymmetric polarized phenotype. In CNT-treated
endothelial cells, we observe that centrosome destruc-
tion led to a cellular failure in organizing their micro-
tubules (Figure 4H vs 4l) with loss of radial arrangement
of microtubules arising from centriolar region, an
authentic sign of intact centrosomes (Figure 4B,E,G).
Positioning of the nuclear—centrosome (NC) axis is
another hallmark of polarity in most migrating cells.*
Evidently, in our experiment, NC positioning was very
well preserved in migrating endothelial cells in clock-
wise direction without the CNT treatment (immuno-
stained pericentrin in red and nucleus in blue;
Figure 4H), which is conspicuously lost because of OS
and CNT toxicity (compare Figure 4H,l). Furthermore, a
decrease in cell motility is confirmed with the observed
changes in the morphology of focal adhesions. The
dynamic assembly and disassembly of focal adhesions
at the cell front, center, and rear is a fundamental
process of migrating cells.’”° The CNT-treated en-
dothelial cells have larger FACs, and relatively large
spreading area. This indicates that cells respond to CNT
exposure with mature focal adhesions expression in
CNT-treated cells, mitigating cell motion and affecting
cell chirality formed on micropatterns.®’ Taken to-
gether, our data suggest that the lack of mutual
coordination and compatibility between microtubules
and centrosome in the migration process might con-
stitute the main event in the loss of endothelial cell
chirality.**>? Studies are underway to explore signaling
molecules related to the loss of centrosome integrity
and formation of mature focal adhesion complexes.”®
These future directions will certainly complement the
findings presented here and will explain in depth the
origin of nonchiral behavior in endothelial cells due to
CNT toxicity.

Finally, in this study the cells were cultured statically
on patterned surfaces. This may not reflect the typical
dynamic environment experienced by endothelial
cells. Such dynamic fluid shear might alter the interac-
tion between CNTs and endothelial cells as well as
cellular responses to CNT exposure. However, our
system is based on soft lithography, and it could be
easily integrated with microfluidics in the future to
study the chiral behavior of endothelial cells under
dynamic fluid shear.

CONCLUSION

We have described a novel finding, that SWCNTs
cause loss of cell chirality. We observed impaired
polarity and orientation in NC axis, preceded by
intra- and extracellular oxidative stress. The present
discovery puts forth a cascade of novel events arising
from carbon nanotube-mediated oxidative stress and
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toxicity, which alter important biochemical and phys-
iological events in centrosome integrity and cell
polarity, which leads to impaired microtubule assem-
bly, reduced cell migration, and the formation of large
FACs. The OS guided homeostatic alteration ultimately
results in a loss in preferred directional alignment on
micropatterned boundaries.

METHODS

Carbon Nanotube Preparation. SWCNTs were purchased from
Cheap Tubes, Inc. 100 mg of the as-received CNTs (diameter
2—5nm) (Cheap Tubes) were first“cut” and oxidized by sonicat-
ing in piranha (sulphuric and nitric acids in 3:1) for 3 h. 4%
metals are present in the as supplied CNTs, and the piranha
washing can extract a part of metal. However, a complete
removal of metal catalyst has never been reported. After acid
reflux, the suspension was washed with Milli-Q water several
times by filtering through a 0.8 mm polycarbonate membrane
(Millipore). Nanotubes were lyophilized and stored as a dry
powder, which was resolubilized in cell culture media with
2-min sonication.>* Nanotubes were imaged and analyzed with
a transmission electron microscope (TEM).

Microcontact Printing. Cell patterning was performed as de-
scribed in our previous study.?” First a mold is obtained from
SU-8 2050 photoresist (Micro-Chem Corp.) using ultraviolet light
and a chromium mask with desired geometric features. Poly-
dimethylsiloxane (PDMS) prepolymer and curing agent (Dow
Corning) in 10:1 ratio was poured onto the mold and cured at
70 °C for 4 h. Octadecanethiol (Sigma) was transferred as self-
assembly monolayers (SAMs) onto the gold-coated (150 A in
thickness) glass slide with the PDMS stamp (Figure S1, Support-
ing Information). The slide was then immersed in ethylene
glycol-terminated SAM (HS-(CH,);1-EG3, Prochimia) for 3 h.
Finally, patterned surfaces were sterilized with ethanol and
incubated with 10 ug/mL fibronectin (Sigma) for 30 min before
cell seeding.

