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ABSTRACT: Changing polystyrene nanoparticles from three-
dimensional spherical shape to two-dimensional disk shape
promotes their cell surface binding with significant reduction of
cell uptake. As a result of lower cell uptake, nanodisks show very
little perturbations on cell functions such as cellular ROS
generation, apoptosis and cell cycle progression compared to
nanospheres. Therefore, disk-shaped nanoparticles may be a

promising template for developing cell membrane-specific

and

safer imaging agents for a range of biomedical applications such as
molecular imaging, tissue engineering, cell tracking, and stem cell

separation.

Nanodisks Nanospheres
o PN n
hbgw\u\ﬂpqawoo J%, QQ))Q JJ,JQJN\)
POODIVLUIIOSBERL0000O00000 TS 2 He QRSSO0
j < Cell membrane Oy )
QQQJJ
- 4B
ndosome m
<. DY Endosomes
Cytosol

KEYWORDS: nanodisk, membrane permeability, cell uptake, cytotoxicity

B INTRODUCTION

Human control of nanoparticle’s biological activity is imperative
since nanomaterials are increasingly used in various industries,
medicine, environment, and consumer products. It is
recognized that nanoparticles’ toxicity and their many useful
biological properties are related to their fundamental properties
such as their size, shape, core material, and surface properties.
These have been explored, but many unknowns still remain to
be discovered. Nanoparticles can be internalized by cells via
different pathways.' ™ Inside cell, these nanoparticles may
cause cytotoxicity. Although cell internalization of nanoparticles
is necessary for applications like drug or gene delivery, this is
not desirable when it induces cytotoxicity.

Cell labeling and tracking are currently practiced using
organic dyes* or spherical nanoparticles with magnetic or
fluorescent properties.”~” Compared to organic dyes, nano-
particles show advantages in terms of imaging sensitivity,”
photochemical stability,” and multifunctionalization."’ The
molecular imaging agents ideally bind to cell surface, yet are
not internalized. However, current imaging agents, organic dyes
or spheric nanoparticle,"' ™" all enter cells significantly and
induce cytotoxity to various degrees.

Cell internalization can be prevented by nanoparticle’s
surface chemistry such as PEGylation'® and dextran mod-
ifications.'” PEGylated nanoparticles have a weaker interaction/
association with the cell membranes and a reduced internal-
ization.> Although this decreases their potential toxicity, it also
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deprives their functions like imaging and cell tracking because
both of these functions require membrane bindings. It has been
demonstrated that the shape of nanoparticles played an
important role in their internalization in macrophage.'® We
speculate that conversion of three-dimensional nanoparticle to
a two-dimensional shape may offer larger contact surface with
cell membranes while generate less impact during their
interactions. These disk-shaped nanoparticles may bind to,
but are not internalized by cells. To test this hypothesis, we
investigated polystyrene nanospheres and nanodisks with the
same diameter and identical surface chemistry for their
interactions with human cells. We found that nanospheres
enter cells and perturb cellular functions, whereas nanodisks
bind only to cell membrane with a significantly reduced cellular
perturbation.

B EXPERIMENTAL SECTION

Cell Cultures, Materials, And Reagents. All cell lines were
purchased from ATCC (Manassas, VA). HeLa, Hek 293 and BJ cells
were grown in Dulbecco’s Minimum Essential Medium (DMEM, from
Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum
(Invitrogen, Carlsbad, CA), 2 mM L-glutamine, 100 yg/mL penicillin,
and 100 U/mL streptomycin. Jurkat cells (Clone E6—1) were grown
in Roswell Park Memorial Institute (RPMI) Medium 1640, with the
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same supplements as those for DMEM. All cells were grown in a
humidified incubator at 37 °C (95% humidity, 5% CO,). Carboxyl
nanospheres, 20 nm (C37261) and FluoSpheres carboxylated
nanospheres, 20 nm, yellow-green fluorescent (505/515) (F8787)
were purchased from Invitrogen. Laurdan (6-dodecanoyl-2-dimethy-
laminonaphthalene) was purchased from AnaSpec, Inc.

