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The morphology of hydroxyapatite nanoparticles regulates clathrin-
mediated endocytosis in melanoma cells and resultant anti-tumor
efficiency
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ABSTRACT

Clathrin-mediated endocytosis plays a critical role for hydroxyapatite nanoparticles (HANPs) to enter tumor cells, induce
mitochondrial apoptosis, and inhibit tumor growth. This study was aimed to investigate how the morphology of HANPs impacts
the endocytosis of the particles in melanoma cells, and their anti-tumor effect by using in vitro cell experiments and in vivo tumor
animal model. Three shapes of HANPs, including granular HANPs (G-HANPs), rod-like HANPs (R-HANPs), and needle-like
HANPs (N-HANPs), were successfully prepared by wet chemical method. All the three HANPs could be internalized into A375
melanoma cells as indicated by cellular transmission electron microscopy images. Among these HANPs, only G-HANPs induced
morphological change of mitochondria and loss of mitochondrial membrane potential (Ay,), and exhibited the greatest
intracellular internalization efficiency in the tumor cells. Furthermore, the results of immunofluorescence staining and western
blotting indicated that the level of adaptin-2 (AP2) protein was up-regulated by all the HANPs, and highest in G-HANPs treated
A375 cells. Moreover, in the tumor-bearing mouse model, we found that tumor growth was delayed by all the three HANPs, of
which, G-HANPs delayed tumor growth most efficiently and presented a highest expression level of AP2 protein in tumor tissues.
Therefore, this study suggested that the morphology of HANPs regulated their endocytosis efficiency and their effect to inhibit
tumor growth. This work facilitates to direct the rational design of nano-materials for tumor therapy.
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through CME is mediated by its specific transmembrane
receptors, mainly from the cell surface into CCVs [16,17]. The
formation of CCVs starts from the recruitment of coated proteins,
including clathrin and adaptin-2 (AP2) protein, on the cytosolic
side of the plasma membrane [16]. The heterotetrameric AP2
protein is a unique member of the clathrin adaptor complex
family, which plays a central role in CME by means of recruiting
cargo and clathrin to endocytosis sites [18-20]. AP2 protein is
consisted of four subunits, including a small 62 subunit (about 20
KD), a medium p2 subunit (about 50 KD), and two large o2 and
B2 subunits (about 100 KD). Each unit has its own function. 02
subunit is responsible for the structural stability of AP2 protein, a2
and (2 subunits are responsible for forming clathrin cages by
connecting with clathrin and other accessory proteins around the

- 1 Introduction

Hydroxyapatite (HA, Ca,o(PO,)s(OH),) is the main inorganic
component of human bones and teeth, which has been widely
used in the biomedical fields such as bone tissue repairs and drug
delivery carriers due to its good biocompatibility and bioactivity
[1-3]. Another emerging biomedical application for HA is tumor
therapy since its anti-tumor activity was first reported in vitro in
1993 [4-8]. So far, the mechanism by which HA nanoparticles
(HANPs) inhibit tumor growth has not been fully elucidated.
Some studies demonstrated that HANPs can enter tumor cells
through clathrin-mediated ~ endocytosis ~ (CME),  activate
mitochondria dependent apoptosis pathway, inhibit tumor cell
proliferation, and eventually induce tumor cell apoptosis in a dose
dependent manner [9, 10]. Previous studies have revealed that the

anti-tumor performance of HANPs is positively correlated with
CME, and the physiochemical features of HANPs also play an
important role in CME [6, 11, 12]. Therefore, CME plays a critical
role for HANPs to prevent tumor growth.

CME, marked by clathrin-coated vesicles (CCVs), is a classical
pathway for the internalization of cell surface and extracellular
molecules in eukaryotes [13-15]. Endocytosis of cargo passing

vesicle membrane, and p2 subunit is mainly responsible for
recognition and interaction with the receptor structures [18, 21,
22]. AP2 is also involved in a series of biological processes,
including cell growth, cell signaling, and so on [19, 23].

In previous studies, we synthesized five HANPs with different
material properties, and studied their anti-melanoma effects in
vitro and in vivo. The results showed that five HANPs could
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activate mitochondria-related apoptosis pathways and inhibit the
proliferation of melanoma cells [7]. Zhu et al. used molecular
dynamics models to investigate the binding of spherical HANPs,
rod-like HANPs (R-HANPs), needle-like HANPs (N-HANPs),
and AP2-u2 protein at the atomic level. They found that the
morphology of the NPs determined the binding affinities upon
AP2-p12 protein through electrostatic interaction, and spherical
HANPs significantly changed the conformation toward AP2-p2
protein [24]. However, this was not validated with cell
experiments or animal studies.