Cell Culture and CNT Incubation for Dose- and Time-Dependent Study.
Endothelial cells at passage 3—5 were maintained in tissue
flasks with Endothelial Basal Medium-2 (EBM-2) supplemented
with EGM-2 SingleQuot Kit supplement and growth factors
(Lonza). C2C12 cells were cultured in DMEM with 10% fetal
bovine serum, 1% P/S, 1 mM sodium pyruvate. A stock solution
of 1 mg/mL of CNTs was made in the Endothelial Growth
Medium (EGM) or in DMEM. CNTs were added at different
concentrations (0.5, 1,5, 10, 50, and 100 xg/mL) in 6 well plates
for different days in vitro (DIV) (day 1, 3, 5, 7, and 14). Three
independent experiments in triplicate were performed. For
long-term cultures, media supplemented with CNTs was chan-
ged after every 2—3 days. After the time points specified above,
cells were washed with PBS, trypsinized, and seeded onto
protein-coated patterned surfaces. Once the cells attached,
extra cells were washed off with fresh medium. Phase contrast
images were taken after overnight incubation at 37 °C and 5%
CO, when cells reached confluence on the ring pattern.

Cell Viability, Intra- and Extracellular Oxidative Stress Measurements.
Viability and proliferation were determined using a colorimetric
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay, as per manufacturer instruction. The hUVECs were
seeded in 96-well tissue culture plates at a density of 4 x 10°
cells per well and incubated overnight prior to the addition of
CNTs in EGM of different concentrations, and incubated for
another 24 h. Cells without CNTs were used as a control. After,
20 uL of MTT (Sigma) was added and incubated for another 3 h
at rt, and the absorbance at 570 nm was recorded on a
microplate spectrophotometer (Synergy HT Multi-Mode Micro-
plate Reader, Biotek).

Intracellular OS was assessed via mitochondrial staining and
measuring the intracellular GSH level (reduced form), a direct
indicator of ROS mediated oxidative stress.>® The cells treated
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Our study, then, extends the scope and necessity of
studying safety in applications of nanomaterials in
biomedicine with a new toxicity paradigm: cell chiral-
ity. The model presented in this report could be utilized
as an in vitro model for rapid evaluation of the influ-
ence of nanomaterial toxicity on multicellular chirality
and subcellular organ polarity.

with CNTs in EGM at different concentrations (0.5—100 ug/mL)
for 24 h. Cells were washed with PBS, and 1% perchloric acid was
added to lyse cell pellets for 10 min on ice. Cell lysate was then
centrifuged (15000 rpm at 4 °C, 5 min) to remove precipitated
protein. The supernatant was buffered in KH,PO,/EDTA, and
o-phthaldialdehyde (Sigma) were added and incubated for
30 min at rt. Fluorescence was measured as GSH content using
a multiwell plate reader (excitation/emission: 350/420 nm).>®
The GSH readings were normalized by the total protein content
measured with the BCA protein assay (Pierce, Rockfold, IL, USA),
and have a unit of nM of glutathione per mg of total protein. The
reported GSH levels of experimental groups were percentages
relative to that of the control.

Hydrogen peroxide production in culture media was mea-
sured by Amplex Red hydrogen peroxide detection kit accord-
ing to the manufacturer's protocol. hUVECs were exposed to
CNT at nontoxic, subtoxic, and toxic concentrations. After 24 h
incubation, Kreb's Ringers solution was added incubated for
another 8 h. The incubated supernatant was further incubated
with the Amplex Red horseradish peroxidase reagent solution
for 8 h at 37 °C. Fluorescence intensity was measured using
Synergy HT Multi-Mode Microplate Reader (Biotek) @excitation/
emission 530/590 nm. ROS inhibition studies of hydroxyl and
superoxide anions in culture media was carried by incubating
cells with CNTs in EGM with 20 mM Mannitol overnight and then
micropatterned for LR alignment analysis. Other ROS scavenger,
catalase (50 U/mL), and diphenyleneiodonium chloride (DPI) at
1 uM concentration were incubated with hUVECs in presence
and absence of CNTs for 24 h. Afterward chiral analysis was
performed as explained in above sections.