Synthesis of Nanodisks. The synthetic process of nanodisks was
previously introduced." Briefly, a bicelle solution (15%, composed of
1,2-Dimyristoyl-sn-Glycero-3-Phosphocholine (DMPC) and 1,2-di-
hexanoyl-sn-glyc- ero-3-phosphocholine (DHPC) with a ratio of 3:1)
was prepared by mixing S00 uL of DMPC solution (123 mg, 0.181
mmol) and S00 L of DHPC solution (27 mg, 0.06 mmol) in 10 mM
phosphate buffer (pH 6.5). The mixture was gently shaken and
centrifuged at 4000 g until a clear solution was obtained. Styrene (6
uL, 0.055 mmol) and divinylbenzene (8 L, 0.055 mmol) were added
to the bicelle solution, and the mixture was gently stirred for 48 h at 36
°C. The styrene—divinylbenzene molar ratio was 1:1 and the total
monomer— lipid ratio was 0.46:1. The solution was placed in a quartz
cuvette and 0.6 mg of a photochemical initiator Lucirin TPO was
added (1.4% molar equivalent of monomers). The sample was
irradiated in a Rayonet photocabinet equipped with eight 254 nm
lamps. To monitor polymerization, S L aliquots were taken every 10
min, diluted with 4 mL chloroform, and UV absorbance was measured
at 282 and 291 nm by the Agilent 8453 UV—vis spectrophotometer
(Agilent Technologies, Santa Clara, CA) to determine the amount of
residual monomer. These results were corroborated by gas
chromatography (GC) analysis of monomers extracted into hexane.
After 90 min of irradiation, the sample was mixed with 10 mL
methanol and centrifuged at 4000 g for 1 min. Methanol was carefully
decanted, and this methanol washing step was repeated S times. After
the final washing step, the precipitate was dried to yield 9 mg (76%) of
white powder.

For tracking cell membrane association or internalization,
fluorescein-labeled nanodisks are synthesized following the reported
methods®**" with slight modifications. Briefly, t-butylstyrene (20 uL,
1.09 x 10~* mol), p-divinylbenzene (16 wL, 1.12 X 10~* mol),
fluorescein-O-methacrylate (19.1 mg, 4.77 X 107> mol), and
photoinitiator 2,2-dimethoxy-2-phenylacetophenone (3 mg, 0.117 X
1075 mol) were added to chloroform solution of 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) (18 X 10~ mol, 122 mg) and 1,2-
dihexanoyl-sn-glycero-3-phosphocholine (DHPC) (6 X 10> mol, 27.1
mg). Chloroform was evaporated using a stream of purified argon to
form a lipid/monomer film on the wall of a culture tube. The lipid film
was further dried under vacuum for 30 min to remove traces of
chloroform. The dried film was hydrated with 1 mL of a 0.01 M Tris
buffer solution (pH 7.4) giving a dispersion of multilamellar vesicles.
Five repeated freeze—thaw cycles were carried out by plunging the
flask into isopropanol (cooled with dry ice) followed by slow heating
above the phase transition temperature (about 40—4S °C). Sample
was sonicated for 1 min after every freeze—thaw cycle. Transparent
and viscous solution was obtained. The suspension was irradiated
during 100 min with UV light (254 nm) in a photochemical reactor
(10 lamps, 32W each; the distance between the lamps and the NCs
was 10 cm) using quartz tube with path length of light of
approximately 3 mm. Polymer was precipitated with methanol,
washed 4 times in methanol with centrifugation and was freeze-dried
to powder. For cell experiment, polymer nanoparticles were suspended
in 10% fetal bovine serum in water to a final concentration of 1.0 mg/
mL. The suspensions were sonicated in an ultrasonic cleaner (FS-60)
for 15 min to further disperse nanoparticles and it is sonicated again
immediately before use.

