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The interaction of particles with cells is known to be strongly
influenced by particle size, but little is known about the interde-
pendent role that size, shape, and surface chemistry have on
cellular internalization and intracellular trafficking. We report on
the internalization of specially designed, monodisperse hydrogel
particles into HeLa cells as a function of size, shape, and surface
charge. We employ a top-down particle fabrication technique
called PRINT that is able to generate uniform populations of
organic micro- and nanoparticles with complete control of size,
shape, and surface chemistry. Evidence of particle internalization
was obtained by using conventional biological techniques and
transmission electron microscopy. These findings suggest that
HeLa cells readily internalize nonspherical particles with dimen-
sions as large as 3 �m by using several different mechanisms of
endocytosis. Moreover, it was found that rod-like particles enjoy
an appreciable advantage when it comes to internalization rates,
reminiscent of the advantage that many rod-like bacteria have for
internalization in nonphagocytic cells.

PRINT � shape � size � surface charge

Definitive biodistribution maps that establish the interdepen-
dency of the size, shape, and surface chemistry of nano-

particles in vitro and in vivo over length scales ranging from cells
to tissues to the entire organism are needed by many different
research communities. Environmental regulators, pulmonolo-
gists, oncologists, pharmaceutical scientists, toxicologists, cell
biologists, and dermatologists all need definitive answers related
to particle biodistribution, particle permeability, and transport
by using ‘‘calibration quality’’ particles. For example, fungal and
bacterial pathogens are first and foremost recognized by their
form or shape; however, the complete understanding of the role
and significance of that form and shape is largely lacking. Indeed,
some rod-like bacterial pathogens, including the Gram-negative
bacteria Salmonella, Shigella, and Yersinia and the Gram-positive
bacterium Listeria monocytogenes can induce their entry into
nonphagocytic mammalian cells (1). As such, nanofabricated
tools (e.g., precisely defined particles) hold significant promise
to provide insight into the fundamentals of cellular and biolog-
ical processes. These tools can also yield essential insights into
the design of effective vectors for use in nanomedicine, especially
for the design of nanoparticles for use as targeted therapeutics
and imaging agents. Indeed, very little is known how the
interdependency of size, shape, and surface chemistry can
influence the biodistribution, cellular internalization, and intra-
cellular trafficking of micro- and nanoparticles. The most prom-
inent approaches for synthesizing nanoparticles have involved
‘‘bottom-up’’ chemical processes including the self-assembly of
molecules [e.g., liposomes (2), micelles (3), and polyplexes (4)],
the synthesis of macromolecules [e.g., microemulsions (5), den-
drimers (6), immunoconjugates (7)], or the synthesis of carbon
nanotubes (8) and inorganic particles (9). Such bottom-up
approaches have significant limitations with regard to the sys-
tematic study of key particle variables on biological processes

(10, 11), such as size, shape, chemical composition, and surface
charge (12–14).

Understanding the interactions of precisely defined particles
with cells forms the basis on which fundamental in vitro, and in
vivo studies can build. Calibration quality particles can also be
used to screen for potential environmental hazards. Several
reports have addressed the role of shape and size on cellular
internalization (12, 15); however, no particle fabrication tech-
niques currently available have the ability to independently alter
one variable at a time, and monitor the effect of each variable.
We have focused on extending emerging ‘‘top-down’’ fabrication
techniques (16) from the microelectronics industry for the facile
synthesis of readily tailorable nanofabricated tools or particles
(11, 17) that can allow for the attainment of detailed knowledge
of the interdependent effect that key particle variables (such as
size, shape, chemical composition, and surface charge) have on
cellular entry.

Results and Discussion
We designed a series of particles with varying sizes and shapes
at a constant chemical composition (i.e., at a constant surface
charge) by using a top-down lithographic fabrication method
called PRINT (Particle Replication In Non-wetting Templates)
(17–19). The PRINT micro- and nanoparticles were made from
cationic, cross-linked poly(ethylene glycol) hydrogels and were
designed to study the interdependent effect of size, shape, and
surface charge (zeta potential) on their internalization by human
cervical carcinoma epithelial (HeLa) cells. Three distinct series
of cationic poly(ethylene glycol)-based particles were fabricated:
a micrometer-sized series of cubic-shaped particles (cube side
length � 2 �m, 3 �m, and 5 �m; Fig. 1 A–F); a micrometer-sized
cylindrical series with identical heights but varying diameters
[diameter � 0.5 �m, aspect ratio (AR) � 2 (Fig. 1G); or
diameter � 1 �m, AR � 1 (Fig. 1H)]; and finally, a cylindrical-
shaped nanoparticle series [diameter � 200 nm, AR � 1 (Fig.
1I), diameter � 100 nm, AR � 3 (Fig. 1J); diameter � 150 nm,
AR � 3 (Fig. 1K)].

