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Abstract

The high-aspect-ratio nanoparticles were proved to be internalized much more rapidly and efficiently by cancer
cells than the nanoparticles with an equal aspect ratio. Herein, a kind of high-aspect ratio, pointed-end
nanoneedles (NDs) with a high drug loading (15.04 %) and the prolonged drug release profile were fabricated
with an anti-tumor drug—10-hydroxycamptothecin (HCPT)—via an ultrasound-assisted emulsion crystallization
technique. It is surprising to see that the cellular internalization of NDs with an average length of 5 um and an
aspect ratio of about 12:1 was even much faster and higher than that of nanorods with the same size and the
nanospheres with a much smaller size of 150 nm. The results further validated that cellular internalization of
the nanoparticles exhibited a strong shape-dependent effect, and cellular uptake may favor the particles with
sharp ends as well as a high-aspect ratio instead of particle size. The NDs with enhanced cytotoxicity would
lead to a promising sustained local drug delivery system for highly efficient anticancer therapy. More importantly, the

efficient cancer.

fabrication of NDs opens a door to design new formulations of nanoneedle drug delivery systems for highly
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Background

Cancer, causing about eight million deaths/year [1], has
become the most common factor in worldwide mortal-
ity. Chemotherapy is one of the most commonly used
strategies in cancer therapy, but their efficacy is largely
limited by suboptimal pharmacokinetic properties, such
as low stability, poor absorption, toxicity, distribution,
and elimination [2]. Therefore, over the decade, the con-
centration of research was focused on improving the ef-
ficacy of the chemotherapy. In this regard, some novel
drug delivery systems, such as microspheres, nanoparti-
cles, and liposomes, have been proposed. It follows that
mutifunctional particles with long-circulating [3, 4], tar-
geting [5-7], imaging [8, 9], and pH-sensitivity [10, 11]
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have been developed, which further improve their phar-
macokinetic properties.

The cellular uptake of the particles is an important
factor to the therapeutic effect of the drug delivery sys-
tems. To facilitate the cellular uptake, the concentration
has been focused on controlling the size of the particles.
It is formerly accepted that the size of nanoparticles may
play a paramount role in cellular uptake [12—17], although
its effect on the uptake into non-phagocytic cells is still
not fully understood. It is believed that the upper limit of
the size of the particles that could be internalized into
non-phagocytic cells via non-specific endocytosis was
150 nm [18-21]. Rejman et al. found that spherical nano-
particles, with a size of up to 500 nm, could be taken up
by non-phagocytic cells, whereas spherical particles with a
diameter of 1 um could not [22]. As the size increases, the
amount and the speed of the internalization of the beads
were found to be significantly reduced compared with the
50-nm beads [22]. He et al. came to the similar conclusion
that smaller particles were more likely to be uptake by
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non-phagocytic cells [23]. As to the particles smaller than
100 nm, there would be an optimum size of 50 nm for cel-
lular uptake [23]. According to the aforementioned studies
and others’” work [12, 24—27], the non-phagocytic cellular
uptake shows a clear trend: the uptake.

We notice that all these studies are performed using
spherical nanoparticles and neglect the influence of par-
ticle shape. This is most likely due to the lack of easy-to-
use methods available to control the particle shape.
Since the last decade, the non-spherical particle shape is
attracting more and more attention for their potential
effect on drug delivery, due to the progress made in
attaining diversely shaped particles [28-33]. Although
the effect of shape on drug delivery has not been thor-
oughly examined, there has already been evidence show-
ing that many properties of the particles, the degradation,
the biodistribution, and the cellular internalization of the
particles, will be particle shape dependent [34—40]. Non-
spherical particles have already been identified to possess
particular pharmacokinetic properties which may be more
favorable towards the therapeutic intent [41]. Non-
spherical particles with asymmetric shapes could offer
unique degradation profiles, since the particle shapes are
changing over time [38]. Zero-order release, the goal of
many sustained drug delivery systems, was achieved with
a hemi-spherical particle which only allowed degradation
on the surface. Non-spherical particles have also been
found to exhibit distinct in vivo distribution profiles,
which may provide a new means for targeting of specific
organs or tissues, such as the spleen [42], the lungs [43],
and tumor tissues [44, 45]. And above all, shape plays an
important role in the cellular internalization, hence largely
affecting the treatment result. Because when the particles
reach the target tumor site, by systemic administration or
direct local administration, they must be able to enter can-
cer cells to reach the therapeutic targets within the cells
and kill them. In recent studies, it was found that the can-
cer cells preferred particles with a high-aspect ratio. Nano-
rods were found to penetrate tumor cells more rapidly
than nanospheres, perhaps due to improved transport
through pores [46]. The cellular uptake by A375 human
melanoma cells increases in number and speed with the
aspect ratio of mesoporous silica nanoparticles of constant
diameter [47]. In another systematic study, the effect of
the particle shape of cationic, cross-linked, and PEG-based
hydrogel particles on cellular uptake was examined with
HeLa cells [48]. It is found that the cubic particles with a
size of 3 um could be internalized by HeLa cells, although
it was only limited. Interestingly, the internalization of the
rod-shaped, high-aspect-ratio nanoparticles occurred to
be with much higher efficacy than that of nanoparticles
with an equal aspect ratio.