Transmission Electron Microscopy Imaging, Dynamic Light
Scattering, and Zeta Potential Measurement. Transmission
electron microscopy (TEM) imaging was performed with the JEOL
JEM-1200EXII transmission electron microscope (JEOL USA, Pea-
body, MA) at a working voltage of 100 kV. To prepare the sample, A
drop of sample was carefully placed on a 200-mesh carbon grid and
excess sample was wiped away with filter paper. Then a drop of 2%
phosphotungstic acid (pH 6.2) was added to the grid to negatively
stain the sample. After 2 min, the excess liquid was wiped off. Dynamic
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light scattering (DLS) measurement using a disk®® or sphere model
was made by the Dynapro Titan DLS (Wyatt Technology
Corporation, Santa Barbara, CA, USA) after a filtration step with a
0.22 pum filter. The Zeta potential of nanoparticles was determined
using Zetasizer Nano-Z (Malvern Instruments, Worcestershire, UK).
The analysis was performed at 25.0 & 0.2 °C using sample solutions in
deionized distilled water or in 10% fetal bovine serum. The DLS and
Zeta potential results were average values of three independent
measurements.

Confocal Fluorescence Laser Microscopy and Flow Cytom-
etry. To study the cell membrane association or internalization using
confocal laser scanning microscopy (CLSM), S0 000 HeLa cells were
seeded in a 35 mm Petri dish with 10 mm glass-bottom microwell.
After overnight incubation at 37 °C, nanoparticle suspension was
added to cells with a final concentration of 50 ytg/mL. At 10 min and 2
h, the medium was decanted and cells were washed thrice with
phosphate-buffered saline (PBS, pH 7.4) to fully remove free
nanoparticles. Cells were then fixed with freshly prepared 4%
paraformaldehyde for 30 min at 4 °C. Paraformaldehyde was washed
out with PBS and 10 pg/mL of Alexa Fluor 647 conjugated wheat
germ agglutinin (WGA-647) was added to the microwell to stain the
cell membrane for 5 min at room temperature in darkness. Cells were
then washed thrice again with PBS followed by counter staining with
DAPI in mounting medium. Samples were immediately examined
under the Leica (Nussloch, Germany) TCS confocal laser scanning
microscope.

To measure the cell uptake, 200 000 HeLa/well were seeded to a
12-well plate and after overnight incubation at 37 °C, nanoparticles
was added to final concentration of 50 ug/mL. Cells were washed with
PBS thrice to remove free nanoparticles followed by digestion with
0.05% trypsin at specified times. The harvested cells were analyzed
under the Expresspro model with the Guava EasyCyte Mini flow
cytometry system (Millipore, Billerica, MA). Green fluorescence was
monitored.

Permeation Experiments. PAMPA assay was carried out
following manufacture’s protocol at pH 7.4 (PAMPA Explorer,
Double-Sink and Gut-Box, pION). To avoid the interference of
nanoparticles on ultraviolent assay, fluorescence measurement was
used to quantify nanoparticles in each section. The value of retained/
permeable was the ratio of the amount of nanoparticles retained by the
membrane vs that permeabilized.

The effective permeability coefficients P, (cm/s) were calculated
using the published equation as below”

of -

where ¢ is incubation time (30 min in this experiment), V,, and V7, are
the volumes of the acceptor and the donor wells, R is the membrane
retention factor, Cy(t) and Cp(t) are the concentrations of the
nanoparticles (mg/mL) in the acceptor and donor wells at time t as
measured by fluorescence intensity, Cp(0) is the concentration of the
nanoparticles (mg/mL) in the donor well at time 0, and A is the filter
area multiplied by a nominal porosity of 70% according to the
manufacturer. 7y, is the steady-state time (s), that is, the time needed
for the permeant’s concentration gradient to become stabilized, which
are short relative to the total permeation time (30 min with unstirred
plates) and for this reason they were considered negligible in this
study.

