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ABSTRACT: Current in vitro methods to assess nanomaterial cytotoxicity involve
various assays to monitor specific cellular dysfunction, such as metabolic imbalance
or inflammation. Although high throughput, fast, and animal-free, these in vitro
methods suffer from unreliability and lack of relevance to in vivo situations. New
approaches, especially with the potential to reliably relate to in vivo studies directly,
are in critical need. This work introduces a new approach, single cell mechanics,
derived from atomic force microscopy-based single cell compression. The single
cell based approach is intrinsically advantageous in terms of being able to directly
correlate to in vivo investigations. Its reliability and potential to measure
cytotoxicity is evaluated using known systems: zinc oxide (ZnO) and silicon
dioxide (SiO,) nanoparticles (NP) on human aortic endothelial cells (HAECs). - T T T
This investigation clearly indicates the reliability of single cell compression. For o0 02 Re!aﬁv':zAD #om:;jan 08 14
example, ZnO NPs cause significant changes in force vs relative deformation

profiles, whereas SiO, NPs do not. New insights into NPs—cell interactions

pertaining to cytotoxicity are also revealed from this single cell mechanics approach, in addition to a qualitative cytotoxicity
conclusion. The advantages and disadvantages of this approach are also compared with conventional cytotoxicity assays.

24,27,28 (c)

B INTRODUCTION reactions between nanomaterials and assay agents,
the unrealistically high doses of nanomaterials that are
necessary for in vitro assays,”**® and (d) lack of in vivo
relevance of monoculture systems.” There is a critical need for
new approaches and investigations that ultimately allow the

(<100 nm) of nanoparticles (NPs) could lead to broad correlation of in vitr9 with in Yivo toxic.ity studieg Qne
biodistributions in vivo.’ In addition, the physiochemical approach to address this challenge is to provide better in vitro

properties of these NPs can lead to cytotoxicity in vivo. 32 InlIn3eOthS to improve in vivo relevar;lce, such as using cocu}ture
cells”™ or complex organ models.”" Another approach is to

Further, industrial quantities of nanomaterials have raised ) )
concerns about the potential acute and chronic health and provide better readout at the cellular level (i.e., regardless of the

environmental impacts following their release 10,11 history of the NPs—cell interactions, measurements shall focus

Two primary approaches have been employed to assess on the final outcome of the cells). This is analogous to the
nanotoxicity: in vivo toxicity studies using either animal models equivalent circuit appro.ach. TheA present work reports a new
or data collected from human subjectsg’12_19 and in vitro means to read the behavior at a single cell level.

methods such as cytotoxicity assays.”?’> The former has This article introduces a new physical chemistry technique,
atomic force microscopy-based single cell compression, and the

preliminary investigation regarding its potential to fulfill such a
need for nanotoxicity assessment in vitro. This method shows
great sensitivity to overall cellular behavior, including cell type,
viability, membrane integrity, and cytoskeleton changes.**>° In
principle, single cell mechanics is a good candidate to fulfill the
need, because it is based on individual cells and, as such, can

Engineered nanomaterials have sparked an increasing demand
for high throughput production, structure characterization, and
toxicity assessments because of their potential applications in
material science, devices, and biomedicine.'™* The small size

advantages of reliability and more direct physiological relevance
but suffers from various limitations including low speed, high
complexitg, high cost, and issues involving animal and human
subjects.4’ 12 The latter is high throughput, simple, and animal-
free but faces challenges regarding in vivo relevance and
reliability.>*°">° In contrast to the toxicity of small molecular
drugs and chemicals, direct correlation of in vitro assays and in
vivo toxicity for nanomaterials is very difficult because of the

intrinsic and unique complexity of nanomaterials including (a) Received: October 31, 2013
structural and functional changes of NPs during in vivo Revised:  January 8, 2014
transport differing from in vitro exposure,”>*® (b) possible Published: January 13, 2014
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directly probe cellular behavior from cells in vitro and in vivo.
Therefore, it should be capable of bridging in vitro with in vivo
studies by reading single cell mechanics. Additionally, because
cell mechanics is a result of overall cellular behaviors, this
method enables probing the collective well-being of cells
instead of a single dysfunction, such as metabolic dysfunction
read by MTT assays.”>

Using known cytotoxicity studies, this work evaluates the
reliability and sensitivity of this method by performing
treatment under the same conditions and testing the outcomes.
In addition, this investigation also demonstrates that this new
approach could provide new insights into NPs—cell inter-
actions. Human aortic endothelial cells (HAECs) were used in
this study because they are known to uptake metal oxide NPs in
a dose dependent manner in vitro.”” Because inhaled
aerosolized NPs can cross the pulmonary epithelial barrier
into the bloodstream, exposing vascular endothelial cells which
would exhibit a dose dependent affinity to NP uptake,>**’
HAECs provide a good cell model system for evaluating
efficacy of cytotoxicity studies as its cytotoxicity is well studied
by us and others.>”**™* Selected NPs include zinc oxide
(ZnO) and silicon dioxide (SiO,). ZnO NPs were found to be
cytotoxic according to bioassays.””**~* Inflammation appeared
to be a primary consequence as mRNA and protein
inflammatory markers were increased upon treatment.’’ In
contrast, under the same treatment conditions as ZnO, SiO,
NPs did not induce inflammation under similar conditions nor
did they exhibit significant cytotoxicity;"*** SiO, NPs only
exhibit toxicity through loss of cell viability,”> ROS produc-
ion,® % mitochondrial dysfunction,* and membrane dis-
ruption*” at much higher dosage and longer duration exposure.