Although, the result, that the high-aspect ratio could
increase the cellular uptake, has been proven by more
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and more studies, few reports indicated that it has been
used in the drug delivery system. According to the afore-
mentioned research results, we could infer that antican-
cer drug-loaded nanoparticles with a high-aspect ratio
perhaps show an enhanced effect in cancer cell intake,
which could optimize the efficiency of drug delivery, and
eventually benefit the cancer therapy. However, not many
reports were found about the property of the pointed-end
non-spherical particles. Hence, in this study, we will
fabricate the high-aspect ratio, pointed-end, and 10-
hydroxycamptothecin (HCPT)-loaded nanoneedles (NDs)
with high drug loading and sustained drug release. To im-
plement this idea, the anti-solvent co-precipitation of the
HCPT and PEG-b-PLGA (monomethoxy polyethylene
glycol-block-poly (lactide-co-glycolide)) will be employed
under sonication to control the nucleation of NDs with
nanocrystalline HCPT. In the fabrication, the core of
HCPT will be wrapped with PEG-b-PLGA as steric stabi-
lizers. In vitro studies will then be systematically carried
out to examine the effect of the HCPT-loaded NDs against
Hela cells.

Methods

Materials

All chemicals were analytical grade and used as received
without further purification. The ultrapure water (18 M
Q-cm-1) was used throughout the work. The 10-HCPT
(purity >99 %) was purchased from Lishizhen Pharma-
ceutical Co., Ltd. The monomethoxy (polyethylene
glycol)-poly (lactide-co-glycolide) (MPEG-PLA, PEG:
10 %, 5000 Da, PLA: 28000 Da, 85/15) was obtained
from Daigang Biotechnology Co., Ltd.

Preparation of the HCPT-Loaded NDs

The HCPT-loaded NDs were prepared via an ultrasound-
assisted emulsion crystallization technique followed by the
lyophilization treatment. Briefly, 5 mg HCPT and 5 mg
PEG-b-PLGA were first co-dissolved in 5 mL acetone
as the oil phase, which was then added dropwise into
deionized water of 40 mL in volume in 5 min with son-
ication at the power of 200 W in an ice bath. After-
wards, the remaining organic solvent was removed by the
rotary vacuum evaporation at 37 °C, and the resultant
aqueous solution was filtered through a 1-pm cellulose
acetate filter membrane to remove small drug nanocrystals
as well as copolymer aggregates. The produced suspension
was lyophilized for 24 h to get the dried powder.

Preparation of the HCPT-Loaded NSs

The HCPT-loaded nanospheres (NSs) were prepared by
a facile dialysis method. In brief, 100 mg of PEG-b-PLGA
was dissolved in 10 mL of acetone (solution A), and 10 mg
of HCPT was dissolved in 0.5 mL of 0.01 M NaOH so-
lution (solution B). Then, solution B was dropped into
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solution A and the mixture was used as the organic
phase. Subsequently, the resulting organic phase was
then introduced into a dialysis bag and dialyzed against
1000 mL of water as the aqueous phase for 8 h. The as-
prepared HCPT-loaded PEG-b-PLA nanoparticles (NPs)
were lyophilized for 24 h using a freeze drier and stored at
4 °C for use.

Preparation of the HCPT-Loaded NRs

The HCPT-loaded nanorods (NRs) were prepared via an
emulsion crystallization technique followed by the
lyophilization treatment. Briefly, 5 mg HCPT and 3 mg
PEG-b-PLGA were first co-dissolved in 5 mL acetone as
the oil phase, which was then added dropwise into deion-
ized water of 40 mL in volume under vigorous stirring.
Afterwards, the remaining organic solvent was removed
by the rotary vacuum evaporation at 37 °C. The produced
suspension was lyophilized for 24 h to get the dried
powder.

Characterization

The morphology of the HCPT-loaded NDs, NRs, and NSs
was examined by SEM (UV-70) at 20 kV. The average par-
ticle size and size distribution of the NDs were determined
by photon correlation spectroscopy with a Malvern Zetasi-
zer Nano-ZS (Malvern Instruments, Malvern) at 25 °C
under suitable dilution conditions. Measurements were re-
peated for three times to get the consistent results.

The amount of HCPT entrapped in the particles was
determined indirectly by UV spectrophotometry (Beck-
man DUB800). All samples were assayed at 383 nm. The
weight of the drug entrapped in the particles was calcu-
lated by the calibration curve. Drug loading content and
entrapment efficiency are presented by Egs. (1) and (2):

Drug loading content (%)
_ weight of drug in NPs

weight of NPs

x 100 % (1)

Entrapment efficiency (%)
_ weight of drug in NPs

~ weight of feeding drug x 100 %. )
The crystalline form of HCPT loaded in the NDs was
analyzed using X-ray diffraction (XRD) (X'pert PRO).
The X-ray diffractogram was scanned with Cu-ka radi-
ation generated at 30 mA and 40 kV. The diffraction angle
was increasing from 5 to 60°, with a step size of 0.016°.

In Vitro Drug Release Studies

The in vitro drug release studies of particles were per-
formed using the dialysis technique. The HCPT-loaded
NDs were dispersed in phosphate-buffered saline (PBS,
10 mL) and placed into a pre-swelled dialysis bag
(MWCO 3500 Da). The dialysis bag was then immersed
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in 0.1 M PBS at pH 7.4 and oscillated continuously in a
shaker incubator (100 rpm) at 37 °C. All samples were
assayed by fluorescence spectrophotometry. Free HCPT
at the equivalent concentrations were used for comparison.

