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Cellular Internalization of Rod-Like Nanoparticles with
Various Surface Patterns: Novel Entry Pathway and
Controllable Uptake Capacity

Jiaxiao Xue, Zhou Guan, Jiaping Lin,* Chunhua Cai,* Wenjie Zhang, and Xinquan Jiang*

The cellular internalization of rod-like nanoparticles (NPs) is investigated in a
combined experimental and simulation study. These rod-like nanoparticles with
smooth, abacus-like (i.e., beads-on-wires), and helical surface patterns are prepared
by the cooperative self-assembly of poly(y-benzyl-L-glutamate)-block-poly (ethylene
glycol) (PBLG-b-PEG) block copolymers and PBLG homopolymers. All three types
of NPs can be internalized via endocytosis. Helical NPs exhibit the best endocytic
efficacy, followed by smooth NPs and abacus-like NPs. Coarse-grained molecular
dynamics simulations are used to examine the endocytic efficiency of these NPs. The
NPs with helical and abacus-like surfaces can be endocytosed via novel “standing
up” (tip entry) and “gyroscope-like” (precession) pathways, respectively, which are
distinct from the pathway of traditional NPs with smooth surfaces. This finding
indicates that the cellular internalization capacity and pathways can be regulated
by introducing stripe patterns (helical and abacus-like) onto the surface of rod-like
NPs. The results of this study may lead to novel applications of biomaterials, such as
advanced drug delivery systems.

1. Introduction _ .
block copolymer self-assembly is an effective way to generate

various NPs, including spheres, cylinders, and vesicles.[>12]
Micelles based on polyethylene glycol (PEG)-polypeptide
amphiphilic copolymers have attracted considerable atten-
tion due to their biocompatibility and biodegradability.[>1314]
The hydrophilicity of PEG endows the NPs with “stealth”
properties, allowing them to avoid clearance by the immune
system.["”! Additionally, methoxy groups at the free ends of
PEG can act as nonspecific ligands.1*18]

In most situations, NPs must be internalized into cells to
perform their functions. During this process, various forces,
such as van der Waals, electrostatic, solvation, solvophobic,
and depletion forces, dominate the interfacial interactions
between the NPs and cells.'?] The complicated interac-
tions can be strongly influenced by various characteristics of
NPs, including their size,?'??1 shape,[?*2°1 mechanical flex-

Nanoparticles (NPs) hold significant importance for appli-
cations in biomedicine, serving as drug delivery vehicles,!'*!
imaging tools,[*”] and gene delivery carriers,[®% among other
functions. Among numerous fabrication methods for NPs,
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ibility,?”?%! surface ligand,/*>*% surface charge,'®3! and sur-
face pattern.’2%] In some literature reports, it was found
that rod-like NPs exhibit higher delivery efficiency than their
extensively studied spherical counterparts under certain
conditions.3+3] For instance, rod-like NPs have stronger
cellular internalization capacity when the two types of NPs
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have the same volume,[?! or when the rod-like NPs pos-
sess a specific aspect ratio,?*! which has been demonstrated
in the work performed by Huang et al.l’®l They found that
the mesoporous silica nanoparticles with an aspect ratio of
4 exhibit much higher cellular uptake than their spherical
counterparts. Additionally, the surface patterns of NPs influ-
ence cellular internalization. A few studies have addressed
the cellular uptake of NPs with irregular surface patterns
such as patchy staggered lamellae surface patterns.’'3337] For
example, Hu et al. found that spherical NPs with a surface
pattern of staggered lamellae exhibit faster cellular uptake
rate than smooth NPs.[’3] Schubertova et al. used computer
simulation to investigate the influence of ligand distribu-
tion of NPs on uptake efficiency and demonstrated that NPs
with homogeneous ligand distributions display the fastest
uptake rate.’7] In another study, Verma et al. found that
=6 nm spherical NPs evenly coated with hydrophobic or ani-
onic ligands offer advantages in cellular internalization over
NPs coated with randomly distributed ligands.[’¥! The above
works all revealed the relations between the surface mor-
phologies and the cellular internalization capacities of NPs.
However, the investigations about the effect of NPs surface
morphologies on the cellular internalization are still limited.
And the mechanisms underlying the surface morphology-
regulated cellular uptake performance of NPs have not been
well understood. Tackling these unresolved issues may ben-
efit the novel design of nanocarriers and even understanding
the cellular internalizations of virus particles.