B EXPERIMENTAL METHODS

Synthesis and Characterization of Oxide Nanopar-
ticles. ZnO NPs were synthesized following protocols
described previously.”” A Zn shot (99.999%; Alfa Aesar,
Ward Hill, MA) was placed in a stainless steel furnace that
was heated to approximately 600 °C. Metallic Zn vapor was
seeded into an H,/air diffusion flame.>' The postflame aerosol
containing the particles was drawn into a sampling tube by
vacuum and the particles were captured on a filter.

SiO, NPs with a tetramethylrhodamine-5(6) isothiocyanate
(TRITC) core (enabling fluorescence imaging) were synthe-
sized via a microemulsion method incorporating the dye
covalently bound to the silica matrix. Reagents were purchased
from Sigma-Aldrich Corp. (St. Louis, MO). TRITC was
conjugated to the silica precursor aminopropyltriethoxysilane
(APTS) in an anhydrous environment using an excessive
amount of APTS for 24 h. Then, the microemulsion system was
formed by mixing cyclohexane (oil), Triton X-100 (surfactant),
n-hexanol (cosurfactant) (4.2/1/1, V/V/V) and an appropriate
amount of water under stirring. Tetraethylorthosilicate (TEOS)
and the TRITC-APTS precursor were added after the addition
of ammonia (volume ratio of TEOS to ammonia was 1.7) into
the mixture. The reaction proceeded over a period of 24 h at
room temperature. The NPs were isolated from the micro-
emulsion using ethanol, centrifuged, and washed with ethanol
and water several times.

NPs were characterized using transmission electron micros-
copy (TEM), X-ray diffraction (XRD), and the Brunauer—
Emmett—Teller (BET) methods.”’” ZnO NPs used in this
investigation were rod-shaped with lengths of 100—200 nm and
diameters of 20—70 nm.”” SiO, NPs were spherical with
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diameters of 96 + 15 nm. NP stock solutions were prepared by
adding dry NPs to distilled water to concentrations of 2 and 3.3
mg/mL for ZnO and SiO, NPs, respectively. The stock
solutions were sonicated for 5 min to break up aggregates and
diluted using antibiotic free Endothelial Growth Media-2
(EGM-2, Lonza, Basel, Switzerland) to the designed concen-
trations (e.g, 10 and SO pg/mL) prior to cell treatments.
Henceforth, dosages of 10 and S0 ug/mL are referred to as the
low and high dosage, respectively.

Cell Culture and Treatment. Type 1 rat tail collagen was
diluted to 100 pg/mL in 0.02 M acetic acid (BD Biosciences,
San Diego, CA) and applied to Mat-Tek glass bottom dishes
(MatTek, Ashland, MA) for 30 min at 37 °C. HAECs (Cascade
Biologics, Portland, OR) in passages 5—6 were then plated at
subconfluent density. The cells were maintained in EGM-2
media and incubated overnight (37 °C, 5% CO,). Upon
washing with fresh EGM-2 solution, cells were incubated with
1.5 mL of the NP solutions described in the previous section
for 4 h and then immediately placed on the AFM stage for the
designed cell mechanics investigations.

Isolation of RNA and Reverse Transcription. Immedi-
ately following incubation with ZnO NPs, cell culture
supernatants were collected and stored at —20 °C for future
enzyme-linked immunosorbent assay (ELISA) of soluble
intracellular cell adhesion molecule-1 (ICAM-1). The cells
were subjected to total RNA purification using an RNeasy mini
kit (Qiagen, Valencia, CA) according to manufacturer’s
protocol. cDNAs were prepared from 1 ug total RNA using
the reverse transcriptase iScript cDNA Synthesis kit (Biorad,
Hercules, CA) according to the manufacturer’s instructions.

Quantitative Real-Time Polymerase Chain Reaction
Analysis. Transcription levels of three inflammatory markers,
intercellular adhesion molecule 1 (ICAM-1), monocyte chemo-
tactic protein-1 (MCP-1), and interleukin-8 (IL-8), were
measured by real-time PCR. Gene-specific probes and primer
mix were purchased from Applied Biosystems, Grand Island,
NY (ABI TagMan gene expression assay).

Quantitative real-time PCR was conducted using a 7900 HT
Fast Real-time PCR system (Applied Biosystems, Grand Island,
NY). The reaction was performed in 96-well Optical Reaction
Plates (Applied Biosystems, Grand Island, NY) with 10 uL of
reaction mixture in each well. The reaction mixture contained
samples of cDNA diluted at 1:2, probe and primer mixed, and
Faststar Universal probe Master (ROX) purchased from Roche
(Indianapolis, IN). Expression levels of inflammatory genes
were normalized to GAPDH for each sample. Treatment with 1
ug/mL of lipopolysaccharide (LPS) served as a positive control.