Cellular Uptake Assay

Confocal imaging of cells was performed using a Leica
laser scanning confocal microscope. Imaging of HCPT
was carried out under 382-nm laser excitation, and
emission was collected in the range of 528 nm. HeLa
cells, MG-63 cells, MCF-7 cells, and MC3T3-E1 cells
were incubated with HCPT-loaded NDs, NRs, and NSs
([HCPT] =1 mg/mL, the concentration of both particles
was determined by UV-vis measurement at 382 nm) for
0.5, 1.5, and 4.5 h before confocal imaging. All cells were
washed twice with PBS before confocal imaging.

Cytotoxicity of the NDs, NRs, and NSs

The cytotoxicity of the NDs, NRs, and NSs was deter-
mined by the MTT assay. Briefly, an adequate number of
exponential phase HeLa cells, MG-63 cells, and MCF-7
cells was plated in quintuplicate in a 96-well flat-bottomed
microplate and incubated for 24 h in the culture solution
containing NDs, NRs, NSs, or free HCPT. In this study,
20 mL of MTT (Sigma) solution (5 mg/mL in PBS) was
added in each well, and the plates were incubated at 37 °C
for another 4 h. This was followed by the addition of
150 mL dimethylsulfoxide (DMSO), and the plate was agi-
tated on a water bath chader at 37 °C for another 30 min.
The absorbance at 570 nm was measured using a micro-
plate reader (model 680; Bio-Rad).

Results and Discussion

Formulation and Characterization of the NDs

The NDs were prepared by an ultrasound-assisted emul-
sion crystallization method as shown in Fig. 1. HCPT
and PEG-b-PLGA were co-dissolved in acetone, forming
a hybrid solution of drug and excipient. By injecting the
hybrid solution into deionized water under sonication,
the nucleation of HCPT nanocrystallines and the accom-
panying co-precipitation of PEG-b-PLGA onto the grow-
ing HCPT nanocrystallines presumably occurred due to
a sudden change of solvent environment. Thus, the NDs
with nanocrystalline HCPT as the core wrapped with

PEG-b-PLGA

WIWWWA

WWWA Sonication-Assisted Emulsion

® Ice Bath

s *,

HCPT
Fig. 1 Schematic illustration of the preparation of NDs
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PEG-b-PLGA as steric stabilizers were prepared success-
fully. We found that the ratio of HCPT to PEG-b-PLGA
determined the morphology of the NDs, as shown in
Fig. 2. When the ratio of the drug to the excipient was
1:5, excess PEG-b-PLGA may not only hinder the
crystallization of HCPT, but also could not be fabricated
into the NDs and deposited a layer (Fig. 2c). When in-
creasing the amount of HCPT, NDs could be success-
fully manufactured (Fig. 2d). However, as the ratio was
increased to 2:1, the rod-shaped particles could be seen
in Fig. le, which were perhaps crystallized from the ex-
cess HCPT without the accompanying co-precipitation
of the PEG-b-PLGA.

Figure 2a, d shows the needle-shaped morphology of
the NDs with an average length of about 5 pm and a
width of about 400 nm. This was in according with the
TEM images (Fig. 2b). The result of DLS measurement
shows a size of 356.7 nm (Additional file 1: Figure S1)
and a zeta potential of -10.9 mv (Additional file 1:
Figure S2). In order to investigate the drug loading of
the NDs, ultraviolet spectroscopy was employed. It
follows that the drug loading content was 15.04 % and
the encapsulation efficiency was 30.08 %.

Since the form of a drug is an important factor that
affects the properties of the nanoparticles, it is highly
important to understand the form of HCPT in the
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NDs. X-ray diffraction was employed to detect the form
of HCPT within the NDs (Fig. 3). It is clear that pure
HCPT shows many sharp crystalline peaks, representative
of the characteristics of high crystallinity. On the other
hand, a broad peak presents in PEG-b-PLGA, indicating
that PEG-b-PLGA is in the amorphous state. As to the
XRD pattern of the NDs, in addition to one broad and
weak peak attributed to the semicrystalline PEG-b-PLGA,
a number of sharp peaks of crystalline HCPT occur, the
same as their bulk counterparts, suggesting its high crys-
tallinity within the NDs. In short, the XRD results suggest
that the growth kinetics of HCPT within the NDs had
been changed, mainly due to the active occlusion and con-
fining effects of PEG-b-PLGA.

In Vitro Drug Release Studies

The core-shell architecture of NDs plays an important
role in the effect of sustained release of HCPT. The in
vitro release studies of the NDs were performed using a
dialysis technique, alongside free HCPT powders. All
samples were assayed by fluorescence spectrophotom-
etry (excitation at 382 nm). The release profiles are
shown in Fig. 4. The profile of free HCPT showed that
40 % of the drug was released at the first sampling time
of 1 h and almost 100 % by 8 h. The release profile of
the NDs appears to have two components with a slight

HCPT to PEG-b-PLGA was 1:5 (c), 1:1 (d), and 2:1 (e)

Fig. 2 The SEM images and TEM images. a SEM image of the NDs. b TEM image of the NDs. And, SEM images of the NDs, when the ratio of

N
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Fig. 3 The XRD patterns of a free HCPT, b PEG-b-PLGA, and
¢ HCPT-loaded NDs

burst release of about 35 % at the sampling time of 8 h
and followed by a remarkably prolonged release over the
next 380 h. Although, the burst release still existed, it
was reduced to a very low degree and the duration of
sustained drug release had been prolonged to about
400 h. This can be attributed to the fact that a polymeric
shell could limit the release of the drug in the core.
These advantages could promote the application of the
NDs for a sustained local drug delivery system.