Existing experimental approaches usually suffer from
difficulties in capturing detailed information about cellular
internalization pathways. Theoretical simulation is a pow-
erful tool that has been successfully applied in studies of
cellular internalization pathways.'83%#1 Performing simula-
tions can provide deep insights into particle—cell interaction
behaviors. For example, Shi et al. performed coarse-grained
molecular dynamics (CGMD) simulations to study the
endocytic behavior of nanotubes.*”] The simulation results
revealed the mechanisms underlying the experimental obser-
vations. The authors found that the entry angle of nanotubes
during endocytosis varies with the density of receptors on the
membrane. The solvent-free model adopted in their work is
a powerful simulation method because this model maintains
the principal properties of cell membrane (e.g., the bending
modulus, surface tension, and diffusion constant). Previous
works have used this simulation method for understanding
the cellular internalization mechanisms of NPs, such as the
effect of the NP shape on the endocytic pathways.[*>#] Since
experiments can provide straightforward results, whereas
simulations provide deep insights into these observations, the
combination of experimental and simulation approaches can
provide a comprehensive understanding of cellular uptake
performance.[?74’]

In this work, a combination of experiments and CGMD
simulations was used to investigate the cellular internaliza-
tion behavior of three types of rod-like NPs, with smooth,
abacus-like, and helical-structured surfaces. The NPs were
prepared via the cooperative self-assembly of poly(y-benzyl-
L-glutamate)-b-poly(ethylene glycol) (PBLG-b-PEG) block
copolymers and PBLG homopolymers using different initial
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solvents and temperatures. The CGMD simulations dem-
onstrated how the surface structure regulates the cellular
internalization efficiency of NPs. In addition, the simulations
revealed novel endocytic pathways for two types of these
NPs with stripe-patterned surfaces. The NPs with helical and
abacus-like surfaces have “gyroscope-like” (precession) and
“standing up” (tip entry) endocytic pathways, respectively,
which are distinct from the traditional pathway for NPs with
smooth surfaces. These novel endocytic pathways, especially
“gyroscope-like” endocytosis, are the main reason for the dif-
ferent cellular uptake performance of these NPs. The simu-
lations reveal the mechanism underlying this difference in
uptake, which is difficult to observe via experiments alone.
These findings may inspire the synthesis of new NPs for bio-
medical applications, such as advanced drug delivery systems.

2. Results and Discussion

2.1. Morphology of Aggregates Self-Assembled
from the PBLG(FITC)-b-PEG/PBLG Binary System

Based on our previous work,**] we prepared rod-like NPs
by assembling PBLG(FITC)-b-PEG/PBLG mixtures under
various initial conditions (the chemical structures of these
polymers are given in Figure 1a). As revealed by our pre-
vious work,[*¢#8] the self-assembly temperature and the ini-
tial solvent play important roles in determining the surface
pattern of rod-like NPs. To obtain NPs with various surface
patterns, we conducted self-assembly under various tempera-
tures and solvent conditions. First, PBLG(FITC)-b-PEG and
PBLG were dissolved in a mixed solvent of tetrahydrofuran
(THF) and N,N-dimethylformamide (DMF). Water was sub-
sequently added, followed by dialysis to remove the organic
solvents. Details of the preparation can be found in
Section 1.3 in the Supporting Information.

Via the self-assembly of the PBLG(FITC)-b-PEG/PBLG
binary system, three types of rod-like NPs with different sur-
face morphologies were obtained. In these nanostructures,
PBLG forms a rigid bundle, and PBLG-b-PEG wraps around
the bundle to form a shell. The packing manner of the block
copolymers on the bundle surface can be manipulated by the
self-assembly temperature and initial solvent composition,
giving rise to different surface patterns.*l Figure 1b—d shows
scanning electron microscope (SEM) images of the three
types of rod-like NPs. The insets at the top are transmission
electron microscope (TEM) observations, and the insets at
the bottom are the simulation-predicted morphologies of
these NPs according to our previous work (blue lines denote
the PBLG homopolymers, which form the template, while
green and red lines denote the PBLG and PEG segments in
block copolymers, forming the shells on the template).[*] For
the first type of NP, which was prepared with initial solvent
THF/DMEF = 1/1 by volume at 5 °C, a smooth surface struc-
ture can be observed, as shown in Figure 1b. The other two
types of NPs have stripe-patterned surfaces. For the NP pre-
pared with initial solvent THF/DMF = 3/7 by volume at 40 °C
(see Figure 1c), the stripes are discontinuous, forming abacus-like
(beads-on-wire) structures on the rod-like template. Mean-
while, on the third type of NP, the stripes are continuous, and
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Figure 1. a) Chemical structures of the homopolymer PBLG and the fluorescent-labeled copolymer PBLG(FITC)-b-PEG. b—d) SEM and e-g) AFM
images of aggregates self-assembled from the PBLG(FITC)-b-PEG/PBLG binary systems under different initial conditions. b,e) Smooth NPs, initial
solvent THF/DMF=1/1 by volume at 5 °C; c,f) abacus-like NPs, initial solvent THF/DMF=3/7 by volume at 40 °C; d,g) helical NPs, initial solvent THF/
DMF = 3/7 by volume at 50 °C. Insets at the top of (b), (c), and (d) are corresponding images observed using TEM. Insets at the bottom of (b), (c),
and (d) are respective schematic illustrations obtained from simulations in our previous work./“®l Reproduced with permission.“¢l Copyright 2013,
Wiley-VCH. Insets in (e), (f), (g) are profiles of the three types of surface microstructures measured by AFM along the red lines. Scale bars: 500 nm.