Single Cell Compression. Single cell compression was
developed by our team and described previously.” As depicted
in Figure 1, a cell is compressed between the spherical probe
and glass substrate. Briefly, probes were modified silicon
cantilevers (AC240, Asylum Research, Santa Barbara, CA) with
glass sphere of a diameter of 60 = 4 um (Duke Scientific,
Fremont, CA) attached to the tips, using a premixed two-
component epoxy (S-31, ITW Performance Polymers, Riviera
Beach, FL). After sphere attachment, the spring constant was
calculated as 1.58 N/m based on the added mass method®> and
sphere placement correction method.*?

Probe-microsphere position was guided, with regard to the
target cell, by an IXS0 inverted optical microscope (Olympus
America, Center Valley, PA) integrated in-house onto an AFM
scanner (MFP-3D, Asylum Research, Santa Barbara, CA). A
CCD camera was used to monitor and record cellular
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Figure 1. Schematic diagram illustrating the concept of the single cell
compression methodology.

morphology during the compression cycle. In this investigation,
the center of the probe was positioned above the highest point
at the edge of the nucleus in order to minimize nuclear
contribution.

In the case of SiO, treatment, the cells were imaged on a
Nikon TE300 Eclipse inverted microscope (Nikon Inc.,
Melville, NY) with a 40X Plan Fluor objective (NA = 0.6). A
Retiga 1300 monochrome camera (Q—Imaging, Surrey, British
Columbia, Canada) coupled with QCapture Imaging Suite was
used to confirm visible TRITC illumination from the SiO, NPs
and cell loading.

Force—deformation profiles were first acquired on the bare
substrate nearby to establish an internal reference and force
profile for calculating cell height. The compression was
performed at a relatively low rate of 2 ym/s to minimize
hydrodynamic contributions and to enable extraction of elastic
compliance.*® All cell compression experiments were com-
pleted within 30 min starting with removal from the incubator
to ensure viability of the cells. Individual cell viability was also
confirmed using trypan blue stain (21 xM, Invitrogen,
Carlsbad, CA) as described previously.>® For each experiment,
2—4 sets of measurements were taken. In each set, 3—8
characteristic cells were chosen under optical objective for
mechanical measurement.

For cells without major geometric changes due to NP
treatments, the 3proﬁles are displayed as force vs relative
deformation (&);> those with severely altered morphology are
represented in force vs relative volume displacement (RVD)
plots as detailed in previous work.>® Relative deformation, ¢, is
defined as change in height (Az) over the initial cell height
(Dy). RVD is defined as displaced volume over the initial cell
volume. The initial volume is estimated from microscopy
measurement using the ellipsoid cap approximation.*® Cell
volume was calculated using lateral measurements taken from

optical images of the cells on the substrate and from initial cell
height measured by AFM. The cell shape was modeled as an
ellipsoid cap, which was shown to be a good approximation by
AFM imaging. The procedure and formula for calculating the
volume of an ellipsoid cap were reported previously.*®

Results are presented as mean + standard deviation (SD).
Statistical analysis was performed by an unpaired, two-tailed
Student’s t-test. Differences in means were considered
significant if p < 0.0S. For the & values of ZnO 10 in Table I,
for example, the t test performed at F = 50 and 300 nN,
resulted in t = 3.5 and 4.2, with p value of 0.0008 and <0.0001,
respectively, showing there is no similarity among the treated
and control cells. For the E,, values of ZnO 10 and ZnO 50 (a)
shown in Table II, t = 2.5 and 6.2, respectively, again
confirming the stiffening effect is statistically significant
(>99.9%). The data with significant differences (p value
<0.05) from the control are indicated using bold font in
Tables I and IL

B RESULTS

Inflammation and Viability upon Treatment with ZnO
NPs. Prior in vitro work suggests that 10 and 50 pg/mL ZnO
NP treatment induces cellular inflammation, as well as a
reduction in membrane integrity”* and mitochondrial activ-
ity.>"**** An inflammatory pathway appears to be the
dominant response at the early stage following NP treatment
while the cells are still living.37 Therefore, we compare our
measurements with in vitro inflammation assays. Prior studies
also suggest that in vitro cytotoxicity assay results are sensitive
to the history of cells and NPs.** In order to make a meaningful
comparison for this investigation and test the sensitivity of our
technique, cytotoxicity assays were carried out in parallel with
single cell compression experiments following identical treat-
ment conditions. Incubating HAECs for 4 h with 10 pg/mL of
7ZnO NPs induced 1.4 + 0.5 and 1.5 + 0.2 fold increases in
ICAM-1 and IL-8 mRNA levels relative to control, whereas
MCP-1 mRNA levels remained unchanged, as shown in Figure
2. At 50 pg/mlL, all inflammation markers, ICAM-1, IL-8, and
MCP-1 mRNA levels increased, especially ICAM-1 at 4.4 + 0.2
fold in comparison to control (p < 0.05), suggesting a dose-
dependent increase in cell inflammation. The ICAM-1 level
induced by the high dosage ZnO NP treatment were
approximately 25% of those induced by the positive control
treatment (1 ug/mL lipopolysaccharide (LPS) for 4 h). The
change in the other inflammation markers, namely IL-8 and
MCP-1, was small relative to ICAM-1, possibly suggesting that
the inflammation pathways differ from LPS-triggered processes.