Therefore, in the present study, three kinds of HANPs with
different typical morphology (granular, rod-like, and needle-like)
were synthesized to explore how the morphology of HANPs
impacts their endocytosis into melanoma cells and anti-tumor
effect in vivo (Fig. 1). Our result demonstrates that HANPs could
manipulate the expression level of AP2, endocytosis of cargo, and
anti-tumor effect through controlling their morphology.

2 Materials and methods

2.1 Materials

Fetal bovine serum (FBS) was purchased from Thermo Fisher
Scientific, Gibco, USA. Dulbecco’s modified Eagle medium
(DMEM), 1% penicillin-streptomycin ~ solution, phosphate
buffered solution (PBS), trypsin-0.25%, and ethylene diamine
tetraacetic acid (EDTA) were purchased from Hyclone, USA. JC-1
MitoMP Detection Kit was purchased from Dojindo Laboratories,
Japan. Fluorescein isothiocyanate (FITC), tetramethylrhodamine
(TRITC)-Phalloidin, and goat serum were purchased from Beijing
Solarbio Science & Technology Co. Ltd., China. Matrigel was
purchased from BD Biosciences, USA. Chlorpromazine
hydrochloride was purchased from MedChemExpress LLC, USA.
Tris-HCl solution was purchased from Chengdu Kelong Chemical
Reagent Co. Ltd., China. Cy5-labeled goat anti-rabbit and Cy3-
labeled donkey anti-goat secondary antibodies were obtained from
Servicebio, China. 2-(4-Amidinophenyl)-6-indolecarbamidine
dihydrochloride (DAPI) and Fluo-3 AM were purchased from
Beyotime Institute of Biotechnology, China. Goat-anti-human
AP2-02 protein, rabbit-anti-human AP2-p2 protein, Ki-67
primary antibody, and CD31 primary antibody were purchased
from Abcam, UK. The TUNEL kit was purchased from Roche,
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Switzerland.

2.2 Cell and animals

The human A375 melanoma cell line was purchased from iCell
Bioscience Inc, China. The A375 cells were cultured in DMEM
containing 10% FBS and 1% penicillin-streptomycin solution at
37 °C in an atmosphere of 5% CO, and 95% humidity.

Five-week-old female Balb/c nude mice (weighing 16.23
+ 0.80 g) purchased from GemPharmatech Co. Ltd. (China) were
used for establishing the A375 melanoma model in vivo. All
animal proposals were approved by the Animal Care and Use
Committee of Sichuan University according to the guidelines of
the Chinese Society of Laboratory Animals on animal welfare.

2.3 Preparation and characterization of HANPs

The three HANPs with different morphologies, including granular
HANPs (G-HANPs), R-HANPs, and N-HANPs, were synthesized
using wet chemical method as described in our previous studies
[7]. The phase composition of HANPs was identified by X-ray
diffracion (XRD, Shimazu XRD-6100, Japan). The morphology,
size, and the selected area electron diffraction (SAED) of HANPs
were determined by transmission electron microscopy (TEM,
Tecnai G2F20, FEI, USA). Based on the TEM images, the size of
HANPs was measured by Nano Measure software.

24 Release of Ca*

According to the protocol previously described [7], the three
HANPs were allowed to stay in Tris-HCl solution, pH = 7.4 or 5.5,
at the concentration of 200 pg/mL for 1 or 3 days. The
supernatant was collected, and the Ca* concentration in the
supernatant was determined by the inductively coupled plasma-
optical emission spectroscopy (ICP-OES, ARCOS, Spectro
Analytical Instruments GmbH, Germany).

25 Cell ultrastructure morphology observation

In order to observe the internalization of HANPs in A375 cells
and the ultrastructural change of HANPs treated cells, after the
three HANPs suspensions were respectively co-cultured with
A375 cells at the concentration of 200 ug/mL for 3 days in culture
dishes, the cells were collected and sectioned according to the
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Figure1 Schematic illustration of anti-tumor activity of HANPs controlled by their morphology. HANPs modulate the expression level of AP2 protein as a function
of their morphology, which lead to difference in internalization efficiency of the particles, induction of abnormal mitochondrial production in vitro, and inhibition of

tumor growth in vivo.
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protocol in a previous study [25], and then examined using
biological TEM (JEM-1400Plus, JEOL, Japan).