a helical structure is obtained (THF/DMF = 3/7 by volume at
50 °C), as shown in Figure 1d. For simplicity, we have named
the three types of NPs smooth, abacus-like, and helical NPs
according to their surface microstructures. Figure le—g shows
atomic force microscopy (AFM) images of these rod-like
NPs. The insets are the corresponding profiles of surface
patterns measured by AFM. The AFM images and profiles
show features on the surface of the smooth, abacus-like, and

helical NPs similar to those observed in SEM. The smooth
NPs have relatively uniform surfaces (inset in Figure 1le),
while the other two types of NPs have regular stripe-pat-
terned surfaces (insets in Figure 1f,g). Detailed structural
information on these rod-like NPs is provided in Table 1.
The sizes of these rod-like NPs are very similar. Measured
from the SEM images, the average diameter and length of
these rod-like NPs are =110 and 610 nm, respectively. We also

Table 1. Detailed structure information for rod-like NPs self-assembled from the PBLG(FITC)-b-PEG/PBLG binary system.

NPs Diameter? [nm] Length? [nm] Aspect ratio? Volume? [1073 um?] (R)? [nm] PDI?) &9 [mv]

Smooth 112.3+4.8 625.7 £30.3 5.6+0.3 6.2+0.2 125.3 0.208 -2.53+£0.5
Abacus-like 113.9£5.2 608.4 +26.8 5.3£0.4 6.21+0.2 119.2 0.122 -2.68+0.1
Helical 113.1£6.0 604.8+30.4 5.3+0.2 6.1£0.3 118.5 0.105 -2.29+0.2

3The data were measured from SEM images of the three types of rod-like NPs. The statistical number for each type of NP was 50. Volume values of these NPs were approximated based on the

diameter and length of NPs; PHydrodynamic radii and corresponding polydispersity indices of these NPs were determined by dynamic light scattering measurement at a scattering angle of 90°;

9The zeta potentials of the three types of NPs were measured at concentrations of 0.2 g L™ in DMEM.
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measured the hydrodynamic radii ((R,)) and zeta potentials
of these rod-like NPs, in order to characterize them more
comprehensively. Methods of the dynamic light scattering
(DLS) and zeta potential measurement can be seen in
Section 1.7 and 1.8 in the Supporting Information, respec-
tively. The hydrodynamic radii ((R,)) of these NPs are =120 nm
as measured using DLS at a scattering angle of 90°. The corre-
sponding polydispersity indices (PDI) are 0.208, 0.122, and
0.105 for smooth, abacus-like, and helical NPs, respectively.
In addition, the mean zeta potentials are —2.53, —2.68, and
—2.29 mV for smooth, abacus-like, and helical NPs, respectively,
in Dulbecco’s modified Eagle’s medium (DMEM). The nega-
tive zeta potentials are due to the existence of the low level
of carboxyl groups in fluorescein isothiocyanate (FITC)-
labeled PBLG segments. The three types of NPs have almost
the same zeta potentials during the cellular uptake experi-
ment, which means that the effect of the zeta potentials of
these NPs on the cellular uptake behavior could be ignored.
For details about the characterizations of rod-like NPs
(e.g., (R} and zeta potentials), see Section 2.1 in the Supporting
Information.

2.2. Cellular Internalization Behavior of Rod-Like NPs

The cellular internalization of the NPs was examined using
NIH3T3 cells. The kinetics of cellular uptake was evalu-
ated by quantifying the results of confocal laser scanning
microscopy (CLSM) analysis of a time course from 15 min

(a)

30 min 1h 4
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to 8 h of incubation (Figure 2a,b). Because the fluorescent
intensities are reduced with increasing temperature in the
preparation of samples (samples are prepared at different
temperatures), the three types of NPs can exhibit different
fluorescent intensities. To rule out this effect, we calibrated
the fluorescent intensity of each type of rod-like NP for a
quantitative comparison in the following in vitro experi-
ments. Details about the calibration of fluorescent intensity
are provided in Section 2.2 in the Supporting Information.
As shown in Figure 2a, green fluorescence can be observed
at 30 min for all groups, indicating that the three types of
NPs were taken up by cells. The green fluorescent intensi-
ties increased with time. In addition, at 4 h, the fluorescent
intensity was strongest for the helical NP group and weakest
for the abacus-like NP group. Figure 2b shows a quantita-
tive characterization of the internalization process. Clearly,
the NPs rapidly enter cells during the first 2 h, and this rate
then gradually slows down. After =6 h of incubation, the fluo-
rescent intensity of the NPs shows no obvious increase with
time, indicating that the cellular uptake reaches an equilib-
rium state. These results show that helical NPs exhibit the
most efficient cellular internalization, followed by smooth
NPs and abacus-like NPs. Figure 2c shows profiles measured
by flow cytometry after 6 h of incubation with the three types
of NPs, with IFI representing the average intracellular fluo-
rescent intensity. Compared to that of the control group, the
IFT in the other three groups increases, indicating the pro-
gress of cellular internalization. In addition, the helical NP
group exhibits the highest fluorescent intensity, followed by
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Figure 2. a) Overlay CLSM images of NIH3T3 cells upon incubation with three types of rod-like NPs at varying time intervals. The cell nuclei were
stained with DAPI (blue channel), and the green channel fluorescent emission originated from the FITC in the NPs; b) profiles of the normalized
fluorescent intensity of the three NPs as a function of time, which were quantified from CLSM observations; c) cellular fluorescence profiles
measured by flow cytometry. IFl is the average intracellular fluorescence intensity after incubation with the three nanostructures for 6 h.
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the smooth NP group and abacus-like NP group, consistent
with the CLSM analysis. Interestingly, these observations
demonstrate that the cellular uptake capacity of NPs can be
regulated by their surface pattern. Compared to traditional
smooth NPs, the helical NPs show superior cellular internali-
zation efficiency, while the abacus-like NPs display decreased
uptake.