The cellular internalization of the three sets of particles was
examined by using HeLa cells, with particles being dosed at a
constant particle mass (15 �g/ml). The kinetics of particle
internalization was evaluated by using a flow cytometry method
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in which internalized particles were differentiated from mem-
brane-bound particles with a trypan blue fluorescence quench
(20). The time course of particle internalization was studied from
15 min to 4 h (Fig. 2). Cellular internalization of PRINT particles
exhibited a strong dependence on particle size and shape. No
significant internalization of the cubic particles with side lengths
of 3 and 5 �m was seen in contrast to cubic particles with a side
length of 2 �m that were significantly internalized by a large
fraction of the cells. Cylindrical particles having diameters equal
to 500 nm and 1 �m, both having heights of 1 �m, displayed
similar internalization profiles, internalizing particles at a higher
percentage (�75%) than cubic-shaped 2-�m particles (�45%).

It was found that HeLa cells internalized all three nanoparticle
shapes in the cylindrical series to a very high degree, but the
kinetics of internalization were quite varied among the members
of this series. Although the low-aspect-ratio cylindrical particles
having a diameter � 200 nm and a height � 200 nm and the
high-aspect-ratio cylindrical particles having a diameter � 150
nm and a height � 450 nm have similar volumes (6.3 � 10�3 �m3

and 7.9 � 10�3 �m3, respectively), their rates of internalization
were quite different. The high-aspect-ratio particles (d � 150
nm, h � 450 nm) were internalized by HeLa cells �4 times faster
than the more symmetric low-aspect-ratio particles (d � 200 nm,
h � 200 nm) (5.2% of the cell population per min vs. 1.2% of the
cell population per min). Cylindrical particles having a diameter
of 100 nm, an aspect ratio of 3, and a volume of 2.4 � 10�3 �m3

were internalized to a lesser extent than the larger cylindrical

particles having a diameter of 150 nm with the same aspect ratio.
The internalization kinetics of the nanoparticles by HeLa cells
thus appears to depend not only on the effective rod-like
character (aspect ratio), but also on the absolute size and/or
volume of the particle. A possible explanation for this behavior
could be attributed to the multivalent cationic interactions with
cells that are available with the higher-aspect-ratio particles
because of the larger surface areas in contact with the cell
membrane.

High molecular weight, positively charged polyelectrolytes
such as poly(lysine) are known to exhibit cytotoxicity in vitro
because of interactions between the polyelectrolytes and cell
membrane phospholipids resulting in disruption of the cellular

Fig. 1. Micrographs of PRINT particles varying in both size and shape. The
particle composition for these experiments was 67 wt % trimethyloylpropane
ethoxylate triacrylate (MW � 428 g/mol), 20 wt % poly(ethylene glycol) monom-
ethylether monomethacrylate (MW � 1,000 g/mol), 10 wt % 2-amino-
ethylmethacrylate hydrochloride (AEM�HCl), 2 wt % fluorescein-O-acrylate, and
1 wt % 2,2-diethoxyacetophenone. (A–C) Scanning electron micrograph of the
cubic seriesofparticles [diametersequal to2 �m(A), 3 �m(B), and5 �m(C)]. (D–F)
Fluorescence micrographs of the cubic series of particles [diameters equal to 2 �m
(D), 3 �m (E), and 5 �m (F)]. (G and H) Scanning electron micrographs of the
cylindrical series of microparticles having the same height (1 �m), but varying
diameters [diameter � 0.5 �m (G) and 1 �m (H)]. (I–K) Scanning electron micro-
graphs of the series of cylindrical nanoparticles [diameter � 200 nm, height � 200
nm (I); diameter � 100 nm, height � 300 nm (J); diameter � 150 nm, height � 450
nm (K)]. (Scale bars: A–F, 20 �m; G–K, 1 �m.)
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Fig. 2. Internalization profile of PRINT particles with HeLa cells over a 4-h
incubation period at 37°C. Legend depicts the particle diameter per particle
volume.
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Fig. 3. MTS assay showing the cytotoxicity of all particles under investiga-
tion. All experiments were carried out with a 4-h incubation with HeLa cells,
except the final bar, where the 200-nm particles were tested for cytotoxicity
to 72 h.
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membrane structure (21, 22). Therefore, the cytotoxicity of each
particle series was determined by using the 3-(4,5-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) cell via-
bility assay (Fig. 3). No toxicity was evident from the assays
suggesting that cationic PRINT particles used in this study were
nontoxic at the concentration ranges used herein. Furthermore,
because nanoparticles are likely candidates for in vivo studies
(20), we evaluated the low-aspect-ratio cylindrical particles (d �
200 nm, h � 200 nm) for long-term cytotoxic effects (72 h) (Fig.
3). Even under extended incubation times, PRINT nanoparticles
exhibited no cytotoxicity.