Detection of the Ordering of Phospholipids in Cell
Membrane. HeLa cells were seeded in 96-well plates at the density
of 20000 cells/well. After 24 h, the cells were prelabeled with the
Laurdan dye (0.4 M) for 1 h in the incubator. Then, the dye solution
was removed and the cells were rinsed with PBS (37 °C). The wells
were then refilled with medium containing nanoparticles. Before assay,
the incubator of Spectramax M5 multiplate reader (Molecular Device)
was set to “on” and the temperature was set to 37 °C. After the
addition of nanoparticles, 96-well plate was immediately mounted to
the chamber of Spectramax MS multiplate reader. After incubation for
10, 50, 120, 180, 260 min, the fluorescence intensity was scanned from
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Figure 1. (A, B) TEM images of (A) nanodisks and (B) nanospheres. In A, black arrow indicated nanodisks lying flat and white arrow indicated
those standing on the edge. (C—I) Cell uptake of two polymeric nanoparticles. (C—F) Subcellular localization of both nanoparticles in HeLa cells.
HeLa cells were exposed to 50 yg/mL of both nanoparticles for 0.17 and 2 h and cells were fixed for confocal laser scanning microscopic observation.
At both time points, nanospheres were mostly found internalized in cells while nanodisks bind on the cell membrane. The white arrows indicated the
nanoparticles on cell membrane (red, cell membrane; green, nanoparticles; blue, cell nucleus). (G, H) HeLa cells were exposed to SO pg/mL of both
nanoparticles for different times and cell membrane association or internalization was analyzed by flow cytometry. (I) Quantification of the cell
membrane association or internalization of both nanoparticles after normalization with the relative fluorescence intensity (FNanodisk:FNanosphere =1:4.9)
(** < 0.001).

Table 1. Characterizations of Nanoparticles

Zeta potential (mV) avg hydrodynamic diameter (by DLS, nm)
chemical composition diameter (nm) in H,0 in 10% fetal bovine serum in H,0 in 10% fetal bovine serum
nanodisk polystyrene 19.7 + 4.6 —13.6 + 1.78 —23.4 + 132 225 + 20 40 £8
nanosphere polystyrene 20.6 + 2.4 —16.8 + 0.46 —24.3 + 0.67 150 + 14 80 +6
400 to 500 nm using excitation wavelength of 340 nm.** In all time Cell Apoptosis Assay. Cells were seeded in 12-well plates at a
points, no wavelength shift was found and the peak wavelength was at density of 3 X 10° cells/well in 1.0 mL DMEM medium with the
451 nm. So the fluorescence intensity of Laurdan dye at 451 nm exception for Jurkat cells, which were incubated with RPMI 1640
represents the most ordered phospholipid of cell membrane.”* medium. After 24 h incubation, nanoparticles were added to final
Because the maximal intensity of Laurdan dye in chaotic phospholipids concentrations of 50 and 400 pg/mL. HeLa, Hek 293 and BJ cells
was typically at 490 nm,> the fluorescence intensity at 490 nm were trypsinized 24 h later. Floating cells were collected and
represents the least ordered phospholipids in this study. The ordering suspended in 2.0 mL PBS. Cells were further stained with Guava
of phospholipids in cell membrane was scaled by generalized Nexin-V reagent per manufacturer’s instructions, followed by flow
polarization (GP) value, which was calculated as GP = (I,5; — I1o0)/ cytometry analysis.
(Iisy + Ligo), where I, and L, are respectively the fluorescence Cell Cycle Analysis. Cells were seeded into 6-well plates at a
intensity of Laurdan dye at wavelengths of 451 and 490 nm. density of 500,000 cells/well. After 24 h incubation, nanoparticle
Reactive Oxygen Species (ROS) Assay. Cells were seeded in 12- suspensions were added to final concentrations of 50 and 400 yg/mL.
well plates at the density of 200 000 cells/well for Hek 293 and Jurkat After 24 h, HeLa, Hek 293 and BJ cells were trypsinized. All cells were
cells and 100 000 cells/well for BJ cells. After overnight incubation, aspirated, and counted. Cells were centrifuged, washed with PBS, and
stock suspensions of nanoparticles were added to cells to final stained with Guava cell cycle reagent for 30 min at room temperature
concentrations of 50 and 400 ug/mL for another 24 h incubation. in darkness prior to flow cytometry analysis.

Cells were then incubated with culture mediumthat contained 5 uM
dihydroethidium (DHE) for 30 min at 37 °C. All cells were then B RESULTS AND DISCUSSION
washed with PBS twice and Hek 293 and BJ were digested with 0.05%