In addition, detailed information on the NP-internal-
ized cells can be seen in the SEM and CLSM 3D images.
The results presented in Figure 2 demonstrate that the cel-
lular internalization of these NPs becomes saturated after
6 h of incubation, which is suitable for SEM observation.
The SEM and CLSM observations of NIH3T3 cells incu-
bated with these NPs for 6 h are presented in Figure 3.
SEM images exhibit information on the membrane surfaces
and the CLSM 3D views provide information from inside
the cells.[*”] Figure 3a exhibits the control group, and
Figure 3b-d shows images of a single cell incubated with
helical, smooth, and abacus-like NPs in sequence. In the
control group, the membrane is relatively flat and smooth,
and it exhibits wrinkling in the other three groups (for clear
images, see the insets in Figure 3a—d). Figure 3b—d shows
bumpy cell morphology and protrusions extending from the
cell bodies as a result of the NP uptake. In addition, a small
amount of NPs may be enveloped by the cell membrane,
which also causes membrane wrinkling.*>% Figure 3e is a
CLSM 3D overlay image of NIH3T3 cells upon incubation
with helical NPs for 6 h, while Figure 3f is the corresponding
image from the FITC channel. Green fluorescence appears
in the cells, indicating that the helical NPs have entered
the cells. Additionally, Figure 3g shows the profile of the
fluorescence intensity distribution of a single cell marked
in Figure 3e,f. Consistent with the SEM observations, the
NPs are mainly concentrated in the cytoplasm, with a few
remaining attached to the membrane. The smooth and
abacus-like NPs produced similar results (Section 2.3, Sup-
porting Information).
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2.3. Investigation of Endocytic Pathways

Generally, NPs on the size scale in the recent reports
(50-1000 nm) can enter cells via several pathways, including
micropinocytosis, caveolin-dependent endocytosis, and
clathrin-dependent endocytosis.l’’*?l We further explored the
endocytic pathway utilized in the cellular internalization of
rod-like NPs. First, we examined the cellular internalization
of NPs at two temperatures. At low temperature, the lipid
bilayer becomes hardened, thus substantially weakening the
endocytic and passive diffusive processes. As a result, cellular
internalization via energy-dependent processes decreases.!>!
Figure 4a shows the cellular uptake capacity upon incuba-
tion with the three types of NPs for 2 h at 4 and 37 °C. At
the lower temperature, the cellular uptake ability of all three
types of NPs is weakened, indicating an energy-dependent
process in the cellular internalization.

In order to further understand which of the energy-
dependent internalization processes do these NPs follow, we
studied the cellular uptake percentage of NPs treated with
four types of inhibitors. Figure 4b shows the cellular inter-
nalization of the three types of NPs using inhibitors of spe-
cific endocytic pathways. NIH3T3 cells were treated with
several biochemical inhibitors of energy-dependent pro-
cesses, caveolae-mediated endocytosis, clathrin-mediated
endocytosis, and micropinocytosis before incubation with
NPs.[2333] Compared to the control group with no inhibitors,
the groups treated with inhibitors exhibited certain decreases
in cellular uptake. In cells treated with NaN,/2-deoxyglucose
(NaN,/DOG), which is known to inhibit energy-dependent
pathways, dramatic decreases in the cellular uptake of all
the three types of NPs can be observed (49%-60% decrease
compared to the control group). Because some glucose and
exogenous ATP remains in the serum-free medium, cellular
internalization could not be completely inhibited. In cells
treated with methyl-B-cyclodextrin (MBCD), which perturbs
the caveolae-mediated endocytosis pathway, cellular uptake

(

g)

g
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Normalizado intensity
o

0 5 10 15 20 25

Distance/uym

Figure 3. SEM images of NIH3T3 cells incubated with the three rod-like NPs for 6 h: a) control group, b) smooth NPs, c) abacus-like NPs, and
d) helical NPs. The insets are enlarged images. CLSM images of NIH3T3 cells upon incubation with helical NPs for 6 h: ) 3D overlay, f) FITC channel,
g) fluorescence intensity distribution of the single cell marked in (e) and (f). The red squares in (a—d) illustrate where the images are enlarged. The
red arrows in (e) and (f) indicate the direction along which the normalized intensity is calculated (i.e., distance in (g)).
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Figure 4. a) Cellular uptake capacity upon incubation with the three
types of NPs for 2 h under 4 and 37 °C. b) Cellular internalization of the
three types of NPs by using inhibitors of specific endocytic pathways.
Percent internalization was normalized to particle internalization in
the absence of inhibitors. Data are represented as average + standard
deviation (n = 10). Statistical significance: *p < 0.05, **p < 0.001,
***p < 0.0001.