At 10 pg/mL ZnO NPs treatment, cell loss was below 20%
after 4 h, whereas at 50 pug/mL, there was a 50% loss of cell

Table I. Comparison of Geometry and Mechanical Properties of HAECs before and after Exposure to Designated Nanoparticles

cell and NPs control ZnO 10
[NP] (ug/mL) 0 10
cell height (um) 44 0.7 62+ 19
volume (pm?®) 1700 + 500 3600 + 1800
Az (um) @ F = 50 nN 2.0 + 04 22+ 05
e @ F=50nN 0.45 + 0.05 0.36 + 0.04
RVD @ F = S0 nN 0.11 + 0.02 0.07 + 0.01
Az (um) @ F = 300 nN 31+05 35+07
e @ F =300 nN 0.71 + 0.06 0.58 + 0.06
RVD @ F = 300 nN 0.27 £ 0.04 0.17 £ 0.02

ZnO 50 (a) ZnO 50 (b) Sio, 10 Si0, S0
S0 50 10 S0

6.6 + 1.6 124 + 3.8 44 + 04 5.0 + 04
4800 + 1700 7500 + 2200 1800 + 400 2700 + 700

20 + 0.8 45 £ 13 1.8 + 0.2 24 + 04
0.30 + 0.09 0.36 + 0.04 0.42 + 0.06 0.48 + 0.03
0.04 + 0.02 0.08 + 0.02 0.09 + 0.02 0.11 + 0.01

34+13 79 + 2.7 3.0+03 3.7+ 04
0.51 + 0.10 0.63 + 0.03 0.68 + 0.04 0.74 + 0.02
0.12 + 0.05 0.32 + 0.04 0.24 + 0.02 0.26 + 0.01
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Table II. Comparison of Membrane Young’s Modulus and Ion Flux Dysfunction of HAECs Treated with Various Oxide

Nanoparticles
cell and NPs [NP] (ug/mL) E, (MPa) AF (nN) @ RVD = 0.2 AC (uM) @ RVD = 0.2 [Zn**] (uM) if fully dissolved
control 0 5.0+ 21 0 0 0
ZnO 10 10 7.7 £ 1.8 273 + 166 153 + 79 123
ZnO 50 (a) 50 16 + 12 446 + 218 175 + 88 614
ZnO 50 (b) S0 38 £ 17 —34 + 33 —14 £ 22 614
SiO, 10 10 55+ 08 28 + 40 20+ 8 N/A
Si0, 50 NY 37+ 1S -1+16 —41 + 29 N/A
2 4 (blue). During cell compression, force—deformation profiles
20 g ICAM1 are acquired in both loading and unloading cycles. Although
_, 18 1 ] Mnlcifl cell-probe adhesion could be extracted from the unloading, this
g 16 - region of the profiles is omitted to focus on cellular mechanics
= 14 - instead of adhesion. The F vs ¢ profiles appear smooth (without
S 2] stress peaks) and nonlinear, similar to those of fibroblast cells.*®
é 10 1 Trypan blue assay results demonstrated that untreated HAECs
E T $ 7 could survive up to three sequential compressions with loads
B 4 4 >1 uN with 2—3 min recovery time. As a comparison, Jurkat T
= lymphocyte cells survived less than a full compression cycle,
& 2 . & during which membranes ruptured,35 manifesting as stress
peaks. The resilience of HAEC membrane is, thus, higher than
’—'—- ’_L‘ that of T cells®® but lower than that of neuronal cells, which
0 " T " sustain 4 cycles>® The mechanical strength falls between
0 10 50 LPS

ZnO Concentration (ug/mL)

Figure 2. Relative mRNA levels of the three inflammatory markers
ICAM-1, IL-8, and MCP-1 for HAECs incubated with ZnO NPs for 4
h at various concentrations. Treatment with 1 yg/mL LPS served as a
positive control. Each mRNA value was normalized to corresponding
GAPDH value. Relative mRNA levels are calculated as fold ratios
relative to control cells. Measurements are mean + SD from
experiments run in triplicate.

viability, as measured by the trypan blue exclusion assay. In
contrast, under the same treatment conditions, SiO, NPs had
little effect on HAEC viability (>90% viable).