Cellular Uptake of the NDs by Cancer Cells

Confocal microscopy and fluorescence measurements
were performed to assess the cellular uptake of NDs.
Three types of cancer cells (HeLa cells, MG-63 cells,
and MCF-7 cells) and one type of normal cell (MC3T3-
E1 cells) were incubated with NDs for 0.5, 1.5, and 4.5 h,
at 37 °C and then washed using PBS several times to re-
move the excess NDs: HCPT-loaded NSs with a drug

100

Accumulated release/%

—a—NDs
—v— Free HCPT

T T T T T T T T T T T T T T

0 50 100 150 200 250 300 350 400
Time/h
Fig. 4 The drug release profile of free HCPT and HCPT-loaded NDs
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loading of 7.0 % and a size distribution of 120.1 nm [49],
collected from the dialysis method (see in the SI mate-
rials), and HCPT-loaded NRs with a drug loading of
35.2 % and a size distribution of 140 nm, collected from
the emulsion crystallization method were used for com-
parison. The NSs and the NRs were prepared with the
same materials—HCPT and PEG-b-PLGA—and thus
they were detected to be with the similar properties such
as the zeta potential. This was also found to affect the
cellular uptake to a large degree. With a size of 120 nm
(Additional file 1: Figure S3), the NSs were much smaller
than the NDs and the NRs (Additional file 1: Figure S4),
which should have been taken up much faster and much
more than the two larger particles [12-17]. But, the re-
sult did not come out as expected.

It follows from Fig. 5 that a much more intense fluor-
escence emission of HCPT was detected from all the
four types of cells exposed to the NDs and the NRs than
that of those exposed to NSs for the same sampling
time. As shown in Fig. 5b, ¢, a relatively intense fluores-
cence of HCPT was detected from the HeLa cells exposed
to the NDs and the NRs for 0.5 h. And, the intensity of
fluorescence increased with the incubate time, indicating
that the uptake of the NDs and the NRs began before the
first sample time of 0.5 h, and amounts of NDs had been
internalized into the HeLa cells at 0.5 h. But, as to the
HeLa cells exposed to the NSs, no fluorescence could be
detected under the same intensity of the excitation light at
0.5 and 1.5 h (Fig. 5a). Hence, the intensity of the excita-
tion light was raised, and a weak fluorescence appeared
(Additional file 1: Figure S5 A and B). The result indicates
that very few NSs were internalized by the HeLa cells after
incubating with the particles for 0.5 and 1.5 h. But, a rela-
tively strong fluorescence emission was detected at the
sample time of 4.5 h (Fig. 5a), illustrating that more NSs
were internalized into the HeLa cells. Hence, the uptake
of the majority of NSs by the HeLa occurred between 1.5
and 4.5 h, which was much later than that of the NDs and
the NRs. Moreover, in comparing Fig. 5a with Fig. 5b, c,
the fluorescence detected from the group of 0.5 h NDs
and NRs incubation was stronger than that of 4.5 h NSs
incubation, indicating that the amount of NDs and the
NRs internalized into the HeLa cells was much more than
that of the NSs. As to the MG-63 cells, MCF-7 cells, and
MC3T3-E1 cells, identical results were acquired; the fluor-
escence emissions detected from the cells incubated with
the NDs and the NRs were much earlier and stronger than
that of the cells incubated with the NSs (Fig. 5c—h). These
results distinctly demonstrated that a high-aspect ratio
can increase the abundance and the rate of cellular uptake
of the particles. And, this factor might play a more import-
ant role than the size of the particle.

Comparing Fig. 5b, and Fig. 5¢, the fluorescence emis-
sion of HCPT from the cells exposed to the NDs was a
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0.5 h(s,

1.5 h(b) 4.5 h(c)

HelLa
NSs NDs NRs NSs

MG-63
NRs

NDs

Mcf-7
NRs

Fig. 5 The CLSM images. The Hela cells, MG-63 cells, MCF-7 cells, and MC3T3-E1 cells incubated with HCPT-loaded NSs (([HCPT] =1 mg/mL),
HCPT-loaded NRs ([HCPT] =1 mg/mL), and NDs ([HCPT]=1 mg/mL) for 0.5 h (a), 1.5 h (b), and 4.5 h (c) at 37 °C, respectively. All images were
taken under identical instrumental conditions and presented at the same intensity scale. All scale bars are 25 um

0.5 h(a)

1.5 h(b) 4.5h(c)

NSs

NRs NSs NDs

ME3T3-El

NDs

little stronger than that of those exposed to the NRs at
each simple time. With a similar aspect ratio, it might
be the pointed end that influences the internalization of
the particles. Furthermore, when normal cells (MC3T3-
E1 cells) were incubated with the particles, the intensity
of the fluorescence signal was much weaker than that of
the cancer cells. This was probably because the mem-
brane fluidity of the cancer cells were elevated, which
would facilitate the internalization of the particles.