was somewhat decreased compared to the control group
(32%-48%). The cells treated with sucrose, which is used as
an inhibitor of clathrin-mediated endocytosis, also showed
marked decreases in cellular uptake compared to the con-
trol group (42%-52%). Treatment with amiloride, which is
employed to block pinocytosis, produced a certain decrease
in endocytosis for all three nanostructure types (18%-26%
decrease compared to the control group). In addition, p
values of these groups were also estimated. The p value is
defined as the probability of obtaining a result equal to or
“more extreme” than what was actually observed, when the
null hypothesis is true. The results can be regarded as statisti-
cally significant when p < 0.05.31 The results are shown in
Figure 4. As can be seen, the p values of all the contrasted
groups are smaller than 0.05. The above results indicate that
the differences of these groups are statistically significant.
These observations indicate that the three types of rod-
like NPs should enter cells via multiple endocytic pathways.
The marked decrease in the cellular internalization per-
centage for the NaN3/DOG-treated group demonstrates
that the cellular uptake of these NPs is an energy-dependent
process. Consequently, all three types of rod-like NPs pass

small

through the cell membrane via energy-dependent endocytic
processes, which is consistent with the results obtained at dif-
ferent incubation temperatures (Figure 4a). Since the sucrose
group exhibits lowest cellular uptake percentage (45 £ 5%,
50 £ 8%, and 58 + 6% for the three types of NPs) compared
to B-cyclodextrin groups (57 £ 5%, 60 + 12%, and 71 £ 9%)
and amiloride groups (75 £ 5%, 77 £ 6%, and 85 = 18%), the
clathrin-mediated endocytosis should be the most favored
endocytosis pathway for these NPs. Similar phenomena have
been reported in existing works.***! In addition, the cyto-
toxicity of these NPs was tested by using the tetrazolium salt
assay to ensure the reliability of the quantitative analyses
above. No cytotoxicity for NPs was found after 8 h of incuba-
tion, indicating good biocompatibility of these rod-like NPs.
The methods and detailed results of the cytotoxicity meas-
urement can be found in Sections 1.9 and 2.4 in the Sup-
porting Information, respectively.

2.4. CGMD Simulation of Cellular Internalization

The above experiments reveal that the different endocytic
efficiencies in the NPs are regulated by the different surface
microstructures. However, experimentally obtaining detailed
information about the mechanisms of endocytosis is difficult.
To address this challenge, we studied the endocytosis of these
NPs by performing CGMD simulations,*”! which is a pow-
erful tool. Our previous studies revealed that PEG segments
are highly localized at the screw-thread templates formed by
PBLG blocks.[**8] Details about the packing of PEG can be
found in Figure S5 in the Supporting Information. Moreover,
the interactions between the distal methoxy groups at the
ends of the PEG chains and the membrane surface proteins
or lipids have been found to be weaker hydrophobic interac-
tions, or hydrogen bonding, with a binding strength ranging
from 2 to 7 kgT. These methoxy groups at the free ends of
PEG polymers essentially act as nonspecific targeting moi-
eties weakly interacting with cell-surface biomolecules.[!?]
Therefore, these experimentally prepared aggregates can be
modeled as rod-like particles (corresponding to the rod-like
template) decorated with ligands (corresponding to the PEG
segment on the NP surface). The coarse-grained models are
shown in Figure Sa. The rod-like template is constructed of
hydrophobic beads (green), and the ligands (red) are deco-
rated on the rod-like template in three different manners. The
plasma membrane is composed of phospholipids. According
to the solvent model proposed by Cooke and Deserno, each
phospholipid has one hydrophilic head bead and two hydro-
phobic tail beads, denoted by blue and orange beads, respec-
tively.[’* Some of the phospholipids act as receptors, the head
beads of which are colored in purple. Details of the model
and simulation method can be found in Section 3.1 in the
Supporting Information.

The parameters used in the simulations were set according
to those in the experiments. For the NPs in experiments, the
aspect ratio (length/diameter) is =5.3-5.6. In the simulations,
we set the aspect ratio of NPs as 5.5. The diameter and length
of the rod-like particles are 8 and 440 (o denotes a length
unit), respectively. Since the free end of PEG segments
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Figure 5. a) Coarse-grained models in the simulation. Snapshots during the endocytosis of these NPs with different surface microstructures:
b) smooth; c) abacus-like; and d) helical. ) Wrapping percentage of a single NP as a function of time. f) Uptake percentage as a function of time.

