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Size, surface charge, and material compositions are known to
influence cell uptake of nanoparticles. However, the effect of
particle geometry, i.e., the interplay between nanoscale shape and
size, is less understood. Here we show that when shape is
decoupled from volume, charge, and material composition, under
typical in vitro conditions, mammalian epithelial and immune cells
preferentially internalize disc-shaped, negatively charged hydro-
philic nanoparticles of high aspect ratios compared with nanorods
and lower aspect-ratio nanodiscs. Endothelial cells also prefer
nanodiscs, however those of intermediate aspect ratio. Interest-
ingly, unlike nanospheres, larger-sized hydrogel nanodiscs and
nanorods are internalized more efficiently than their smallest
counterparts. Kinetics, efficiency, and mechanisms of uptake are all
shape-dependent and cell type-specific. Although macropinocytosis
is used by both epithelial and endothelial cells, epithelial cells
uniquely internalize these nanoparticles using the caveolae-mediated
pathway. Human umbilical vein endothelial cells, on the other hand,
use clathrin-mediated uptake for all shapes and show significantly
higher uptake efficiency compared with epithelial cells. Using results
from both upright and inverted cultures, we propose that nanopar-
ticle internalization is a complex manifestation of three shape- and
size-dependent parameters: particle surface-to-cell membrane con-
tact area, i.e., particle—cell adhesion, strain energy for membrane de-
formation, and sedimentation or local particle concentration at the
cell membrane. These studies provide a fundamental understanding
on how nanoparticle uptake in different mammalian cells is influ-
enced by the nanoscale geometry and is critical for designing im-
proved nanocarriers and predicting nanomaterial toxicity.

cell-uptake mechanism | nanoimprint lithography | drug delivery

olymeric nanoparticles are widely studied for delivering

therapeutic and imaging payloads to cells. Understanding how
particle properties affect cell uptake is not only critical for de-
signing improved therapeutic and diagnostic agents (1, 2) but also
essential for efficient in vitro cell manipulation (3) and evaluating
nanomaterial toxicity (4). Nanoparticle uptake by cells has been
shown to depend on particle size, surface charge, and material
compositions (5-7). Recent advances in fabrication technologies
have enabled generation of shape-specific microparticles and
nanoparticles (8-12). These particles, inspired by the diverse,
evolutionarily conserved shapes of pathogens and cells, are being
used to study the role of carrier shape on cellular internalization,
in vivo transport, and organ distribution (6, 11, 13-23).

Despite these pioneering studies, there remains a significant
knowledge gap in our fundamental understanding of the inter-
play between nanoscale shape and size on cellular internalization,
especially for clinically relevant polymer-based hydrophilic nano-
particles. Most in vivo drug delivery and imaging applications have
proposed the use of nanoparticles with hydrophilic “stealth” sur-
faces [often achieved through poly(ethylene glycol) (PEG)-based
surface modifications] as well as neutral to anionic surface charge,
primarily to allow longer in vivo circulation time by reducing
protein adsorption and rapid clearance by the reticuloendothelial
system (2, 24-27). These nanocarriers are useful for delivering a wide
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variety of hydrophilic and hydrophobic drugs (small molecules,
proteins, or nucleic acids) to target sites, e.g., tumors with potential
to significantly reduce side effects (28). However, it is unclear how
cellular internalization of hydrophilic, anionic particles varies with
particle geometry and how their kinetics and uptake mechanisms
differ with particle shape at the nanoscale. Further, it is unclear
whether shape effects are consistent throughout different mam-
malian cell types. Once nanoparticles are injected into blood ves-
sels, they encounter and interact with various cells types including
endothelial cells, immune cells, and epithelial cells, all performing
different physiological functions. It is hence paramount to char-
acterize the effect of particle shape on these various cell types.
Here we present a comprehensive in vitro study showing the
complex interplay between shape and size of anionic nanohydrogels
on their uptake in epithelial, endothelial, and immune cells. Spe-
cifically, we compare nanoscale discoidal and rod-shaped PEG-
based hydrogel particles of equivalent volume and dimensions in
various cell lines and show that compared with spherical particles,
these nanodiscs and nanorods have unique, geometry-dependent,
cell type-specific internalization kinetics and uptake mechanisms.