ZnO NPs at Low Dosage Led to Cellular Stiffening. A
typical HAEC force-deformation profile is shown in Figure 3

Figure 3. Typical F vs & profiles for control (solid blue) and for
treatment with 10 yg/mL ZnO NPs (solid red). The inset shows
bright field optical images of the HAECs taken before (top) and
immediately after (bottom) compression. Black arrows point to the
blebs observed due to compression. Scale bar = 20 ym.
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neuronal cells (N2a) and keratinocyte cells.>>** The optical
micrograph in Figure 3 shows a typical (>99% population)
morphology of a living control HAEC before (inset 1) and after
(inset 1’) compression. Cells exhibit an ellipsoidal shape at the
soma with broad and relatively flat lamellae around the
periphery. From tens of cells in nine sets of experiments, the
long and short semiaxes measured 22 + 4 ym and 11 + 2 um,
respectively, with a height of 4.4 + 0.7 ym (Table I). The shape
and size corresponded well with known dimensions of healthy
endothelial cells.’**”

Adding 10 pg/mL ZnO NPs to cell culture media led to cell
height and volume increases of 48% and 112%, respectively, for
the example cell shown in Figure 3. Under an optical
microscope, the contrast appears clearer and more heteroge-
neous (Figure 3, inset 2). Control cells generally developed
multiple blebs at high deformation (>50%), as indicated in
Figure 3 (inset, 1/, 3 blebs). Upon unloading, blebs retracted
and took 2—3 min to vanish. Higher degrees of blebbing were
observed for ZnO NP treated cells, as shown in Figure 3 (inset
2/, S blebs). This observation could be rationalized by
intercalation of ZnO NP within the cell membrane®” and
cytoskeleton, which manifests into higher membrane hetero-
geneity and enhancement in optical contrast.

Because most HAECs retain their shape despite swelling, F
vs € profiles provide a reliable comparison, as shown in Figure
3. The profile of treated cells appears left-shifted with respect to
the control, indicating stiffening during the entire compression
process. At a low load of 50 nN, for example, a cell was
compressed by 38% and 45% of its original height for treated
and control cells, respectively. At a higher load of 300 nN,
treated cells continue to deform less (60%) in comparison to
the controls (71%). The results are consistent among all 25
measurements from four separate experiments, as summarized
in Table L

Although the cytokine assay (Figure 2) only detected mild
inflammation at this dosage, F vs & profiles showed clear and
significant differences in terms of mechanics in both membrane
and cytoskeleton.

dx.doi.org/10.1021/jp410764f | J. Phys. Chem. B 2014, 118, 1246—1255
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ZnO NPs at Higher Dosage Led to Significant
Changes in Cell Morphology and Mechanics. Under the
same treatment time of 4 h, a 50 ug/mL ZnO NP dosage
resulted in dramatic changes in cellular morphology. Under
optical microscopy, two representative populations could be
observed: (a) 30% of the cells exhibited a shape similar to cells
shown in Figure 3 inset 2 but were much more swollen; and
(b) 70% of the cells revealed retracted and round boundaries
with a much higher degree of swelling. An additional 1 h of
exposure time to the NPs (5 h total) led to an almost 100%
population with retracted and round boundaries with a much
higher degree of swelling, as in category b. Further incubation
(6 h total) resulted in 100% cell death. This time-dependent
swelling and cell death suggest the possibility of significant ion
flux dysfunction.

A representative cell (Figure 4A) from the first subpopula-
tion was 7.9 ym tall with a volume of 4775 um®. Because cell

o]

- Control
- 50 pg/mL
- Control
00 02 04 06
RVD

Figure 4. Bright field optical images taken before (left) and
immediately after (right) compression of minority and majority
populations of HAECs treated with 50 pg/mL ZnO NPs. Black arrows
point to blebs formed during compression. Scale bar = 20 ym. F vs
RVD profiles for three representative cells are shown in (C) and (D):
control (blue), for minority (red), and majority populations (green),
respectively.

geometry varies after treatment, a meaningful comparison in
cell mechanics is made using F vs RVD profiles.*® The treated
cell profile in Figure 4C (red) is a typical force profile of these
cells, which is significantly left-shifted from the control,
indicating stiffening through all of the deformation range. At
both 50 and 300 nN loads, for instance, this cell deformed by
66% and 53% less, respectively, in comparison with that of the
control. Results from four experiments revealed consistent
outcomes (Table I).

The second subpopulation exhibited significant swelling; that
is, the cell in Figure 4B showed height and volume increases of
1.45 and 3.30-fold, respectively. In the F vs RVD profiles, the
second population overlaps with the control at low deformation
(RVD < 25%) but is right-shifted at higher deformation (RVD
> 25%) (Figure 4D), indicating softening. These observations
differ significantly from those of Figure 3 and in Figure 4C,
especially the fact that the cytoskeletons become much softer
with dosage and time. For instance, at 300 nN, these cells
deform 22% more than do the control, in terms of RVD.
Among tens of cells from four experiments, this trend remained
qualitatively and quantitatively valid (Table I).

1250

A higher degree of blebbing was observed for population b.
For example, five blebs were observed in Figure 4A’, and nine
blebs were observed in Figure 4B’. Upon unloading, blebs
remained for the duration of the measurements, in contrast to
control and low dosage treatments. These observations can be
rationalized by more ZnO uptake by membrane and intra-
cellular components, leading to heterogeneity of cellular
membrane (more blebbing), ion flux dysfunction (swelling),
and weakening of the cytoskeleton (soft profile).