(acting as ligands) can bind to the proteins in a membrane
(acting as receptors) with a strength of 2-7 kgT,l'%] we set
the receptor-ligand binding strength to 5S¢, (1g; =1 kg7T) in
the simulations. The surface tension of the plasma membrane
was kept at zero during the simulations. For details about
the parameter setting and simulation system in the simula-
tions, see Sections 3.2 and 3.3 in the Supporting Information,
respectively.

The experiments in the present work reveal that the
major cellular uptake pathway is clathrin-mediated endocy-
tosis, which is energy dependent (Figure 4). In the CGMD
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simulations, the interaction pathway between the NPs and the
membrane is also receptor-mediated endocytosis, which can
mimic the experimental situations well. Figure 5b—d shows
the endocytic pathways of single NP. Helical NPs have the
best endocytic efficacy, followed by smooth NPs and abacus-
like NPs. The evolutionary wrapping ratios (denoted by n)
as a function of time also demonstrate this phenomenon, as
shown in Figure Se. The helical and abacus-like NPs exhibit
the fastest and slowest increases in 7, respectively, indi-
cating the predominant endocytic efficiency of helical NPs.
We additionally performed simulations to study the cellular
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Figure 6. a) Schematic of the angle. b,c) Evolution of the angle of the three NPs as a function of time. d) Bending energy of a plasma membrane as
a function of the wrapping ratio during the endocytosis of rod-like NPs. e—g) Mechanism for the different bending energies of NPs.

uptake percentage of each type of NP as a function of time,
by performing the simulations 20 times with various initial
distances between the NPs and membrane. The statistical
results are shown in Figure 5f. The results are qualitatively
consistent with the experimental ones shown in Figure 2b,
indicating that the internalization capacity of the NPs follows
the sequence helical > smooth > abacus-like NPs. These theo-
retical predictions firmly validate the experiments, although
the quantitative match is difficult to obtain due to the limita-
tions of current computation abilities.['34547]

2.5. Novel Endocytosis Pathways for Helical
and Abacus-Like NPs

After carefully examining the endocytic processes of these
NPs, novel entry pathways were identified for helical and
abacus-like NPs. We calculated the entry angle, 6 (the angle
between the major axis of the NP and the normal direction
of the membrane), and the precession angle, ¢ (the rotation
angle of the major axis of the NP about the normal direc-
tion of the membrane). The definitions of the two angles are
shown schematically in Figure 6a. The evolution of 6 and ¢
as a function of time for the three types of NPs is presented
in Figure 6b,c. The highest and lowest 6 values during endo-
cytosis were observed for the smooth and abacus-like NPs,
respectively. The extremely small contact angle of the abacus-
like NP indicates a “standing up” (6 = 0, i.e., tip entry) endo-
cytic pathway. Noted that helical NPs show a cosine/sine
wave in ¢ angle profile, as shown in Figure 6¢; this phenom-
enon corresponds to a “gyroscope-like” entry (wherein the
major axis of the NP rotates about the normal direction of
the membrane, i.e., precession). Movies of the endocytosis for
the three NPs are provided in the Supporting Information.
The “standing up” and “gyroscope-like” endocytic pathways
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for the abacus-like and helical NPs are almost independent
of the initial contact angle (6,) between the NPs and mem-
brane. Simulation results for the three types of NPs under
other 6, (7/6 and 7/3) can be found in Section 3.4 in the Sup-
porting Information.

The unique endocytic pathways for the novel NPs with
stripe-patterned surfaces may be responsible for the different
cellular uptake capacities of these NPs. While being endocy-
tosed, the NPs must overcome the bending energy (E}) of the
membrane.[*>#3] The formula for E, is provided in Section 3.1
in the Supporting Information. Figure 6d shows the profiles of
E,/x, where x denotes the bending modulus of the membrane,
as a function of the wrapping ratio for the three types of NPs.
The increase in E/x for helical NPs is slower than those for
smooth and abacus-like NPs, which indicates a lower energy
barrier for the helical NPs to complete endocytosis. Conse-
quently, the helical NPs have greater endocytic capability.
According to the formula of Ey, the bending energy is asso-
ciated with the membrane curvature. Lower E;, corresponds
to less curvature during endocytosis, which is favorable for
the completion of endocytosis. The schematics of the endo-
cytic pathways for the three types of NPs are illustrated in
Figure 6e—g. For abacus-like NPs, “standing up” endocytosis
without rotation leads to a large principal curvature of the
membrane. The traditional “lying down” of smooth NPs may
reduce the curvature of the membrane. Interestingly, due to
precession, in which the main axis of the NP rotates around
the normal direction of the membrane, helical NPs produce
the smallest membrane curvature during endocytosis.