Results and Discussion

Fabrication of Hydrophilic, Anionic Nanoparticles of Equivalent Volume
and Charge. Understanding the effect of nanoscale geometry on
cell uptake requires highly monodispersed, shape- and size-specific
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Nanoparticles are widely investigated for intracellular drug
delivery and molecular imaging and should be designed to
maximize cell uptake. Here the effects of particle geometry to
maximize nanoparticle uptake by mammalian cells are evalu-
ated. The findings show that uptake is governed by a combi-
nation of cell-particle adhesion, strain energy for membrane
wrapping around the particle, and local particle concentration
at the cell membrane, all of which are particle-shape-dependent.
Under typical culture conditions, disc-shaped hydrophilic nano-
particles were internalized more efficiently than nanorods. In-
terestingly, larger nanodiscs and rods had higher uptake
compared with the smallest particles tested. Mechanisms of
uptake were also shape- and cell type-specific. These results
provide important insights for rational design of nanocarriers
to maximize intracellular delivery efficacy.
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nanoparticles of equivalent volumes and identical surface prop-
erties and material compositions. These particles should also have
minimal interference from serum protein adsorption and elec-
trostatic adsorption with cell membranes.

We have previously reported the use of Jet and Flash Imprint
Lithography (J-FIL) for top down fabrication of monodisperse,
biocompatible, polyethylene glycol diacrylate (PEGDA)-based
hydrogel nanoparticles of precise sizes and shapes (8, 29, 30).
These shape-specific particles were shown to encapsulate a variety
of biomolecules including antibodies, nucleic acids, and anticancer
drugs (Doxorubicin) and exhibit enzyme-triggered drug release.

Using this process, we fabricated PEGDA-based discoidal [220-
nm diameter (d) x 100-nm height (%), 325-nm d x 100-nm 4, and
80-nm d x 70-nm 4] and cuboidal (rod-shaped) nanoparticles
(100 x 100 x 400 nm and 100 x 100 x 800 nm) (Fig. 1 A-G). The
220 x 100-nm discs and 100 X100 x 400-nm rods as well as the
325 x 100-nm discs and 100 x100 x 800-nm rods represent par-
ticles of similar volumes and similar largest surface area, although
the difference between their largest dimensions is significant. All
particles had an average zeta potential of about —-57 mV (Fig. 1H)
which along with the material composition (PEGDA) ensured
minimal aggregation in serum (SI Appendix, Fig. S1 and Table S1)
as well as minimized electrostatic adsorption to negatively
charged cell membranes.

Nanoparticle Internalization: Epithelial Cells Prefer Nanodiscs over
Nanorods Under Typical Upright in Vitro Conditions. For uptake
studies, a low concentration of nanoparticles (5 pg/mL) was used.
Particles were tested with various cell lines for cytotoxicity and
found to be nontoxic (SI Appendix, Fig. S2). All nanoparticles
were synthesized with fluorescein-acrylate, such that fluorescein
molecules are covalently attached to and distributed throughout
the nanoparticle matrix. Particles were administered to cells in
culture at equal total fluorescence intensity (to mimic equal drug
dosage) which also corresponded to an equal particle mass
[verified using thermogravimetric analyzer (TGA), SI Appendix,
Fig. S3].