trypsin. ROS generation was analyzed by flow cytometry on a Guava . Monodispersed Nanodisks and Spherical Nanopar-
EasyCyte Mini Flow Cytometry system. Red fluorescence was ticles. Polymeric nanodisks were synthesized as previously
monitored. reported.'”*® They have a diameter of 20 nm, the same as the
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Figure 2. Nanodisks bind on cell surface and reduce lipid ordering of cell membrane. (A) Schematic diagram showing the working model of parallel
artificial membrane permeability assay (PAMPA) method. (B) Different permeabilities of two nanoparticles assayed by PAMPA method. Artificial
membrane permeabilities were assayed under two concentrations (SO and 400 pg/mL). Higher percentage of nanodisk is retained by artificial
membrane shown by higher retained/permeable nanoparticles value and nanodisks exhibit a lower permeability in comparison with nanospheres (*
p < 0.05, compared to nanospheres). (C) Nanodisks but not nanospheres reduce lipid ordering of cell membrane in HeLa cells. The phospholipid
ordering of cell membrane was scaled by the generalized polarization (GP) value, which was calculated as introduced in the materials and methods. A
lower GP value represents more fluid state of phospholipid bilayer. The increase in the GP values with time in all groups indicated the natural aging
of cell membrane®(* p < 0.05, nanodisks compared to untreated group).

diameter of polystyrene nanospheres used in this work (see
Figure S1 in the Supporting Information). TEM images and
small-angle neutron scattering measurements®’ show that
nanodisks have a disk shape with a diameter of about 20 nm
and thickness of 2 nm (Figure 1A). Nanospheres show uniform
spherical shape by TEM (Figure 1B). The electrostatic
property of nanoparticles was characterized by Zeta potentials.
The Zeta potentials of nanodisks and nanospheres were —13.6
and —16.8 mV in water and —23.4 and —24.3 mV in serum,
suggesting that the protein adsorption increases their surface
negative charges in a similar fashion (Table 1). In order to get
monodispersed nanoparticle solutions, they were dispersed in
10% fetal bovine serum. After sonication, DLS analysis showed
that nanodisks had a hydrodynamic diameter of 40 nm, in
comparison with 80 nm for nanospheres. Considering the
protein corona on the nanoparticles’ surface,”® these nano-
particles were not heavily aggregated and some of them were
even monodispersed under our experimental conditions.
Unlike Nanospheres, Nanodisks Seldom Enter Cells.
Using HeLa cell as a human cell model, we first evaluated
nanoparticle-cell interactions and cell membrane association/
internalization. Both nanodisks and nanospheres were cova-
lently labled with a tiny fraction of fluorescein. After fluorescein
labeling, the surface charges and diameters of both nano-
particles remain the same (see Table S1 in the Supporting
Information). Nanospheres have more binding sites and exhibit
a 4.9-fold higher fluorescence intensity compared to nanodisks
at the same particle concentration (Figure S2). Examination by
CLSM revealed that nanospheres were internalized by HelLa
cells, whereas nanodisks were mainly associated with cell
membranes (Figure 1C—F and Figure S3 in the Supporting
Information). Flow cytometry analysis showed that nanodisk-
cell membrane association quickly reached a plateau at 10 min
and there was not much change in the next 12 h. Nanosphere-
cell internalization slowly reached saturation in about 10 h
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(Figure 1 GH). At 12 h, the fluorescence intensity of
nanosphere-incubated cells was 2.9 fold higher than that of
nanodisks (Figure 1I). This was probably due to the fact that
nanodisks mainly associated with cell membranes while
nanospheres entered cells in addition to cell membrane
binding.

To substantiate this finding, we measured membrane
permeability of two nanoparticles in a parallel artificial
membrane permeability assay (PAMPA). In this assay, a
phospholipid bilayer membrane is used to simulate the lipid
bilayer of the cell (Figure 2A).>’ Donor and acceptor wells
sandwich the bilayer membrane. After shaking for 3 h, the
concentration of nanoparticles in donor, acceptor and the lipid
membrane are quantitatively determined by fluorescence
measurement. The capability for nanospheres to pass the
artificial membrane was about 6-fold higher than that of
nanodisks. The membrane retention/permeable ratio for
nanodisks was 8-fold higher than that of nanospheres showing
the extraordinary membrane association of the nanodisks
(Figure 2 B).

Early molecular-dynamics simulation studies using carbon-
based nanoparticles as a model predicted that shape and
structure significantly affect nanoparticle internalization on a
simulated cell membrane. Flat nanoparticles were easier to
enter lipid bilayers of the cell membrane while nanospheres
tended to im?act membrane which eventually led to
endocytosis.>**' Our experimental data confirmed these
simulation results.