Figure 2 shows an increase in ICAM-1 at 50 pg/mlL,
indicating a higher degree of inflammation than ICAM-1 at 10
ug/mL. The changes in single cell mechanics not only reflect
the occurrence and severity of inflammation but also suggest
mechanistic information: uptake of ZnO NPs by membrane
and intracellular components leads to increased blebbing, ion
flux dysfunction (swelling), and permanent damage of the
cytoskeleton, which eventually leads to cell death. This new
single cell compression based approach probes overall cellular
dysfunction and provides a reliable, sensitive, label-free, and
quantitative method to assess nanotoxicity in vitro.

Treatments with SiO, NPs Led to Little Change in
Cellular Mechanics. Treating HAECs with 10 pg/mL SiO,
NPs for 4 h did not lead to observable changes in cell height
and volume (Table I). A typically treated cell in Figure SB
shows only minute enhancement and heterogeneity in optical
contrast. Upon loading, blebbing behavior was also similar to
that of the controls (Figure SB’, 1 bleb, and Figure SA, 0 blebs),
indicating that membrane heterogeneity remained similar to the
control upon treatment. Using TRITC labeled SiO, NPs in a
parallel experiment, emission at 557 nm was clearly visible
under epifluorescence microscopy, thus confirming NP uptake
(data not shown).

With little change in geometry, F vs € profiles provide reliable
comparison of cellular mechanics,***° as shown in Figure 5D.
The profiles of treated cells exhibited almost identical behaviors
as control profiles. At S0 nN and 300 nN load, this treated cell
is compressed by 42% and 71% of its original height,
respectively, which is almost identical to the control. These
values and the trend were reproducible (Table I). The lack of
detectable changes in cell mechanics is consistent with prior
knowledge that higher SiO, NP concentrations or longer
treatment times are required to elicit a biological response in
endothelial and other cell types.>***°

Cells undergoing a 50 pug/mL SiO, NP treatment exhibited
higher degrees of optical heterogeneity, although their
morphologies resembled control cell morphologies. A typical
treated cell is shown in Figure SC. Upon loading, treated cells
exhibit similar blebbing behavior as the control cells. The small
degree of swelling is quantified in Table 1. The highly
overlapping F vs € profile of a typical treated cell and control
indicates SiO, NP treatment, even at high dosage, does not
induce appreciable mechanical change (Figure SE). At a
relatively low force of 50 nN and a relatively high force of
300 nN, the treated cells deform by 43% and 72%, respectively,
which are almost identical to deformations of control cells. The
trend and values are consistent for all cells in three separate
experiments.

Quantification of Young’s Modulus of Cellular
Membrane. To quantify membrane Young’s moduli (E,,)
from F vs € profiles, we adopt Hertzian contact mechanics and
assume that the cells behave like balloons filled with
incompressible fluid.*> When a balloon is compressed between

dx.doi.org/10.1021/jp410764f | J. Phys. Chem. B 2014, 118, 1246—1255
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Figure S. Bright field optical images taken before (top) and immediately after (bottom) compression of control, cells treated with 10 pg/mL, and SO
pug/mL SiO, NPs for 4 h. Black arrows point to blebs formed due to compression. Scale bar = 20 ym. Typical F vs ¢ profiles for three representative
cells are shown in (D) and (E): control (blue), 10 ug/mL (green), and SO pug/mL (red) SiO, NP treated HAECs.

two parallel plates (Figure 6A), the F vs ¢ profile follows a cubic
power law as expressed in eq 1

0

0.00 0.10 020 030
Relative Deformation, €

Figure 6. (A) Schematic of the balloon model, in which external force
causes the membrane to stretch and bend. The membrane mechanical
signature can be quantified by Young’s modulus and bending constant.
(B) Fvs ¢ profiles at low deformation region of a control (blue, 1), 10
pg/mL ZnO NP treated (red, 2), and the minority population of the
50 pg/mL ZnO NP treated (red, 3) HAECs. The results from least-
squares fitting using eq 1 are plotted in dashed lines, which indicate
excellent agreement with the force profiles.

Em 3
27 hR e
1=, (1)

E

m

where ¢ represents relative height changes and v, is the
Poisson ratio of the cell (v, = 0.5, assuming HAECs are
perfectly incompressible). R, and 4 are the initial cell radius
(half of the cell height) and cell membrane thickness (we
assume h = 4 nm), respectively. Using eq 1 and a measured F vs
€ profile, least-squares fitting would yield E, as summarized in
Table II. This model has been shown to be effective at small
deformations (<30%), where the membrane remains imper-
meable and intracellular contributions (by the cytoskeleton, for
example) are relatively small.**~%