2.6. Potential Applications of NPs with Various
Surface Patterns

Generally, in the existing works regarding the cellular
internalization of NPs, most of the NPs usually follow the

www.small-journal.com

MICRO

(8 of 11) 1604214



1604214 (9 of 11)

m full papers

traditional endocytosis pathways. In addition, the mecha-
nisms underlying the relations between the surface mor-
phologies of NPs and the cellular uptake capacity have not
been well understood. Our experiment-simulation combined
investigation on the cellular internalization of NPs with
stripe-patterned surfaces addresses above challenges and
contributes in several unprecedented discoveries. We found
that, by introducing helically distributed ligands onto the sur-
face of rod-like NPs, a “gyroscope-like” entry occurs, which
has not been observed or predicted before. Our theoretical
analysis shows that this novel endocytosis pathway could lead
to a different internalization capacity of NPs. In addition, the
present work proposed a new approach to control the cellu-
lar internalization capacity of NPs: regulating their surface
pattern. Previous investigations have proven that desirable
cellular uptake of NPs can be achieved by tuning various
factors, such as the size, shape, and ligand density.[83%-43]
However, these factors may be difficult to control in some
circumstances. For example, it could be quite difficult to
increase the ligand density because of the limited free space
on the surface of NPs. Consequently, the cellular internaliza-
tion performance may be poor when NPs have a relatively
low ligand density. Our investigations show that by intro-
ducing helical structures onto the surface of NPs (i.e., with
the ligands showing a helical distribution), a greater cellular
uptake capacity could be achieved. In contrast, sometimes a
weaker endocytic efficacy is desirable because faster cellular
uptake of rigid NPs could lead to higher cytotoxicity.??] In
this case, the NPs with abacus-like surface structures may be
a good choice for reducing cellular uptake efficiency. This
simple approach to producing tunable cellular internaliza-
tion performance may be helpful for various applications of
novel biomaterials, especially when utilized as an advanced
drug delivery system. In addition, this study can be benefi-
cial for developing potential bio-mimicking applications of
polymeric self-assembly, for example, imitating the nature
of virus-like NPs. Striped patterns can be found on the cap-
sids of virus particles (including those of Poxviridae). These
surface structures are thought to play important roles in the
activities of virus particles during their lifetimes. The present
work revealed the different endocytic pathways and capaci-
ties of the virus-like NPs with various surface structures. Our
research demonstrates a practical way to prepare virus-like
NPs, which may function as novel particles for biorelated
applications.

3. Conclusion

In summary, we examined the cellular internalization of
rod-like NPs with three types of surface microstructures, i.e.,
smooth, abacus-like (beads-on-wires) and helical, which were
prepared by the cooperative self-assembly of PBLG(FITC)-
b-PEG and PBLG. The in vitro experimental results show
that all three NPs can be internalized, mainly via endocytosis.
Helical NPs exhibit the best endocytic efficacy, followed by
smooth NPs and abacus-like NPs. The coarse-grained mole-
cular dynamic simulations reproduced these variations in the
endocytic performance. Impressively, helical NPs can enter
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the plasma membrane via a unique “gyroscope-like” (preces-
sion) pathway, and abacus-like NPs exhibit a “standing up”
(tip entry) pathway. This phenomenon is responsible for the
distinct cellular uptake efficiencies of these NPs because of
the increased or decreased membrane curvature during the
endocytosis of abacus-like or helical NPs, respectively. The
cellular internalization capacity can be regulated by intro-
ducing a stripe pattern (abacus-like or helical) to the surface
of rod-like NPs. This study may be beneficial for biomaterial
applications in several fields, such as advanced drug delivery
systems.

4. Experimental Section

Materials: Methoxypolyethylene glycol amine (M,, = 5000)
was purchased from Sigma-Aldrich Inc. (USA). N-FMOC-I-lysine
was purchased from GL Biochem Ltd. (Shanghai, China). FITC was
purchased from Adamas-beta Inc (Shanghai, China). The PBLG
homopolymer and the PBLG(FITC)-b-PEG copolymer were synthe-
sized according to previous reports.[>>-57] Details about the syn-
thesis and characterization are provided in Sections 1.1 and 1.2 in
the Supporting Information.

Preparation of Rod-Like NPs: Rod-like aggregates were pre-
pared via the dialysis method according to the previous work.[46:48]
For the smooth NPs, PBLG(FITC)-b-PEG and PBLG were dissolved in
THF/DMF mixture (1:1, v:v), and the aggregate solution was pre-
pared at 5 °C. For the abacus-like NPs, PBLG(FITC)-b-PEG and PBLG
were dissolved in THF/DMF mixture (3:7, v:v), and the aggregate
solution was prepared at 40 °C. For the helical NPs, PBLG(FITC)-
b-PEG and PBLG were dissolved in THF/DMF mixture (3:7, v:v), and
the aggregate solution was prepared at 50 °C. Details about the
experimental information are available in Section 1.3 in the Sup-
porting Information. All experimental procedures, including the
processes of adding water and dialysis, were performed at the cor-
responding temperature. The polymer solutions and water were
stored at the corresponding temperature for more than 12 h before
use. All preparation processes were shielded from light. Before
further experiments, the solutions were stabilized for at least 5 d.
The aggregate morphology was characterized by TEM (JEM-2100F,
200 kV), SEM (S4800, 15 kV), and AFM (XE-100, noncontact
mode). Details about the testing method can be found in Sections
1.4-1.6 in the Supporting Information.