Nanodisks, but Not Nanospheres, Predominantly
Accumulate in Cell Membranes. The association of
nanoparticles to cell membranes may affect the structure of
phospholipids that constitute cell membranes.’> Because
nanodisks had much stronger association with cell membranes
than nanospheres, we speculated that this might perturb lipid’s
arrangement in the cell membrane. We used a fluorescent

dx.doi.org/10.1021/am300840p | ACS Appl. Mater. Interfaces 2012, 4, 4099—4105
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Figure 3. ROS level analysis in four human cell lines after treatment with both polymeric nanoparticles. All cell lines were treated with two
nanoparticles at the concentrations of 50 and 400 pg/mL for 24 h and cell culture was incubated with 2 uM DHE for 30 min in dark. ROS was

analyzed by flow cytometry.

probe 6-dodecanoyl-2-dimethylaminonaphthalene (Laurdan)
to detect the physical state of cell membranes in live cells.”’
Laurdan is a lipophilic polarity-sensitive dye that can be
incorporated into the membrane with an even distribution. It
aligns in parallel with the hydrophobic lipid chains of the
membrane. When the membrane shifts from the gel (ordered)
to the fluid (chaotic) phase, its fluorescence intensity is reduced
in the short wavelength region (451 nm) while increased in the
long wavelength region (490 nm). This caused a decreased
generalized polarization (GP) value (see the Materials and
methods for details). By analyzing GP values with or without
nanoparticles, we found that nanodisks significantly decreased
the GP values, whereas nanospheres showed almost no effect
compared to untreated cells (Figure 2 C). These results showed
that, in contrast to nanospheres, the strong association of
nanodisks with the phospholipid bilayer and the significant
accumulation of nanodisks in the cell membranes reduced the
ordering status of phospholipids. Therefore, fluorescence
CLSM study, flow cytometry, PAMPA, and study on lipid
ordering convincingly demonstrated that nanodisks bind to cell
membranes without significant internalization. Because the
thickness of nanodisks (2 nm) is less than the thickness of lipid
bilayer (about S nm), nanodisks may be buried inside lipid
bilayer.

A key property of medicinal nanomaterials is their low
cytotoxicity. In order to compare the safety of the nanodisks
and nanospheres, induction of reactive oxygen species (ROS)
generation, cell apoptosis, and cell cycle perturbation were
analyzed in an expanded panel of human cell lines—epithelial
cells (Hek293), blood cells (Jurkat), and fibroblasts (BJ).

Unlike Nanospheres, Nanodisks Did Not Induce
Cellular ROS. A perturbation on cellular redox balance by
nanoparticles is suggested as one of the origins of nano-
toxicity.>® dihydroethidium (DHE) can be oxidized by
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intracellular superoxide into a fluorescent molecule. We
measured nanoparticle-induced intracellular ROS generation
by flow cytometry after dihydroethidium (DHE) treatment. We
detected small to moderate increases in ROS levels in all four
cell lines after exposing to the carboxylated nanopheres under
used concentrations (Figure 3). In contrast, no ROS generation
was noted after nanodisk treatment. The interactions between
nanoparticles and cellular components such as mitochon-
dria®* ¢ mediates intracellular ROS generation. The lack of
perturbation on intracellular redox balance by nanodisks was
expected because they were not evidently internalized by cells.
Nanodisks Did Not Induce Cell Apoptosis or Perturb
Cell Cycle. At concentrations below 10 pg/mL, it is reported
that negative-charged polystyrene nanoparticles were less toxic
than positive-charged ones.>*¥” The cytotoxicity is also
dependent on the size of nanoparticles and the cell types.*®
When we used higher concentrations (S0 and 400 ug/mL),
carboxylated nanospheres induced a significant decrease in cell
viability (in HeLa cell, Figure S4 in the Supporting
Information) and apoptosis in all four cell lines (Figure 4).
In contrast, negligible decrease in cell viability (in HeLa cell,
Figure S4 in the Supporting Information) and a very small
apoptosis was detected after nanodisk treatment even at a
concentration as high as 400 ug/mL (Figure 4). Nanoparticles
have been reported to cause cell apoptosis via different cellular
signaling pathways,39'40 ROS induction®™ or binding to cell
membrane receptors.41 Our results, however, excluded the
possibility that nanodisks perturbed apoptosis-related cell
signaling pathways by binding to cell membrane.
Nanoparticles often perturb cell cycle when internalized by
cells. Cell cycle perturbations may be results of DNA damage,**
abnormal expression of cell cycle—related genes,*** perturba-
tions on cell cycle—related signaling pathways,** or interactions
with chromosomes.*® At concentrations below 10 ug/mL, both