2.6 Evaluation of mitochondrial membrane potential

At

Ay, of HANPs treated tumor cells was evaluated using JC-1
MitoMP Detection Kit. After the three HANPs suspensions were
co-cultured with A375 cells at the concentration of 200 pg/mL for
1 or 3 days in a 24-well plate, the cells were washed with PBS,
trypsinized, collected, and re-suspended in 2 umol/L JC-1 working
solution, and incubated for 30 min in the dark at 37 °C in an
atmosphere of 5% CO,. Next, the cells were washed twice with
Hank’s balanced salt solution (HBSS), soaked in imaging buffer
solution, and analyzed by fluorescence microplate reader (Green,
Ex/Em = 488/525 nm; Red, Ex/Em = 535/585 nm; Synergy HI,
BioTek, USA).

2.7 Intracellular Ca* level

The level of the intracellular Ca* concentration was measured by
the fluorescence probe for intracellular Ca*, Fluo-3 AM. A375
cells were seeded in a 24-well plate at a density of 1 x 10* cells/well
for 24 h, and then treated with the three HANPs suspensions at
the concentration of 200 ug/mL, respectively. After co-culture for
1 or 3 days, the culture media were removed, and the cells were
washed with PBS, trypsinized, collected, and loaded with Fluo-3
AM dye (1 pM) at 37 °C for 40 min in the dark. After being
washed twice to remove the free Fluo-3 AM dye, the cells were
soaked in PBS at 37 °C for 20 min and immediately detected by a
fluorescence microplate reader (Green, Ex/Em = 488/525 nm).

2.8 Cellular uptake assay

The intracellular uptake efficiency of HANPs was then determined
by confocal laser scanning microscopy (CLSM, Zeiss LSM880,
USA) and flow cytometry (FCM, BD FACSCanto II). The three
HANPs were labeled with FITC (Solarbio, China) according to a
reported method [26]. Before being treated to cells, the three FITC
labeled HANPs were repeatedly washed with PBS (pH = 74,
Hyclone, USA) until HANPs were colorless at the bottom of the
centrifuge tube.

To observe the localization of HANPs by CLSM, A375 cells
were seeded in 24-well glass bottomed plates at a density of 1 x 10*
cells/wellfor24hpriortoco-culturewiththethreeFITC-HANPs(Ex/Em
= 488/520 nm) at the concentration of 200 pg/mL. 1 or 3 days
later, the cells were washed with PBS to remove free HANPs, fixed
with 4% paraformaldehyde for 10 min, stained with TRITC-
Phalloidin (Solarbio, China) (Ex/Em = 543/580 nm) for 30 min,
and followed by DAPI (Beyotime, China) (Ex/Em = 405/454 nm)
staining for 5 min at room temperature (RT). The stained cells
were examined by CLSM.

FCM was used to quantify the intracellular uptake of HANPs,
3 x 10" A375 cells/well were seeded in a 12-well plate for 24 h and
treated with the three FITC-HANPs (Ex/Em = 488/520 nm) at the
concentration of 200 ug/mL. After co-culture for 4 h, 1 or 3 days,
the media were removed, and the cells were washed with PBS,
trypsinized, collected, re-suspended in ice-cold fluorescence-
activated cell sorting (FACS) buffer, and determined by FCM.

Additionally, to verify the role of CME in endocytosis of
HANPs, A375 cells were seeded in a 12-well plate at a density of
3 x 10* cells/well for 24 h, followed by another 1 h incubation with
the CME inhibitor, chlorpromazine hydrochloride (10 ug/mL), at
37 °C. Then the culture media were removed. The cells were
washed, treated with the three FITC-HANPs at the concentration
of 200 ug/mL for 1 day, and finally analyzed by FCM.
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2.9 Immunofluorescence staining

Immunofluorescence staining experiment was used to investigate
the interaction between HANPs and AP2-a2 or AP2-pi2 protein.
The A375 cells (2 x 10* cells/well) in 24-well glass bottomed plates
were treated with HANPs or FITC-HANPs at the concentration
of 200 pg/mL for 1 or 3 days. The culture medium was discarded,
and the cells were washed and fixed with 4% paraformaldehyde
for 20 min, permeabilized with 0.5% Triton X-100 for 20 min, and
blocked with 10% goat serum (Solarbio, China) at 37 °C for
30 min. Then the cells were incubated with the AP2-a2 protein
(1:200, ab189995, Abcam, UK) or AP2-u2 protein (1:350,
ab218107, Abcam, UK) primary antibody overnight at
4 °C. Then the cells were incubated with cy3-labeled (Ex/Em =
550/570 nm) or cy5-labeled (Ex/Em = 648/662 nm) secondary
antibody (Servicebio, China) for 1 h at 37 °C. After DAPI staining
for 5 min at RT, the cells were examined by CLSM.