Immunofluorescence Staining. The multicellular ring patterns
were fixed with 4% formaldehyde in cytoskeletal buffer
(10 mM MES, 138 mM KCl, 3 mM MgCl,, 2 mM EGTA, and
0.32 M sucrose) for 30 min. For cytoskeleton (actin/tubulin)
double staining, the cells were incubated with phalloidin-TRITC
(1:400; Invitrogen) and anti-Tubulin-FITC (1:200; Sigma) for 1 h.
For the centrosome positioning and focal complex staining on
patterned rings, the cells were incubated in 50 xg/mL anti-
mouse pericentrin and antivinculin (Abcam) respectively for 1 h.
After secondary antibodies staining, samples were fixed in
VECTASHIELD mounting media with DAPI (Vector lab).

For mitochondrial staining, Mitro Tracker Deep Red FM (Life
Technologies) was used at a working concentration of 100 nM.
The cell permeable probe Mitotracker is membrane-potential-
dependent dye, which permanently links to thiol groups in
mitochondria in both live and fixed cells.

Image analyses including fluorescence quantification
and nuclear counting were performed with the NIH Image)
software.>’

Cell Chiral Alignment Analysis. A Zeiss-Axiovision microscope
was used to capture high-resolution phase contrast images at a
resolution of approximately 0.645 um/pixel. The images were
analyzed using a custom-written code in MatLab (MathWorks),
which detects intensity gradient and circular statistics in auto-
mation. The algorithm determines intensity gradients pixel by
pixel with a Gaussian differential filter. An accumulator scheme
further determines dominant local direction after dividing an
image into subregions, in which the orientation of each pixel
follows a von Mises distribution, a circular analogue of the
linear normal distribution. Finally, an angle bias map is gener-
ated on the basis of the orientation in each subregion and
its deviation from the circumferential direction (Figure S2C,
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Supporting Information). The standard deviation of LR asym-
metry and mean angle were calculated for all subregions, using
circular statistics.>®

Cell Migration and Morphology Analysis. hUVECs in culture (with
and without CNTs) were seeded at a low density on gold-coated
glass slides. After cells attached, unbound cells were washed,
and the dish was transferred into an incubation chamber (37 °C
and 5% CO,), and time-lapse videos were recorded every 5 min
at a resolution of 1.56 um/pixel for a total time of 8—10 h.
Sparsely distributed cells were tracked with Image) Manual
tracking plugin, which allows for quantifying temporal move-
ments of objects between frames in a time-lapse video. A
nondestructive grid of crosses was designed, and the plugin
retrieves distance traveled by objects between two successive
frames. After each run, the plugin generates the distance
covered between two frames and intensity of the selected pixel
or volume in tabular form between XY and XYZ coordinates as
well as velocity.

Cell morphology was quantified and categorized as fibro-
balstoid or epitheloid, on the basis of cell aspect ratio. The long-
est vertical (a) and horizontal (b) distance between the leading
and trailing edge of the cell, passing through the nucleus
defines CAR, and was calculated as a/b ratio (Figure S4B,
Supporting Information). Quantification was based on phase
contrast images captured from live cells. Fibroblastoid cells
were defined as those having a/b ratio greater than 1.5, while
epitheloid cells for those having a ratio less than or equal
to 153

Statistical Analysis. Clockwise or counterclockwise alignment
was determined from calculated biased angles in local regions
using MATLAB with the one sample t test in linear statistics for
the mean angle. The rank test was performed to validate overall
biased behavior of the cells considering the number of rings
exhibiting either clockwise or counter clockwise alignment. The
significance level was set to 0.05 for all statistical analyses. Data
was represented by the mean value with the standard error of
the mean (SEM) as per commonly used protocols. For ROS
inhibition, concentration- and time-dependent studies statisti-
cal analysis was conducted using a paired t test or an unpaired,
two-tailed Student's t test.
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