Cellular Uptake of FITC-Labeled Rod-Like NPs: The cellular
uptake of the NPs was conducted on model cells of NIH3T3. The
cells were seeded in 24 well plates at 5 x 10* cells per well in 1 mL
of DMEM containing 10% fetal bovine serum, 100 ug mL™! peni-
cillin, and 100 ug mL™* streptomycin, and cultured at 37 °C in a
humidified atmosphere of 5% CO, for 24 h, followed by removing
the culture medium and adding DMEM containing the aggregates.
The cells were incubated with aggregates for a series of time inter-
vals from 15 min to 2 h. After a total of 8 h of incubation, the
aggregate solution was removed, and the cells were rinsed three
times with PBS and fixed with 4% formaldehyde for 15 min at
4 °CThe cell nuclei were stained with 4’,6-diamidino-2-phenylindole
(DAPI, blue). The cells were analyzed with a confocal laser scan-
ning microscope (A1R, Nikon). Ten images of each type of rod-like
NPs were used for quantitative characterization of the fluorescent
intensity. The results were obtained as the mean and standard
deviation based on these images. To ensure the accuracy of the
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CLSM test, the authors performed all the measurements under
the same conditions, as follows: 600x magnification, refraction
index of 1.51, and numerical aperture of 1.40. The emission and
excitation wavelengths for FITC were set to 525.0 and 488.0 nm,
respectively.

Inhibition Studies of Endocytosis: The studies of endocytosis
inhibition were performed as follows. NIH3T3 cells were seeded in
24 well plates at 5 x 10* cells per well in 1 mL of DMEM and cul-
tured at 37 °Cin a humidified atmosphere of 5% CO, for 24 h. The
cells were separately treated with 0.1% NaN3/50 x 1073 m 2-deoxy-
glucose for 1 h, 5x 107> m MBCD for 15 min, 225 x 1073 m sucrose
for 30 min or 1 x 1073 m amiloride for 30 min. Each medium was
then replaced fresh medium containing the corresponding inhib-
itor plus the rod-like NPs and further incubated at 37 °C in a
humidified atmosphere of 5% CO, for 2 h. Then, the media were
removed, and the cells were rinsed three times with PBS and fixed
with 4% formaldehyde for 15 min at 4 °C. The cell nuclei were
stained with DAPI. Cells were analyzed with CLSM.

CGMD Simulation Method: The solvent-free method, proposed
by Cooke and Deserno,5*l was adopted in the simulations in the
present work. This method maintains the principal properties of
the cell membrane. Because there are no solvent beads in the
method, the simulation can be performed efficiently, and greater
time and size simulation scales can be realized. This method has
been successfully applied to study the endocytosis of NPs.[42:45]

In this method, the bonds linking two neighbored beads in
lipids or receptors are defined by a finite extensible nonlinear
elastic potential:

Ubond (r) =-1/2kprZIn [1— (r/rb)z] 1)
where k, and r, are the strength of the potential and the maximum
extent of the bond, respectively. Additionally, a harmonic spring
potential is applied between the head and second tail beads to
maintain a straightened shape in the lipids:

Uangle(r):]-/Zka(r—ra)z (2)
in which k, and r, are the strength of the potential and the equilib-
rium bond distance, respectively.

In this model, the potentials between all the beads are repre-
sented as follows:

480[(/16/r)12 —-(Ao /r)ﬁ], r<reut

®)

Uinter (r) =1 —€atr Cosz[n(r_rcut)/zratr], feut £1 Sfcut"'ralr|

o, I'>rcut+ratr‘

The top piece of the function is a Lennard-Jones potential. g,
is the interaction strength and is set as the energy unit in the pre-
sent work. o and A are the length unit and modulus, respectively.
Iy denotes the cut-off distance of the first potential. The middle
piece of the function represents the attraction between all tail
beads of lipids, and the binding between ligands and receptors.
&, and r + ryy, are the interaction strength and cut-off distance of
the second potential, respectively.
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The simulations were performed under NXT ensemble
(N, X, and T denote the number of beads, membrane lateral tension,
and system temperature, respectively). A Langevin thermostat, as
developed by Grest and Kremer, was used to maintain constant
temperature in the present simulations.*® In addition, the authors
adopted a constant lateral tension condition for the plasma mem-
brane in the simulations. Here, a modified Berendsen barostat was
used to maintain the desired lateral tension.®® Details regarding
the simulation model and parameter setting can be found in
Sections 3.1 and 3.2 in the Supporting Information, respectively.

The simulation box is 70 x 70 x 200 ¢ in size. The CGMD simu-
lations were run for at least 5 x 106 dt, where the time step dt was
set to 0.01 7 (7 is the time unit). The initial distance between the
center of the nanoparticles and membrane (dy,) was set to 16 o,
and the major axis of the nanoparticle was vertical to the mem-
brane. In the investigation of the cellular uptake percentage as a
function of time, the authors performed the simulations 20 times
for each nanoparticle under various dyy, which ranged from 16 to
36 o, and each nanoparticle was given an initial velocity of -5 o/t
in the z direction toward the membrane.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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