Uptake studies were performed on HeLa cells, and particle
internalization was qualitatively assessed using confocal micros-
copy (SI Appendix, Fig. S4). For quantitative analysis, flow
cytometry was performed, and data showing median fluorescence
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Fig. 1. Nanoparticle characterization—specific shapes, uniform fluorescence,
and equivalent surface charge: SEM micrograph of (A) 80-nm-d x 70-nm-h
discs, (B) 220-nm-d x 100-nm-h discs, (C) 325-nm-d x 100-nm-h discs, (D) 400 x
100 x 100-nm rods, and (E) 800 x 100 x 100-nm rods done by drying the
samples on a silicon substrate. Fluorescence images of (F) 800 x 100 x 100-nm
rods and (G) 325-nm-d x 100-nm-h discs. (H) Zeta potential plot for all par-
ticles (courtesy Claudia Mujat, Malvern, Inc., Westborough, MA).
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increase (over untreated cells) in cells were captured over time
(Fig. 2A4). Between discoidal and rod-shaped nanoparticles of
similar volume, nanodiscs were more efficiently internalized at
all time points. Interestingly, Barua et al. (22) reported that for
nonspecific hydrophobic polystyrene particles, nanorods and
nanodiscs have similar uptake in epithelial breast cancer cells.
These differences could highlight the effect of hydrophobic
versus hydrophilic surfaces as well as cell types evaluated and
emphasize the importance of material composition in under-
standing nanoparticle-mediated intracellular delivery. In addition,
the nanorods used in our study have a cuboidal cross section,
whereas those used by Barua et al. (22) are nanoellipsoids. Fur-
thermore, in our studies, for both discs and rods, nanoparticles
with larger volumes were taken up more effectively compared
with their smaller counterparts. This is counterintuitive com-
pared with spherical polymer particles where smaller particles
show higher uptake in HeLa cells (5, 6) (SI Appendix, Fig. S5A4).
Although Huang et al. (18) have shown similar effect with rod-
shaped mesoporous silica particles in human melanoma A375
cells, this has not been previously reported for polymeric nano-
discs or nanorods. To ensure that this is not cell line-specific,
these experiments were repeated on another epithelial cell line,
HEK 293, and similar trends were observed (Fig. 2B and SI
Appendix, Fig. S5B).

Uptake Kinetics and Efficiency of Nanoparticles Is Cell Type-Specific.
To determine the effect of particle shape on other types of cells
that nanoparticles may encounter in vivo, human umbilical vein
endothelial cells (HUVECs) and primary mouse bone marrow
dendritic cells (BMDCs) were used. BMDCs showed similar disc
versus rod uptake preference to that of epithelial cells (Fig. 2C);
that is, nanodiscs were internalized more efficiently than nano-
rods, and larger particles were internalized more than smaller
ones. HUVEC cells, however, showed unique trends wherein
intermediately sized discs (220-nm d) were internalized more
efficiently than either smaller- or larger-volume discs as well as
nanorods (Fig. 2D). Surprisingly, although the nanoparticle-to-
cell ratio was 10 times less than that used in epithelial cells, the
median fluorescence values were similar, indicating significantly
higher uptake efficacy in endothelial cells. This 10 times lower
dose was used to keep similar median fluorescence values of
uptake across the different cell lines. This allows effective com-
parison of uptake kinetics between different cells and avoids
saturation. Decrease in median fluorescence observed at 48 h in
HUVEC:s could be a result of faster particle dilution per cell
because of cell division and low particle dose or due to endo-
thelial cell-specific exocytosis (31). Although these PEGDA
particles are not degradable in water in the time frame studied,
oxidative degradation inside some cells could also be a possible
cause of the observed fluorescence decrease. Mice lung micro-
vasculature endothelial cells were also shown to follow a similar
trend where 220-nm-d discs were more efficiently internalized
compared with 400-nm rods (SI Appendix, Fig S6).

All uptake experiments were repeated several times using
nanohydrogels manufactured in different batches and cells of
different passage numbers (passage 3 tol8; representative re-
producible results are shown in SI Appendix, Fig. S7).