Figure 6B illustrates the measured (solid) and least-squares
fitted (dashed lines) profiles at € = 0—30% for control (blue, 1),
treatment with 10 pg/mL (red, 2), and treatment with SO ug/
mL ZnO NPs [population (a), red, and 3], respectively. The
typical HAEC (blue, 1) shows a very good agreement between
fitting and measurements, and the membrane E, = 5.0 MPa
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with y* = 4 X 107'%. At dosages of 10 and 50 ug/mL, the
HAECs membrane Young’s modulus increases to 9.0 and 13.0
MPa with * = 4.1 X 107" and 2 X 107"%, respectively. This
trend is consistent for all experiments, as summarized in Table
II. The increase in E, can be rationalized by ZnO NPs
embedded within the membrane, thereby reducing the fluidity.
The increased blebbing and membrane heterogeneity provide
further support for this conclusion. The increase in E_, at high
dosage indicates more ZnO NPs are within membrane. For
population (b) at SO ug/mL, E, decreased to 4.4 MPa
accompanied by severe swelling and softening of the
cytoskeleton. This can be rationalized by more intracellular
NPs and dissolution of ZnO NPs, which could lead to ion flux
dysfunction and cytoskeletal damage. This conclusion is
consistent with previous studies, which found ZnO NPs within
the membrane®” and in the cytoplasm near the cell membrane
and nucleus®" as well as in endocytotic vesicles.>”*"¢! Further,
this method could provide quantitative measurement of NP
uptake at cellular membrane and cytoskeleton upon systematic
calibration.

In the case of SiO, treatment, the membrane Young’s
modulus is almost identical to that of the control (Table II).
Considering also the similarity in blebbing behaviors and the
lack of severe swelling, as well as the uptake of NPs, we infer
that SiO, NPs are likely to distribute homogeneously within the
cell with only benign effects.

Single Cell Compression Measurements Enable
Estimation of lon Flux Dysfunction. Given the severe
swelling and uptake of ZnO NPs, jon flux dysfunction is
expected to have occurred.>* Assuming the observed left shift in
F vs € profiles is solely due to ion flux dysfunction, we could
estimate the ion concentration change following established
methods.**

The increase in osmotic pressure could be estimated using
the Fvs proﬁles,a'4 or from F vs RVD profiles, following eq 2

AF =11-S ()

where AF, II, and S are excess force, increase in osmotic
pressure, and cell-probe contact area, respectively.

The contact area, S, between the glass bead and the ellipsoid
cap-shaped cell can be calculated using eq 3

dx.doi.org/10.1021/jp410764f | J. Phys. Chem. B 2014, 118, 1246—1255



The Journal of Physical Chemistry B

|, <c—z>2)\/2( <c—z>2)
Swvp) = 7,|a |1 — ——— b 1 - —5
) \/( : : 3)

where a, b, and ¢ are the three major semiaxes defining the
ellipsoid and z is the distance from the glass substrate to the
center of the glass sphere or probe, which depends upon the
value of RVD.%® The values for g, b, and ¢ were generated from
simultaneous ﬁtting36 using optical microscopy measurement
and AFM height measurement; AF is extracted from the two F
vs RVD profiles, and [ can then be calculated from eq 2.

Uptake of ZnO NPs into cells could impact cellular
membrane by creating membrane discontinuities®” and increase
plasma membrane permeability.***** The molar concentra-
tion increase, AC, can be calculated from the osmotic pressure-
ion concentration relation,** using eq 4

IT

AC= —
RT

(4)

where R is the gas constant, and T is the experiment
temperature (298 K). At RVD = 0.2, the AC for each
treatment is summarized in Table II. At 4 h exposure to 10 ug/
mL ZnO NPs, AC is 153 & 79 yM. Assuming all NPs taken up
were completely dissolved, [Zn*"] = 123 yM. The AC value is
slightly larger than the maximum [Zn*'], which indicates that
osmotic pressure is primarily responsible for the observed F vs
€ and F vs RVD shifts at low deformation. At 50 yg/mL dosage,
AC = 175 + 88 uM, for cells without dramatic morphological
changes. This minute increase in comparison to 10 ug/mL
treatment indicates that ionic dysfunction was maximized at the
dosage of 10 pug/mL. This indicates that ion flux dysfunction
represents only one aspect of the ZnO NP toxicity response.
Other indicators, as evidenced by changes in membrane and
cytoskeleton integrity (previous section), become much more
severe in 50 pug/mL treatment compared with that of 10 ug/
mL. Further uptake most likely led to the higher number of
ZnO NPs in membrane and intracellularly but exhibited no
further impact of ion flux dysfunction for this subpopulation.
For cells with dramatic change in morphology [population b],
AC = —14 + 22 uM, which means it is similar to the control.
The fact that ion flux changed significantly then reverted back
in conjunction with a dramatic change in cellular morphology
and cytoskeleton is an indication of complete damage to
membrane function (no longer serving as an osmotic
membrane).

In contrast, uptake of SiO, NPs induced very little change in
ion concentration in HAECs at the same dosage and time
(Table II). This is consistent with the apparently benign nature
of SiO,.