Numerous studies have shown that surface charge has a
significant impact on cellular internalization of a variety of
nanocarriers (23). Dependence of surface charge on cellular
internalization of PRINT nanoparticles was investigated by using
rapidly internalized high-aspect-ratio cylindrical nanoparticles
(d � 150 nm, h � 450 nm). These particles were treated with
acetic anhydride to passivate the surface amine groups, thereby
changing the zeta potential from �34.8 � 3.0 mV to �33.7 � 2.3
mV on conversion of the protonated surface amine groups to
amides (supporting information (SI) Figs. S1–S13 and Tables S1
and S2). The charge effect on cellular internalization was
dramatic. Positively charged nanoparticles were internalized in
84% of cells after a 1-h incubation period, whereas the identically
shaped, negatively charged particles were not internalized to any
significant amount (�5%), thus, strongly suggesting that surface
charge plays an important role in the cellular internalization of
PRINT particles (Fig. S1).

Further insight into the cellular internalization of the cationic
hydrogel particles was gained by confocal microscopy (Fig. 4, Fig.
S2). Monitoring particle internalization by confocal microscopy
gave a more complete understanding of particle intracellular lo-
calization. Confocal micrographs revealed that all internalized
PRINT particles consistently migrated to the perinuclear region of

the cells over time. Z series images were obtained and used to
construct 3D representations that clearly show that PRINT parti-
cles as large as 3 �m are internalized by HeLa cells, and that the
particles ultimately translocate to the perinuclear region of the cell.
These data are consistent with intracellular translocation of either
endosomal and/or lysosomal vesicles from the plasma membrane
along microtubules in the minus direction toward the centrosome/
microtubule-organizing center of the cell (24).

Transmission electron microscopy (TEM) was used to gain
additional understanding of the mechanism of PRINT particle
internalization by HeLa cells (Fig. 5 see also Figs. S3–S13).
Cylindrical PRINT particles having a diameter of 200 nm (AR �
1) were readily internalized by HeLa cells through multiple
modes of nonspecific endocytosis (Fig. 5 B–D). TEM micro-
graphs of the low-aspect-ratio cylindrical particles (d � 200 nm,
h � 200 nm) clearly show that the internalization of these
particles occurs and that internalization is by a combination of
mechanisms, most notably energy-dependent phagocytosis and
a clathrin-mediated mechanism. At early times both mechanisms
are observed. A clathrin-coated pit is clearly associated with an
internalized particle, as seen in Fig. 5 B and C. Internalization at
the surface is associated with actin rearrangement near the
plasma membrane and extension into the extracellular space
(Fig. 5B; see also Fig. S3). Furthermore, high-aspect-ratio
nanoparticles (d � 150 nm, h � 450 nm) were rapidly internal-
ized into HeLa cells and translocated close to the nuclear
membrane (Fig. 5 E and F). At 1 h, these rod-like particles had
traversed significantly further into the cells compared with both
the low-aspect-ratio cylindrical nanoparticles (d � 200 nm, h �
200 nm) and the 1-�m (AR � 1) cylindrical particles at similar
times. This observation qualitatively supports the rate data
obtained by using flow cytometry. Fig. 5 G–I clearly shows the
internalization and translocation of cylindrical 1-�m (AR � 1)
PRINT particles deep within the cell over the time frame
examined.