The drug amount difference in cellular uptake among
the NRs, NDs, and NSs could be attributed to both the
released drug and drug trapped inside the nanoparticles,
no matter how much the ratio of PEG-b-PLGA to HCPT

is. The cellular uptake time was designed between 0.5
and 4.5 h, in which a little amount of the drug was re-
leased (seen from the drug release profile), so the drug
taken up in the cell was much due to the drug inside the
nanoparticles. In addition, the drug release profile of
NRs was not significantly different from that of the NDs
(See Additional file 1: Figure S6). So, the difference is
mainly attributed to the shapes of nanoparticles instead
of the released drug from the particles or the ratio of
PEG-b-PLGA to HCPT.

The process in which the drug was first released into
the extracellular medium and diffused into cells truly
happened in the experiment. To further verify the role
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of the released drug property in cellular uptake, free
HCPT was used as control in the cellular uptake experi-
ment. But just as mentioned above, the longest incubation
time was only 4.5 h, during which the amount of released
drug was <20 %. Hence, we used free HCPT (the concen-
tration was 20 % of that of the NDs) as control. Since a
much more intense fluorescence signal of HCPT was de-
tected from the HelLa cells exposed to the NDs than that
of those exposed to free HCPT (See Additional file 1:
Figure S7), the fluorescence in the HeLa cells was mainly
caused by the internalization of the NDs, rather than that
of HCPT. In effect, the different shapes of nanoparticles in
the extracellular medium were just like cocci or bacillus
with a little bit of soft property. Once the nanoparticles
were taken up by the cells, the particles were immediately
swallowed by the lysosome,in which the different shapes
of particles were all decomposed into fragments by a var-
iety of decomposition enzymes.

Taking the size effect into account, the NSs with a
much smaller size should have been much more favored
in the cellular internalization process. However, the op-
posite was observed; the confocal laser scanning micros-
copy (CLSM) images further validate that the cellular
internalization of the nanoparticles exhibits a strong shape
dependence, which may be stronger than the influence of
size. The results demonstrate the following fact: the high-
aspect-ratio nanoparticles are internalized much more
rapidly and efficiently than those with the equal aspect ra-
tio [48]. Moreover, the phagocytosis may also be in favor
of the particles with sharp ends. Champion JA et al. found
that a macrophage attached to an ellipse at the pointed
end will internalize the particle in a few minutes, while a
macrophage attached to a flat region of the same ellipse
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will not internalize it for over 12 h. Here, we define the
angle @ to roughly illustrate the role of shape in non-
phagocytosis uptake (Fig. 6). M and N are vectors that
show the flow directions of the cell membranes. @ is the
angle between M and N. The cell membranes flow easily,
when the @ is small. The @ of the NDs is 10.19 + 1.47°
(Fig. 6b), much smaller than 90° of the NDs. When the
NDs were attached to the HeLa cells at the sharp end, they
would be taken up in a short time, mainly less than 0.5 h.
This explains the fact that Fig. 5d shows a more intense
fluorescent emission. When the NDs attached to the HeLa
cells at the flat region, they would change the orientation
until being taken up. As to the NRs, their internalization
began from the vertexes and the @ was 90°, which took
more time to complete the uptake. And, the @ of the NSs
was much larger than 90°, which took the longest time.

Notably, it was believed that the upper limit of the size
that can be taken up into non-phagocytic cells was 150 nm.
In the study herein, however, the internalization of NDs
with an average length between 5 pm was clearly observed
in CLSM images. Therefore, the particle size, measured
simply by diameter for spheres, must have a new definition
to non-spherical particles since they may have two or more
different length scales. And, the new definition should take
into account the end, the angle, the asymmetry, and some
other factors of the non-spherical particles to make it more
accurate.

Cytotoxicity of the NDs, NRs, and NSs

To further investigate the possibility of utilizing the NDs
for local drug delivery, we tested the killing ability of the
NDs to cancer cells. The cytotoxicity of NDs, NRs, NSs,

M N

Fig. 6 Definition of ® and the schematic illustration of the internalization of NDs, NRs, and NSs (a—c). M and N are vectors that show the flow
directions of the cell membranes. @ is the angle between M and N. d The measurement of the @ of the NDs. e-f The SEM of the NRs and NSs
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Fig. 7 The in vitro cytotoxicity assay against the Hela cells, p < 0.05
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and free HCPT was evaluated using the MTT assay with
the HeLa cells, MG-63 cells, and MCE-7 cells. The NDs,
NSs, and free HCPT containing the equivalent concen-
trations of HCPT were, respectively, incubated with the
three types of cells for 24 and 48 h.