Further, assuming that fluorescein-acrylate is uniformly dis-
tributed throughout the particle matrix, we estimated the relative
number of particles present per cell (normalized to 80-nm-d discs)
at the maximum internalization time points. The 220- and 325-nm-d
discs have similar volumes to the 400- and 800-nm rods, respec-
tively. Thus, for these particles, equal fluorescence administration
also means administration at equal numbers. We found that
between 220-nm discs and 400-nm rods, nanodiscs were in-
ternalized more efficiently than nanorods in all cell types (Fig.
2FE). Similarly, as shown in Fig. 2F, for the larger, equivalent
volume disc-rod pair (325-nm discs, 800-nm rods), 40-60% more
disc-shaped particles were internalized in epithelial and immune
cells. Interestingly, this trend is reversed in endothelial cells,
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Fig. 2. Cellular-uptake kinetics of different shape-specific nanoparticles in various cell lines. (A) HeLa cells, (B) HEK 293 cells, (C) BMDCs, and (D) HUVEC cells.
In A-D, red lines are for nanodiscs (hollow for 325 x 100-nm discs, dashed for 220 x 100-nm discs, and solid for 80 x 70-nm discs), and blue lines are for
nanorods (dashed for 400 x 100 x 100-nm rods and solid for 800 x 100 x 100-nm rods). Error bars are SD with n = 3 for each data point. (E-F) Normalized
median particle uptake per cell (indicates relative number of particles internalized by cells when normalized to 100 particles of 80 x 70-nm discs) at the
maximum internalization time point (72 h for HeLa and BMDC, 48 h for HEKs, and 24 h for endothelial cells).

although less significantly, further confirming that the effect of
particle geometry is cell type-specific.

Cell Uptake of Nanoparticles Is an Interplay Between Sedimentation,
Surface Contact Area, and Strain Energy for Membrane Deformation.
It has been previously reported that sedimentation plays an im-
portant role when performing in vitro cell-uptake studies with
nanoparticles (32, 33). However, most studies on particle shape
have not looked at the effect of gravity on in vitro cell uptake.
Nanoparticles can form concentration gradients under the in-
fluence of gravity and result in higher concentrations of larger
particles near the bottom surface of well plates (32). This could
be a significant factor as to why larger discs and rods, with more
weight per particle, are internalized more efficiently compared
with smaller discs and rods.

To study whether sedimentation alone can explain the ob-
served shape dependency of our nanohydrogels, uptake studies

Agarwal et al.

were performed in an inverted culture model (Fig. 34). It is
important to note that in inverted cell cultures, the effect of
sedimentation is reversed; that is, larger particles are at a lower
concentration near the cell surface compared with smaller par-
ticles which should reverse the trend seen in our noninverted
uptake experiments. However, as shown in Fig. 3 C-D and SI
Appendix, Fig. S8, although overall uptake efficiency decreased
significantly for all shapes and sizes in inverted cultures, smaller
nanodiscs or rods did not exhibit significantly higher uptake
compared with their larger counterparts. In most cases, larger
particles still exhibited higher uptake. Furthermore, when spherical
polystyrene (PS) beads were used as control particles, smaller-
diameter nanospheres, despite their lower sedimentation, showed
higher uptake compared with larger-diameter beads (Fig. 3B
and, as reported previously; ref. 32), a trend similar to that in
noninverted cultures. Therefore, sedimentation effects alone
cannot explain the observed internalization kinetics of disc- and
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rod-shaped hydrogel nanoparticles, indicating that the effect of
shape is manifested through multiple forces that together can
play an important role.

One possible explanation is that for disc- and rod-shaped
nanoparticles, larger size provides larger surface-contact areas
for multivalent interactions with cell membranes (22, 34). This
effect may allow larger adhesion forces with particles and in-
crease the probability of initiating cellular uptake. For spherical
nanoparticles, such interactions are minimal as there is a smaller
contact area irrespective of the size of the nanoparticle. How-
ever, this effect of higher surface contact area alone may not be
adequate to explain the difference in uptake observed between
equal-volume disc and rod pairs used here because they only
differ by 5% in the surface area of their largest face. Another
critical parameter that could explain the difference seen between
equal-volume nanodiscs and nanorods is the strain energy needed
for membrane bending around nanoparticles. As shown in S/
Appendix, SI Text, discs require less energy compared with rods
of equal volume, and larger-diameter spheres are less favorable
compared with smaller-diameter spheres.