To more clearly delineate the role of specific endocytotic
pathways involved in PRINT particle cellular internalization,
HeLa cells were treated with known biochemical inhibitors of
energy-dependent processes, clathrin-mediated endocytosis,
caveolae-mediated endocytosis, and macropinocytosis (Fig. 6).
To investigate energy dependence, cells were preincubated in the
presence of NaN3/2-deoxyglucose (NaN3/DOG) and then
treated with PRINT particles. NaN3/DOG, which blocks cellular
ATP synthesis, resulted in a marked decrease in the cellular
internalization of all particle sizes (68–84% compared with
nontreated cells) indicating that internalization is an energy-
dependent process, with the smaller PRINT particles showing a
slightly higher tendency for energy dependence [78% for 200-nm
(AR � 1) and 84% for 150-nm (AR � 3) compared with the 68%
for the larger 1-�m (AR � 1) particles]. Complete inhibition was
not seen and is most likely because of the presence of exogenous
ATP and glucose in the serum-free media. Similarly, internal-
ization of the smaller PRINT particles was markedly decreased
in the presence of cytochalasin D (63% and 77% for 200-nm and
150-nm particles, respectively), an inhibitor of actin polymeriza-
tion as compared with the larger 1-�m particles (24%). Although
cytochalasin D is generally classified as an inhibitor of macro-
pinicytosis/phagocytosis, both clathrin- and caveolae-mediated
pathways have recently been shown to require actin for forma-
tion and invagination of both coated pits and caveosomes (25).
Because HeLa cells are considered as nonphagocytosing cells,
the inhibition of particle internalization by cytochalasin D may
ref lect inhibition of either clathrin-mediated or caveolae-
mediated pathways, or a combination of the two. Indeed,
comparison of the cytochalasin inhibition with the inhibition of
clathrin-mediated endocytosis by using the dynamin-GTPase
inhibitor Dynasore (26) and inhibition of caveolae-mediated
endocytosis with the natural isoflavone tyrosine kinase inhibitor

B
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A

Fig. 4. Confocal laser scanning microscopy images of HeLa cells after a 1-h
incubation period at 37°C with 3-�m cubes (A), 2-�m cubes (B), 1-�m (AR � 1)
cylinders (C), and 200-nm (AR � 1) cylindrical particles (D). (scale bar: 10 �m.)
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genistein shows an almost identical inhibition pattern. The
importance of actin involvement is also demonstrated in TEMs
of all three sizes of particles (Fig. 5; see also Figs. S3–S13).
Surprisingly, chlorpromazine, a cationic amphipathic drug also
used to probe clathrin-mediated endocytosis, showed significant
inhibition when compared with internalization in the presence of

Dynasore with the 200-nm (AR � 1) and 1-�m (AR � 1) particle
sizes being inhibited by 92% compared with �60% and 87%
compared with �36%, respectively. No change was observed
between the two inhibitors for the 150-nm (AR � 3) particles.
Because of the amphipathic nature of the drug, chlorpromazine
is readily capable of incorporating into the lipid bilayer of the
plasma membrane increasing lipid fluidity, which in turn may
inhibit or block the formation of membrane invaginations, thus
leading to a decrease in particle internalization. Nonetheless,
both chlorpromazine and Dynasore demonstrated the impor-
tance of the clathrin-mediated pathway for the internalization of
the 150-nm (AR � 3) and 200-nm (AR � 1) cylindrical PRINT
particles, where �70% inhibition of internalization was seen for
the 150 nm (AR � 3) particles, and �60% inhibition was seen
for the 200-nm (AR � 1) particles. The exact role of this pathway
in the internalization of 1-�m (AR � 1) cylindrical PRINT
particles is not clearly delineated because only �35% of inter-
nalization was inhibited in the presence of Dynasore, but �85%
was observed with chlorpromazine. To discern any role that
caveolae-mediated endcytosis may play in nanoparticle uptake,
two inhibitors, genistein, a tyrosine kinase inhibitor, and methyl-
�-cyclodextrin, a cyclic heptasaccharide known to sequester and
alter cholesterol-rich domains within the plasma membrane,
were used. For both inhibitors, caveolae-mediated endocytosis
was observed to be a prominent internalization pathway for the
150-nm (AR � 3) and 200-nm (AR � 1) cylindrical PRINT
particles (�60% inhibition seen with both particles with both
inhibitors) with very little inhibition detected with the larger
1-�m (AR � 1) PRINT particles (�10–25%). These data are
consistent with the current view that caveolae generally can only
endocytose nanoparticles in the range of 50–100 nm (27). All of
these experiments strongly suggest that clathrin-mediated and
caveolae-mediated endocytosis and, to a much lesser extent,

Fig. 5. Transmission electron microscopy images of HeLa cells at 37°C (incubation times in parentheses). (A) Illustration depicting the major pathways of cellular
internalization used by PRINT particles. (B–D) With 200 nm (AR � 1) cylindrical particles (AR � 1) (B and C, 15 min; D, 4 h). (E and F) With 150 nm (AR � 3) cylindrical
particles (E and F, 1 h). (G–I) With 1-�m (AR � 1) cylindrical particles (G, 1 h; H and I, 4 h).