dx.doi.org/10.1021/am300840p | ACS Appl. Mater. Interfaces 2012, 4, 4099—4105
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Figure 4. Cell apoptosis and cell cycle analysis after treatment with
two polymeric nanoparticles for 24 h. Cells were treated with both
nanoparticles at the concentrations of 50 and 400 ug/mL and were
stained with Nexin-V reagent and cell cycle reagent for cell apoptosis
and cell cycle (cell cycle distribution of BJ cells shown in insert)
analysis by flow cytometry.(*p < 0.0S, compared to untreated cells).

nanoparticles showed no effects on normal cell cycle
progression.”® At the concentrations of 50 and 400 ug/mL,
nanospheres induced cell cycle arrest at G2/M phases in
Hek293, BJ and Jurkat cells, and induced G1/S arrest in Jurkat
and HeLa cells, while no cell cycle arrest was detected for
nanodisks (Figure 4 inset, and Figure SS in the Supporting
Information). This suggested that nanodisks did not affect
DNAs, cell cycle-related genes, or related signaling pathways
when bound to cell membranes.

B CONCLUDING REMARKS

Although an enhanced cell uptake of nanoparticles is
sometimes desirable, for example, for drug delivery, the cell
membrane binding without uptake is essential for applications
like diagnostic imaging and in vivo stem cell tracking. Some
surface modifications (for example, coating with PEG'
dextran'”) on nanoparticles can decrease their 1nternahzat10n
However, these nanoparticles cannot be associated or
embedded in the cell membranes.'® Our findings demonstrate
that changing nanoparticles to two-dimensional shape provides
a practical approach to make cell exterior binders without cell
uptake.

Nanomaterials with various shapes have been assembled in
recent years.'”***”~* A unique class of nanomaterials is disk-
shaped nanomaterlals Nanodisk partlcles have been made
using polystyrene, ¢ phospholipids,*® silicon,”" metallic, or
metallic oxide.”*™*® Some of these nanodlsks have already
shown promising applications in diagnosis.”> Although the
campaign to develop nanodisk materials has progressed rapidly,
the understanding of their biological effects has been slow. Here
we compared the effects of nanospheres and nanodisks with the
same chemical composition, diameter, and surface charges on
cell internalization and cell functions. Our investigations using
both human cells and artificial membranes show that nanodisks,
unlike nanospheres, prefer to localize in phospholipids bilayers
and have a very low tendency to penetrate cell membranes. The
association of nanodisks to phospholipids and their accumu-
lation in the cell membrane also alter the status of phospholipid
ordering. As a result, they have much lower perturbations on
cell functions such as cellular ROS generation, cell apoptosis,
and cell cycle compared to nanospheres. Cell functions can be
controlled or altered by cellular signaling machineries and some
receptors are membrane proteins. In the case of polymer
nanodisks and nanospheres, the perturbations inside cells show
stronger effects on cell functions than membrane perturbations.
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Because nanodisks can be also made fluorescent or magnetic,
the reduced cell internalization makes them promising
candidates for applications like in vivo stem cell tracking,
stem cell separation, and molecular imaging and tissue
engineering.

B ASSOCIATED CONTENT

© Supporting Information

Size distribution of two nanoparticles, characterizations of
nanoparticles after fluorescein labeling, quantification of
fluorescence capacity of both nanoparticles, cell membrane
association or internalization of both nanoparticles in HeLa
cells from a broader view, cell viability in HeLa cells, cell cycle
distribution in Hek 293, HeLa, and Jurkat cells 24 h after
nanoparticle treatment. This material is available free of charge
via the Internet at http://pubs.acs.org.
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