It shows in Fig. 7 that the NDs and the NRs reveal a
much higher degree of toxicity to the HeLa cells than
that of the NSs at 24 h at equivalent concentrations of
HCPT. The possible explanation is as follows. Firstly, be-
cause of the enhanced cellular uptake, more NDs and
NRs could be taken up by the HeLa cells, and release
more HCPT in the cells, which kills the cells instantly.
Secondly, for its high drug loading, the NDs and the
NRs have a slight burst release at 8 h, resulting in the
fact that the HCPT concentration in the group of NDs
was higher than that of the NSs both in and out of the
cells. And, the difference of the cell viability between the
group of NDs and NSs became more obvious at 48 h,
owing to the fact that the influence of the above two fac-
tors became larger when the incubated time was pro-
longed to 48 h. Meanwhile, we could still find that the
NDs’ toxicity was higher than that of the NRs, which
might be owing to the enhanced cellular uptake of the
NDs caused by the sharp end. Compared with the three
kinds of NPs, free HCPT shows the highest inhibition
rate, mainly due to the fact that free HCPT could in-
crease the drug concentration to a high level within a
short time and directly acted on the cells. As to the
other two types of cells, although their sensitivity to
HCPT was different from the HeLa cells, the order of
the killing ability was free HCPT > NDs > NRs > NSs

(Additional file 1: Figure S6). This was in accordance
with the result of the HeLa cells.

Conclusions

The study herein presents a simple approach to obtain
the HCPT-loaded, high-aspect- ratio, pointed-end NDs
with high drug loading content and sustained drug re-
lease. The CLSM demonstrates the more effective cellu-
lar internalization of NDs than that of nanospheres with
a much smaller size. The MTT experiment indicated
that the NDs show an enhanced cytotoxicity to the three
types of cells. Although the NDs are too large to be used
as systemic injections, the NDs are promising as a sus-
tained local drug delivery system for the treatment of
tumor for their easier internalization and high cytotox-
icity to the cancer cells. More importantly, the fabrica-
tion of NDs opens a door to design new formulations of
nanoneedle drug delivery systems, or at least nanorod
drug delivery systems, which are more efficient in cancer
chemotherapy compared with the spherical nanodrug
delivery system.

Additional File

Additional file 1: Figure S1. The size distribution of HCPT-loaded NDs.
Figure S2. The Zeta Potential of HCPT-loaded NDs. Figure S3. The SEM
images of HCPT-loaded NSs. Figure S4. The SEM images of HCPT-loaded
NRs. Figure S5. The CLSM images at higher intensity scale. Hela cells
incubated with HCPT-loaded NSs ([HCPT] =1 mg/mL) for A) 0.5 h and B)
1.5 h. ©) MG-63 cells incubated with HCPT-loaded NSs ([HCPT] =1 mg/mL) for
0.5 h. D) MCF-7 cells incubated with HCPT-loaded NSs ([HCPT] = 1 mg/mL) for
0.5 h. MC3T3-E1 cells incubated with HCPT-loaded NSs ([HCPT] =1 mg/mL) for
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E) 05 hand F) 1.5 h. Figure S6. In vitro drug release profiles of NDs, NRs
and NSs in PBS (pH 7.4) at 37 °C. Figure S7. The CLSM images. The
Hela cells incubated with (A) free HCPT ([HCPT] = 0.2 mg/mL), and (B)
NDs ([HCPT] =1 mg/mL) for 4.5 h at 37 °C. All images were taken under
identical instrumental conditions and presented at the same intensity
scale. All scale bars are 25 um. Figure S8. The in vitro cytotoxicity assay
against the MG-63 cells (A) and the MCF-7 cells (B), p < 0.05. (DOC 1389 kb)

Acknowledgements
This work is supported by the Fujian Province medical innovation project

(2

014-CXB-350) and the Natural Science Foundation of Shangdong Province

(ZR2013HL059)

Authors’ Contributions

SW and XY conceived and carried out the experiments, analyzed the data,
and wrote the paper. ZH, LX, and XL designed the study, supervised the
project, and analyzed the data. HW, YH, and YL assisted in the synthesis and

characterizations of the NPs. HW and YZ assisted in the biological evaluations of

the NPs. All authors read and approved the final manuscript.

Authors’ Information
Both authors XY and SW contributed equally and should be considered as
co-first authors.

Competing Interests
The authors declare that they have no competing interests.

Author details

"Institute of Soft Matter and Biomimetics, College of Materials, Xiamen
University, Xiamen 361005, China. “Department of Chemistry, College of
Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005,
China. *School of Pharmaceutical Sciences, Xiamen University, Xiamen
361005, China. “The First Affiliated Hospital of Xiamen University, Xiamen
361002, China. *Department of Radiology, Taishan Medical University, Tai'an,
China.

Received: 3 February 2016 Accepted: 18 May 2016
Published online: 14 June 2016

References

1.
2.

3.

World Health Organization: Cancer. 2012. <http://www.who.int/cancer/en>.
Kabanov AV, Vinogradov SV (2009) Nanogels as pharmaceutical carriers:
finite networks of infinite capabilities. Angew Chem Int Ed 48:5418-5429
Kamaly N, Xiao ZY, Valencia PM, Radovic-Moreno AF, Farokhzad OC (2012)
Targeted polymeric therapeutic nanoparticles: design, development and
clinical translation. Chem Soc Rev 41:2971-3010

Wolinsky JB, Liu R, Walpole J, Chirieac LR, Colson YL, Grinstaff MW (2010)
Prevention of in vivo lung tumor growth by prolonged local delivery of
hydroxycamptothecin using poly(ester-carbonate)-collagen composites.