Fig. 6. Probing the mechanisms of cellular internalization by using inhibitors
of endocytosis. HeLa cells were incubated with the indicated inhibitors in the
graph as outlined in the experimental methods. Percent internalization was
normalized to particle internalization in the absence of inhibitors.
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macropinocytosis are involved with both the nano- and micro-
particle internalization, but these mechanisms play a larger role
with the internalization of the smaller [150-nm (AR � 3) and the
200-nm (AR � 1)] PRINT nanoparticles. Note that none of the
specific chemical inhibitors led to �95% inhibition of internal-
ization. This observation most likely indicates the role of non-
clathrin-, non-caveolae-mediated pathways for internalization.
Interestingly, the rapidly internalizing 150-nm (AR � 3) particles
use all internalization pathways to a large extent, possibly
pointing to the reason why these particles are internalized to such
a high degree relative to the other shapes.

The biochemical inhibitory studies, the confocal microscopy
data, the TEM data, and the flow cytometry analysis of the
precisely defined and shaped PRINT particles reveal a number
of interesting results and a couple of surprises. First, current
scientific thought is that the upper limit of the size of any
nanoparticle internalized into nonphagocytotic cells by means of
nonspecific endocytosis is 150 nm; thus, any particle �150 nm
would be excluded from cellular internalization altogether (28–
30). Our results suggest that this upper-size-limit convention
needs to be raised significantly as we clearly see the internal-
ization of 3-�m, 2-�m, and 1-�m particles. Second, our data
reveal that internalized PRINT particles of any size appear to
follow multiple pathways into the cell. Third, there was a
significant diminution of particle internalization in cells when
the particles had a negative zeta potential versus particles that
had a positive zeta potential. The dramatic switch in the inter-
nalization of particles with the sign of the zeta potential points
to a potential strategy for enhancing the specificity of particle
targeting to cells of interest. It will be interesting to conjugate
ligands capable of stimulating specific receptor-mediated endo-
cytosis to particles having a negative zeta potential as a strategy
to enhance the specificity of cell-targeting objectives. Fourth, it
was surprising to find that the internalization of the rod-like,
high-aspect-ratio nanoparticles (d � 150 nm, h � 450 nm) occurs
much more rapidly and efficiently than would be expected based
on size considerations alone, suggesting a special role associated
with the shape of the particles. Specifically, these high-aspect-
ratio, rod-like PRINT particles were internalized faster than
their more symmetric 200-nm (AR � 1) cylindrical particle
counterpart, even though both particles are substantially equal
in volume. Furthermore, rod-like nanoparticles having the same
aspect ratio and smaller dimensions (cylindrical particles with
d � 100 nm and h � 300 nm vs. cylindrical particles with d � 150
nm and h � 450 nm) did not increase the amount of particles
internalized into HeLa cells. Thus, the interplay between particle
shape and size at constant surface chemistry will undoubtedly
play a role in numerous areas of interest including particle-
targeting strategies in therapeutic applications, environmental
fate of nanoparticles, and the investigation of the rationale
behind bacterial pathogen sizes and shapes.

Materials and Methods
PRINT Particle Preparation. In brief, 15 ml of Fluorocur resin (Liquidia Tech-
nologies) containing 0.1% (wt/wt) of 2,2-diethoxyacetophenone was poured
onto the silicon master template inside an enclosed UV chamber. The chamber
was degassed with nitrogen for 2 min, then the coated wafer was exposed to
UV irradiation (� � 365 nm, power �20 mW/cm2) for 2 min to cure the
Fluorocur resin. The elastomeric mold was then removed from the master
template by gently peeling it away from the silicon surface.