Based on these observations, we hypothesize that in an in vitro
culture system, three parameters play an important role for in-
tracellular uptake of particles: contact or adhesion force between
the nanoparticle surface and the cell membrane (governed by the
shape of particles), sedimentation (governed by the weight of
particles), and strain energy required for membrane deformation
(governed by the shape of particles). In the upright configura-
tion, gravity results in a higher concentration of larger particles.
Larger particles also have a larger contact area to trigger
membrane response. These two factors favor the uptake of larger
particles. However, smaller spheres are still taken up more than
the larger spheres in the upright configuration, because the strain
energy cost is higher for larger spheres, and this effect dominates
over the effects of concentration and contact area. In compari-
son, the contact area increases more with increasing sizes for the
case of rods and discs than for spheres, so that the effect of contact
area can become dominant and result in increased uptake of rods
and discs with increasing size. For rods and discs with the same
volume and surface area, the strain energy cost for uptake is
higher for rods, so that discs are taken up more than rods. A
similar explanation can be deduced for HUVECs; however, the
contact force and strain energy would be different for different

membrane compositions, and hence different trends were ob-
served. Here intermediate-diameter discs were found to be most
taken up, which, however, compared with 325-nm discs, has less
sedimentation and contact surface area and more favorable
strain energy values.

In the inverted configuration, the local particle concentration
can be higher for smaller particles than for larger particles. In
addition, the strain energy cost is smaller for smaller particles.
These two effects are more important than the contact area for
spheres, so that smaller spheres are still taken up more. How-
ever, for the case of rods and discs, the contact area increases
more with increasing particle size than is the case for the spheres
so that this effect is the dominant one and results in the obser-
vations that i) the smallest discs and rods are taken up the least
and ii) the difference in uptake between discs and rods of the
same volume/area is small.

Future studies need to be conducted to evaluate whether the
observed shape-specific differences in uptake seen in our in vitro
studies have in vivo relevance. Recently, Kolhar et al. (23) used
shape-specific antibody-conjugated polystyrene particles to show
that between antibody-conjugated rods and spheres, rods ad-
hered to targeted microchannels about 2x better than spheres in
vitro. These results also correlated well in vivo where rods were
able to significantly enhance brain and lung endothelium tar-
geting compared with spheres. Whether this increased targeting
in vivo would lead to enhanced therapeutic effects remains to be
seen; however, the study does confirm that in vitro enhancement
in efficacy could correlate to corresponding in vivo results.

In Epithelial Cells, Nanodiscs Use Unique Uptake Pathways Compared
with Nanorods. To further understand the specific mechanisms
involved in cellular internalization of anionic nanohydrogels,
pharmacological inhibitors were used to interfere with various
uptake pathways. It should be noted that inhibitory effects of
these agents are cell-type-dependent (35). Five types of inhib-
itors were chosen based on their selectivity and applications (Fig.
44). Specifically, chlorampramazine, a cationic drug which results
in loss of clathrin and AP2 adaptor complex protein from the cell
surface and blocks specifically the clathrin-mediated pathway (36).
Filipin causes aggregation of cholesterol in biological membranes
and causes disruption of caveolar pits while still allowing other
mechanisms (36). Amiloride blocks Na*/H" exchange in cell
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Uptake in HUVEC

nanoparticles after 24 h in (C) HEK 293
cells and (D) HUVEC cells. In B, hollow
green bars are for 200-nm-d spherical
polystyrene beads, and solid green bars
are for 100-nm-d spherical polystyrene
beads. In C and D, for each set of bars,
the left bar represents upright, and the
right bar represents inverted configu-
ration. Red bars are for discs (hollow red
bars for 325 x 100-nm discs, dashed red
bars for 220 x 100-nm discs, and solid
red bars for 80 x 70-nm discs), and blue
bars are for rods (dashed blue bars for
400 x 100 x 100 nm and solid blue bars
for 800 x 100 x 100 nm). Error bars are
SD with n = 3 for each data point.
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membranes, whereas cytochalasin D blocks actin polymerization
and hence blocks membrane ruffling and macropinocytosis. How-
ever, actin filaments are involved in various other endocytic path-
ways; hence, inhibition by cytochalasin D is not very specific (36).
Nocodazole hinders microtubule polymerization and, hence,
vesicular transport (37).