J Control Release 144:280-287

Chari RVJ, Miller ML, Widdison WC (2014) Antibody-drug conjugates: an
emerging concept in cancer therapy. Angew Chem Int Ed 53:3796-3827
Krall N, Scheuermann J, Neri D (2013) Small targeted cytotoxics: current
state and promises from DNA-encoded chemical libraries. Angew Chem Int
Ed 52:1384-1402

Wong DYQ, Lim JH, Ang WH (2015) Induction of Targeted Necrosis with
HER2-targeted Platinum(lV) Anticancer Prodrugs. Chem Sci 6:3051-3056
Zhou MJ, Zhang XJ, Yang YL, Liu Z, Tian BS, Jie JS, Zhang XH (2013)
Carrier-free functionalized multidrug nanorods for synergistic cancer
therapy. Biomaterials 34:8960-8967

Yang X, Wu S, Li Y, Huang Y, Lin J, Chang D, Ye S, Xie L, Jiang Y, Hou Z
(2015) Integration of an anti-tumor drug into nanocrystalline assemblies for
sustained drug release. Chem Sci 6:1650-1654

10.  Wang YS, Chen HL, Liu YY, Wu J, Zhou P, Wang Y, Li RS, Yang XY, Zhang N

(2013) pH-sensitive pullulan-based nanoparticle carrier of methotrexate and
combretastatin A4 for the combination therapy against hepatocellular
carcinoma. Biomaterials 34:7181-7190

Chen W, Zhong P, Meng FH, Cheng R, Deng C, Feijen J, Zhong ZY (2013)
Redox and pH-responsive degradable micelles for dually activated
intracellular anticancer drug release. J Control Release 169:171-179

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Page 9 of 10

Jiang W, Kim BYS, Rutka JT, Chan WCW (2008) Nanoparticle-mediated
cellular response is size-dependent. Nat Nanotechnol 3:145-150

Sahay G, Alakhova DY, Kabanov AV (2010) Endocytosis of nanomedicines.
J Control Release 145:182-195

Cannon GJ, Swanson JA (1992) The macrophage capacity for phagocytosis.
J Cell Sci 101:907-913

Kawaguchi H, Koiwai N, Ohtsuka Y, Miyamoto M, Sasakawa S (1986)
Phagocytosis of latex-particles by leukocytes. 1. Dependence of phagocytosis
on the size and surface-potential of particles. Biomaterials 7:61-66

Rudt S, Muller RH (1992) Invitro phagocytosis assay of nanoparticles and
microparticles by chemiluminescence. 1. Effect of analytical parameters,
particle-size and particle concentration. J Control Release 22:263-271
Tabata Y, Ikada Y (1988) Effect of the size and surface-charge of polymer
microspheres on their phagocytosis by macrophage. Biomaterials 9:356-362
Oupicky D, Konak C, Ulbrich K, Wolfert MA, Seymour LW (2000) DNA
delivery systems based on complexes of DNA with synthetic polycations
and their copolymers. J Control Release 65:149-171

Gary DJ, Puri N, Won Y-Y (2007) Polymer-based siRNA delivery: perspectives
on the fundamental and phenomenological distinctions from polymer-based
DNA delivery. J Control Release 121:64-73

Conner SD, Schmid SL (2003) Regulated portals of entry into the cell.
Nature 422:37-44

Bishop NE (1997) An update on non-clathrin-coated endocytosis. Rev Med
Virol 7:199-209

Rejman J, Oberle V, Zuhorn IS, Hoekstra D (2004) Size-dependent
internalization of particles via the pathways of clathrin-and caveolae-
mediated endocytosis. Biochem J 377:159-169

He C,Hu Y, Yin L, Tang C, Yin C (2010) Effects of particle size and surface
charge on cellular uptake and biodistribution of polymeric nanoparticles.
Biomaterials 31:3657-3666

Osaki F, Kanamori T, Sando S, Sera T, Aoyama Y (2004) A quantum dot
conjugated sugar ball and its cellular uptake on the size effects of
endocytosis in the subviral region. J Am Chem Soc 126:6520-6521

Lu F, Wu SH, Hung Y, Mou CY (2009) Size effect on cell uptake in well-
suspended, uniform mesoporous silica nanoparticles. Small 5:1408-1413
Chithrani BD, Chan WCW (2007) Elucidating the mechanism of cellular
uptake and removal of protein-coated gold nanoparticles of different sizes
and shapes. Nano Lett 7:1542-1550

Kettler K, Veltman K, van de Meent D, van Wezel A, Hendriks AJ (2014)
Cellular uptake of nanoparticles as determined by particle properties,
experimental conditions, and cell type. Environ Toxicol Chem 33:481-492
Campbell M, Sharp DN, Harrison MT, Denning RG, Turberfield AJ (2000)
Fabrication of photonic crystals for the visible spectrum by holographic
lithography. Nature 404:53-56

Gates BD, Xu QB, Stewart M, Ryan D, Willson CG, Whitesides GM (2005) New
approaches to nanofabrication: molding, printing, and other techniques.
Chem Rev 105:1171-1196

Pires D, Hedrick JL, De Silva A, Frommer J, Gotsmann B, Wolf H, Despont M,
Duerig U, Knoll AW (2010) Nanoscale three-dimensional patterning of
molecular resists by scanning probes. Science 328:732-735