In these experiments, the PRINT particles were derived from a mixture
composed of 67 wt % trimethyloylpropane ethoxylate triacrylate (MW � 428
g/mol), 20 wt % poly(ethylene glycol) monomethylether monomethacrylate
(MW � 1,000 g/mol), 10 wt % 2-aminoethylmethacrylate hydrochloride
(AEM�HCl), 2 wt % fluorescein-O-acrylate, and 1 wt % 2,2-diethoxyacetophe-
none. A 10% (wt/vol) solution of this mixture in 2-propanol was prepared and
then sprayed onto a Fluorocur patterned mold by using an air brush. A
poly(ethylene) sheet (American Plastics Co.) was then placed over the mold
and peeled back at a rate of �2.5 cm/min. After this, the mold was placed in

a UV curing chamber, purged with nitrogen for 2 min, and UV irradiation
applied (� � 365 nm, power �20 mW/cm2) for 2 min.

Aphysicalmeansforharvestingtheparticleswasusedbyplacinga2-mlaliquot
of acetone [filtered through a 0.22-�m polytetrafluoroethylene (PTFE) filter] on
the particle-filled mold. This drop of acetone was gently moved along the surface
of the mold by using a glass slide, facilitating release of the particles from the
mold. The suspended particles were collected in a 50-ml Falcon tube, centrifuged
by using a IEC CENTRA CL2 Centrifuge (Thermo Electron Corporation), and rinsed
with fresh acetone four times. The particles were then transferred to a tarred
Eppendorf tube, and centrifuged in a microfuge (Fisher Scientific) for 20 min. The
supernatant was removed, the pellet was dried in a vacuum oven overnight,
massed, and dispersed in the appropriate amount of sterile water to make a 10
mg/ml dispersion of particles.

Particle Size Analysis of PRINT Particles by Using Scanning Electron Microscopy.
ThesizeofPRINTparticleswasanalyzedvia scanningelectronmicroscopy (Hitachi
modelS-4700).Particledispersionswerepreparedatconcentrationsof0.5mg/ml,
and a drop of this solution was placed on a glass slide. The drop was then allowed
to dry, and the glass slide was coated with 1.5 nm of Pd/Au alloy by using a
Cressington 108 auto sputter coater (Cressington Scientific Instruments). The
Pd/Au-coated glass slide was then adhered to the sample holder by using double-
sided adhesive tape, and placed inside the vacuum chamber of the SEM and
observed under low vacuum (10�3 Torr). (See Table S1.)

Zeta Potential Measurements. The zeta potential of PRINT particles was mea-
sured by using a ZetaPlus Zeta Potential Analyzer (Brookhaven Instruments).
The particles were dispersed in water at a concentration of 0.3 mg/ml and the
zeta potential was measured. (See Table S2.)

In Vitro Cytotoxicity. HeLa cells were seeded in 100 �l of media [Minimum
Essential Medium (MEM) containing Earle’s salts and supplemented with 1
mM sodium pyruvate and nonessential amino acids] at a density of 5 � 103 cells
per cm2 into a 96-well microtiter plate. Cells were allowed to adhere for 24 h
before MEM was replaced with Opti-MEM (90 �l per well) and the particle
preparation (10 �l per well in PBS). HeLa cells were incubated with the PRINT
particles for 4 h or 72 h at 37°C in a humidified 5% CO2 atmosphere. After the
incubation period, negative controls were prepared by the addition of 2 �l of
lysis solution to a few wells containing cells only. After 2 min, the MTS assay
solution was added (20 �l per well) into each well. The cells were then
incubated for an additional 1 h at 37°C in a humidified 5% CO2 atmosphere.
The optical density at 492 nm was measured by using a Bio-Rad model 3550
microplate reader (Bio-Rad Laboratories). The viability of the cells exposed to
PRINT particles was expressed as a percentage of the viability of cells grown in
the absence of particles.

Uptake Experiments. The HeLa cell line was used to investigate the uptake of
5-�m, 3-�m, and 2-�m cubic particles and 1-�m, 0.5-�m [aspect ratio (AR) �
2], 0.2-�m (AR � 1), 0.15-�m (AR � 3), and 0.1-�m (AR � 3) cylindrical particles.
Particles were incubated with cells over a time course ranging from 15 min to
4 h (37°C, 5% CO2). After cell/particle incubation, the cells were washed and
detached by trypsinization. After centrifugation, cells were resuspended in a
0.4% trypan blue (TB) solution in Dulbecco’s Phosphate Buffers Saline solution
(D-PBS) to quench the extracellular FITC fluorescence (20). This assay is based
on the observation that the vital dye TB, while quenching the FITC fluores-
cence of a noninternalized particle, causes them to fluoresce red whereas an
internalized particle will fluoresce green. Cells were then centrifuged, the TB
solution was removed, the cell pellet was resuspended in DPBS, and sample
was analyzed by flow cytometry (CyAn ADP, Dako), for green and red fluo-
rescence. There were 10,000 cells measured in each sample.