Inhibitor concentrations were optimized to achieve a mini-
mum of 90% cell viability over 8 h for HEK and HeLa (epithelial
cells) and HUVEC (endothelial cells). For all inhibitor studies,
particles were administered for 6 h. Prolonged exposure to
pharmacological inhibitors causes cell death, as these reagents
are toxic to cells. To allow sufficient uptake at the 6-h time point,
particles were administered at five times higher dose. This
allowed sufficient uptake of particles to use pharmacological
inhibitors without causing significant toxicity (S Appendix, Fig.
S9). In all cell types (Fig. 3 B—C and SI Appendix, Fig. S10),
macropinocytosis was found to be the common internalization
pathway. Interestingly, in HEK cells, nanodiscs (but not nano-
rods) were also internalized using caveolae-mediated endocyto-
sis. This could partially explain why discs outperform rods in
these cells. However, such a shape-specific internalization mech-
anism was not seen in HeLa cells (SI Appendix, Fig. S10) where
both discs and rods were internalized by a caveolae-mediated
pathway, further demonstrating that similar types of cells from
different organs (i.e., epithelial cells from kidney vs. cervix) be-
have differently. It has been previously reported that negatively
charged particles are internalized by a caveolae-mediated pathway
in epithelial cells (27, 38-40). Additionally, as the caveolae
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pathway is involved in transcytosis, this has further significant
implications in delivering therapeutic and diagnostic agents
across epithelial barriers (41).

Clathrin-Mediated Uptake Is Used by Endothelial Cells but Not by
Epithelial Cells. In contrast to epithelial cells, HUVECs used
both macropinocytosis and clathrin-mediated pathways for both
nanorods as well as nanodiscs and were affected by pathway
inhibition to a larger extent than epithelial cells. This can either
indicate a more efficient role these two pathways play in nano-
particle uptake or a more complete inhibition in HUVECs. To
further confirm that the clathrin pathway was indeed not in-
volved in epithelial cells, confocal microscopy images were
gathered with an epithelial cell line (retinal pigment epithelium
(RPE) cells) where the clathrin is labeled with a red fluorescent
tag (mCherry). Confocal imaging showed little to no colocali-
zation of the green-labeled nanoparticles with clathrin pits (S
Appendix, Fig. S11), supporting the results from pharmacological
inhibitor studies. For spherical PS beads of different sizes (100,
200, and 500 nm; SI Appendix, Fig. S12), the inhibition studies
indicated that cells use multiple uptake pathways for nano-
spheres depending on their size, including clathrin-mediated
(200 and 500 nm), macropinocytosis (all sizes), and caveolae-
mediated (200 nm). It should be noted that the PS beads used
have different surface and bulk material composition compared
with the nonspherical nanoparticles.

In conclusion, we demonstrate that nanoparticle shape along
with size plays a critical role in cellular uptake of hydrophilic
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polymer nanocarriers. The effect of shape and size is manifested
through the interplay of three parameters: i) contact area or
adhesion forces between the particle surface and cell mem-
branes, i) the strain energy required for membrane deformation
around the particle, and iii) effect of sedimentation or local
particle concentration at the cell surface. In all cell types tested,
nanodiscs of larger or intermediate sizes were internalized more
efficiently compared with nanorods or the smallest-size discs.
Furthermore, we show that cellular mechanisms for nano-
hydrogel uptake vary significantly with particle geometry and are
cell type-specific. We propose that when nanoparticle surface
properties and composition are kept constant, each cell type
can “sense” the nanoscale geometry (both shape and size) and
trigger unique uptake pathways and thus have different shape-
dependent internalization efficiencies. These results provide fun-
damental insights on the effect of nanoscale shape on cell uptake
and offer unique opportunities for the use of particle geometry
as a design criterion to control cellular internalization and affect
cell targeting, therapeutics, and diagnostics delivery, as well
as nanotoxicity.
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Methods

Nanoparticles were fabricated using jet and flash imprint lithography (JFIL)
on silicon wafers. Nanoimprinted and etched particles were released from
wafer in water and dialyzed. Uptake was quantified using flow cytometry
both in upright and inverted cultures. For detailed methods, please refer to
SI Appendix.
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