Previous work indicates that internalized ZnO NPs could
dissolve in cells due to the acidic environment (pH ~ 5) within
intracellular vacuoles, creating an osmotic pressure imbalance
between the vacuole and the surrounding cytoplasm and
causing vacuoles to undergo severe swelling.'>>”*"* Because
of an NP’s high surface-to-volume ratio, the dissolving process
would be faster than bulk ZnO materials,'®>7#45 leading to an
increase in overall ion concentration within our experimental
time. Osmotic pressure would drive intracellular intake of
water, causing swelling in vacuoles and the surrounding
cytoplasm.'*** Our measurements of control, 10 pg/mlL,
and 50 pg/mL subpopulation a are consistent with the increase
in overall ion concentration and swelling. In addition, our
quantitative analysis using eq 1 and 4 provides new insights into

1252

the effects of ZnO NPs. At 10 ug/mL dosage, NPs enter cells
and intercalate with the membrane, causing an increase in E,.
Intercalation of external entities into the membrane that result
in a decrease in fluidity and an increase in E_ has been
previously reported.**** Intracellular NPs dissolve, causing an
increase in ion concentration, swelling, and ion flux
dysfunction. Increasing NP dosage leads to more NPs in cell
membrane, as indicated by a higher E value but no further
effect on ion flux dysfunction. With time, the failure of the ion
pumps of the plasma membrane due to NP interference with
ATP generation increases the permeability of the plasma
membrane.”® Eventually, the membrane fails, accompanied by
cytoskeleton destruction and eventually cell death.

B DISCUSSION

From the results reported above, the force profiles from the
single cell mechanics study could provide a new assay for
nanocytotoxicity. The validity of this approach has been
demonstrated by reading force—deformation profiles following
known NP treatments utilized previously. Clearly, the profile
changes could indicate toxicity, such as the results at 10 pg/mL
of ZnO NPs, which is known to cause inflammation as per in
vitro assays.”” The new insights revealed from this method are
also encouraging. For example, although cytotoxicity assays
yield only one number for each inflammatory marker over
millions of cells, this new method enables readout of detailed
outcomes. At S0 ug/mL ZnO NPs, for example, single cell
mechanics measurements clearly revealed two types of cellular
responses, with one more severely toxified than the other. Aside
from confirming the degree of toxicity and dose-dependence of
ZnO and SiO, NPs, the principle of cellular mechanics enables
sensitive measurements of all foreign substances taken up by
cells such as dyes and biochemicals.**** In principle, this
method only requires a single cell to yield informative
measurements, thus exhibiting high sensitivity. The sensitivity
and the enabled capture of diversity in responses are
particularly relevant and advantageous in the context of
correlation with in vivo studies, as in vivo cellular samples are
difficult to harvest in massive and uniform populations and do
present high individualities. This approach could enable
individual samples from in vivo sources to be studied one by
one to yield meaningful information regarding NP uptake and
mechanical changes. One challenge in nanocytotoxicity is to
examine repeated and time-dependent exposures reliably; our
approach could address this challenge, as one batch of samples
may be subjected to repeated exposure and time-dependent
studies in situ under the same experimental setting to yield
meaningful and reliable results. Finally, measurements of cell
mechanics also provide quantitative information such as the
Young’s moduli of the membrane and cytoskeleton, as well as
ion flux dysfunction, to shed new light on NPs—cell
interactions.

As this approach is still in its infancy, we are also actively
finding and addressing its limitations. For example, this method
does not provide specific chemical information, such as
markers, associated with cellular signaling cascades. We are
exploring solutions by correlating with known cellular assays
and implementing optical readout®® in situ. This approach is
also less routine compared with assay protocols. Only trained
analytical chemists, engineers, and biophysical researchers are
able to master this technique in a timely manner. Work is also
in progress to make this method more user-friendly and “turn-

key.”
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B CONCLUSIONS

The work demonstrates that single cell mechanics provides a
new and highly promising alternative to study the cytotoxicity
of nanomaterials in vitro. Using previously known cytotoxicity
of ZnO and SiO, NPs on HAECs, our study indicates that ZnO
NPs exhibit dose-dependent changes in force-deformation
profiles, whereas SiO, NPs show little impact under the same
treatment conditions. The measured cellular mechanics are
sensitive to dosage and treatment time. Therefore, the changes
in F vs € profiles provide a reliable and sensitive readout of NPs’
cytotoxicity. In addition, from F vs € and F vs RVD profiles, we
have extracted the membrane mechanical property (E,) and
ion flux dysfunction (AC), respectively, which enables further
understanding of NP—cell interactions and overall dysfunctions
of cells. In comparison to conventional bioassays, this new
approach is single-cell-based and, thus, could provide a direct
linkage to in vivo studies. It is very sensitive and able to capture
the response of individual cells, which is highly complementary
to cytotoxicity assays, which usually only present a single
output for a large population (>10%) of cells. Further, single cell
mechanics is label-free. There is need neither for lysis to extract
cellular contents for assay nor for adding test reagents,
eliminating false positives due to the biochemical reagents
used in cellular assays. Finally, this method enables time-
dependent study as well as direct comparison between in vitro
and in vivo exposures, as getting single cells after exposure is
much easier than alternative approaches. Little or no
modification to the method is necessary for measuring single
cell mechanics for cells harvested from a host for in vivo study.
Given the key facts that this method is single-cell-based and
cells from in vitro and in vivo means can be compared directly,
this approach in principle could enable direct correlation
between in vitro and in vivo measurements. Work is in progress
to study time-dependent and dose-dependent nanotoxicity
systematically, to compare single cell mechanics with other
cellular responses such as metabolic dysfunction, and to
establish equivalent exposure for in vitro and in vivo studies.
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