Confocal Laser Scanning Microscopy. HeLa cells (50,000) were seeded in a T-25
flask for 24 h (37°C, 5% CO2). Cells were washed once with D-PBS followed by
MEM with supplements containing 1% FBS (low serum). Cells were then
incubated for 4 h (37°C, 5% CO2) with low serum MEM (2 ml) containing 15
�g/ml FITC-labeled PRINT particles. The cells were then washed by detachment
with trypsin, resuspended in complete MEM containing 10% FBS, replated
onto two 35-mm2 glass bottom dishes with 1.5G coverslips (MatTek Corp.) and
allowed to adhere overnight at 37°C. Nuclei were stained with 2.5 �M DRAQ5
(Biostatus Ltd.) in complete MEM according to the manufacturer’s protocol.
DRAQ5 is a DNA-specific dye with far-red fluorescent properties (Ex: 647 nm,
Em: 670 nm) (31). AlexaFluor-555-labeled WGA in D-PBS (2.5 �g/ml; Molecular
Probes) was used to visualize plasma membranes. Cells were then fixed with
4% paraformaldehyde. Microscopy was carried out on an Olympus FV500
confocal laser scanning microscope (Olympus) located in the Microscopy
Laboratory Services, a core facility of the Department of Pathology and
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Laboratory Medicine within the UNC School of Medicine. Z stacks were
collected and used for 3D reconstruction and visualization of intracellular
particle localization.

Transmission Electron Microscopy (TEM). TEM was carried out to further visu-
alize the intracellular internalization and localization of PRINT particles. �5 �

105 HeLa cells were seeded in 60-mm2 polystyrene dishes overnight. The
following day, cells were treated with either 200 nm (AR � 1), 1 �m (AR � 1),
or 150 nm (AR � 3) particles (15 �g/ml in reduced serum MEM) for times
indicated in the figure legend. Cell monolayers were rinsed with D-PBS and
fixed in 2% paraformaldehyde/2.5% glutaraldehyde/0.15M sodium phos-
phate at pH 7.4, for several hours or overnight. After three rinses with sodium
phosphate buffer, the monolayers were postfixed for 1 h in 1% osmium
tetroxide/1.25% potassium ferrocyanide/0.15M sodium phosphate buffer.
After rinsing in deionized water, the cells were dehydrated by using increasing
concentrations of ethanol (30%, 50%, 75%, 100%, 100%, 10 min each) and
embedded in Polybed 812 epoxy resin (Polysciences). The monolayers were
sectioned parallel and perpendicular to the substrate at 70 nm by using a
diamond knife. Ultrathin sections were collected on 200-mesh copper grids
and stained with 4% aqueous uranyl acetate for 15 min, followed by Reynolds’
lead citrate for 7 min. Samples were viewed by using a LEO EM910 transmission
electron microscope operating at 80 kV (LEO Electron Microscopy) located at
the Microscopy Laboratory Services Core Facility. Digital images were acquired

by using a Gatan Orius SC1000 CCD Digital Camera and Digital Micrograph
3.11.0 (Gatan, Inc.).

Inhibitor Studies. 5 � 104 HeLa cells seeded in a T-25 flask were treated with
0.1% NaN3/50 mM 2-deoxyglucose, cytochalasin D (5 �g /ml), Dynasore (80
�M), or genistein (200 �M) in serum-free MEM for 1 h before incubation of
particles (15 �g/ml) with inhibitor in the fresh media for 1 h at 37°C/5% CO2.
For the inhibitors methyl-�-cyclodextrin (m�cd) and chlorpromazine, cells
were preincubated in serum-free MEM containing either in 5 mM m�cd or 10
�g/ml chlorpromazine for 15 min at 37°C/5% CO2. The media were then
changed to fresh media containing the inhibitors plus particles (15 �g/ml) and
further incubated for 30 min at 37°C/5% CO2. After exposure to particles and
inhibitors for the desired time, the cells were washed with D-PBS and then
trypsinized and processed for flow cytometry as described in Uptake Experi-
ments. All inhibitors were obtained from Sigma-Aldrich except for Dynasore,
which was obtained from ChemBridge.
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