Whitesides GM, Ostuni E, Takayama S, Jiang XY, Ingber DE (2001) Soft
lithography in biology and biochemistry. Annu Rev Biomed Eng 3:335-373
Zhang XJ, Zhang XH, Zou K, Lee CS, Lee ST (2007) Single-crystal
nanoribbons, nanotubes, and nanowires from intramolecular charge-transfer
organic molecules. J Am Chem Soc 129:3527-3532

Zhang X, Dong C, Zapien JA, Ismathullakhan S, Kang Z, Jie J, Zhang X,
Chang JC, Lee C-S, Lee S-T (2009) Polyhedral organic microcrystals: from
cubes to rhombic dodecahedra. Angew Chem Int Ed 48:9121-9123
Albanese A, Tang PS, Chan WCW (2012) The effect of nanoparticle size, shape,
and surface chemistry on biological systems. Annu Rev Biomed Eng 14:1-16
Champion JA, Mitragotri S (2006) Role of target geometry in phagocytosis.
Proc Natl Acad Sci U S A 103:4930-4934

Hu X, Hu J, Tian J, Ge Z, Zhang G, Luo K, Liu S (2013) Polyprodrug amphiphiles:
hierarchical assemblies for shape-requlated cellular internalization, trafficking,
and drug delivery. J Am Chem Soc 135:17617-17629

Geng Y, Dalhaimer P, Cai SS, Tsai R, Tewari M, Minko T, Discher DE (2007)
Shape effects of filaments versus spherical particles in flow and drug
delivery. Nat Nanotechnol 2:249-255

Champion JA, Katare YK, Mitragotri S (2007) Particle shape: a new design
parameter for micro- and nanoscale drug delivery carriers. J Control
Release 121:3-9


http://www.who.int/cancer/en

Wau et al. Nanoscale Research Letters (2016) 11:294 Page 10 of 10

39. Petros RA, DeSimone JM (2010) Strategies in the design of nanoparticles for
therapeutic applications. Nat Rev Drug Discov 9:615-627

40. Mitragotri S, Lahann J (2009) Physical approaches to biomaterial design. Nat
Mater 8:15-23

41, Venkataraman S, Hedrick JL, Ong ZY, Yang C, Ee PLR, Hammond PT, Yang
YY (2011) The effects of polymeric nanostructure shape on drug delivery.
Adv Drug Deliv Rev 63:1228-1246

42.  Devarajan PV, Jindal AB, Patil RR, Mulla F, Gaikwad RV, Samad A (2010)
Particle shape: a new design parameter for passive targeting in splenotropic
drug delivery. J Pharm Sci 99:2576-2581

43. Muro S, Garnacho C, Champion JA, Leferovich J, Gajewski C, Schuchman EH,
Mitragotri S, Muzykantov VR (2008) Control of endothelial targeting and
intracellular delivery of therapeutic enzymes by modulating the size and
shape of ICAM-1-targeted carriers. Mol Ther 16:1450-1458

44.  Park J-H, von Maltzahn G, Zhang L, Derfus AM, Simberg D, Harris TJ,
Ruoslahti E, Bhatia SN, Sailor MJ (2009) Systematic surface engineering of
magnetic nanoworms for in vivo tumor targeting. Small 5:694-700

45, Park J-H, von Maltzahn G, Zhang L, Schwartz MP, Ruoslahti E, Bhatia SN,
Sailor MJ (2008) Magnetic iron oxide nanoworms for tumor targeting and
imaging. Adv Mater 20:1630-1635

46.  Chauhan VP, Popovic Z, Chen O, Cui J, Fukumura D, Bawendi MG, Jain RK
(2011) Fluorescent nanorods and nanospheres for real-time in vivo probing
of nanoparticle shape-dependent tumor penetration. Angew Chem Int Ed
50:11417-11420

47. Trewyn BG, Nieweg JA, Zhao Y, Lin VSY (2008) Biocompatible mesoporous
silica nanoparticles with different morphologies for animal cell membrane,
penetration. Chem Eng J 137:23-29

48.  Gratton SEA, Ropp PA, Pohlhaus PD, Luft JC, Madden VJ, Napier ME,
DeSimone JM (2008) The effect of particle design on cellular internalization
pathways. Proc Natl Acad Sci U S A 105:11613-11618

49. Yang X, Wu S, Wang Y, Li Y, Chang D, Luo Y, Ye S, Hou Z (2014) Evaluation
of self-assembled HCPT-loaded PEG-b-PLA nanoparticles by comparing with
HCPT-loaded PLA nanoparticles. Nanoscale Res Lett 9:687

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Abstract
	Background
	Methods
	Materials
	Preparation of the HCPT-Loaded NDs
	Preparation of the HCPT-Loaded NSs
	Preparation of the HCPT-Loaded NRs
	Characterization
	In Vitro Drug Release Studies
	Cellular Uptake Assay
	Cytotoxicity of the NDs, NRs, and NSs

	Results and Discussion
	Formulation and Characterization of the NDs
	In Vitro Drug Release Studies
	Cellular Uptake of the NDs by Cancer Cells
	Cytotoxicity of the NDs, NRs, and NSs

	Conclusions
	Additional File
	Acknowledgements
	Authors’ Contributions
	Authors’ Information
	Competing Interests
	Author details
	References