210 Western blotting analysis

The protein expression level of AP2-u2 in A375 cells was analyzed
by Western blotting after HANPs treatment. The cells were seeded
in 6 well plates with a density of 2 x 10* cells/well. After overnight
incubation, the cells were treated with HANPs (200 ug/mL) for 1
or 3 days. In the following, the cells were lysed using Trizol
reagent (Beyotime, China) and centrifuged at 12,000 rpm/min for
15 min at 4 °C. The concentration of total protein in the cell lysate
was determined by bicinchoninic acid (BCA) method (Beyotime,
China). 15 pg protein in each group was loaded onto SDS-
polyacrylamide gel (Biofroxx, Germany), separated by
electrophoresis at 100 V for 2 h, and then transferred to
polyvinylidene fluoride (PVDF) membrane (Sigma-Aldrich,
USA). After being blocked with tris buffered saline with tween
(TBST, 0.1% Tween-20, 10% tri-sec-buffer saline, and 89.9%
deionized (DI) water) including 5% fat-free milk (Beyotime,
China), the membranes were incubated with monoclonal primary
antibody of AP2-y2 protein (1:1000, ab218107, Abcam, UK) at 4
°C overnight and then with secondary antibody. The enhanced
chemiluminescence (ECL) kit (Affinity, China) with a
ChemiDocTM XRS+imaging system (Bio-Rad, USA) was then
used to observe the immunoreactive blots.

211 Anti-tumor evaluation of HANPs in vivo

All nude mice were randomly divided into 4 groups (n = 6):
control group (Control), G-HANPs treated group (G-HANPs), R-
HANPs treated group (R-HANPs), and N-HANPs treated group
(N-HANPs). The mixture of Matrigel (50 pL, 356234, BD, USA),
A375 cells (1 x 10°), and 50 uL. HANPs suspension (50 mg/kg) or
DMEM for control group, was subcutaneously injected into the
back of the mice to observe the tumor growth [4,7]. The mice
were weighed every 2 days, and the length and width of tumor
were measured by a vernier caliper and calculated according to the
formula: Tumor volume (mm’) = 0.5 x (length x width?) [27, 28].
35 days later, all mice were sacrificed, and the tumor tissues were
excised, weighed, immediately fixed in 10% neutral formalin
solution, embedded in paraffin, and sectioned into 4 pum thick
slides for Hematoxylin-Eosin (H&E) staining.
Immunocytochemistry staining was also performed to observe the
expression of Ki-67 (1:100, ab16667, Abcam, UK), CD31 (1:400,
ab28364, Abcam, UK), TUNEL (Roche, Switzerland), and AP2-p2
protein (1:800, ab218107, Abcam, UK).

212 Biosafety evaluation of HANPs in vivo

When tumors were isolated in the above experiment, the main
organ samples including heart, liver, spleen, lung, and kidney were
isolated for H&E staining, and the whole blood was collected via
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cardiac punctures for blood routine examination using an
automatic hematology analyzer (BC-2800Vet, Mindray, Shenzhen,
China). The serum sample was obtained by the centrifugation of
the whole blood at 5,000 rpm/min for 15 min. The levels of
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), creatinine (CREA), urea, blood calcium (Ca), and blood
phosphorus (P) in the serum were determined using an automatic
biochemical analyzer (BS-240VET, Mindray, Shenzhen, China).

2.13 Statistical analysis

All experimental data were presented as mean * standard
deviation (SD). Each experiment was carried out in triplicate. One-
way analysis of variance (ANOVA) was carried out using SPSS
20.0 software for the statistical analyses. P < 0.05 and P < 0.01 were
considered statistically significant.

3 Results

3.1 Characterization of the nanoparticles

In the present study, the three HANPs with different
morphologies were prepared by wet chemical method. The phase
composition, morphology, and size of the as-prepared HANPs
were characterized by XRD and TEM, respectively. The XRD
result showed that the characteristic peaks of the three HANPs
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were consistent with those of the HA standard (JCPDS: 09-0432),
indicating that all the three HANPs were pure phase (Fig. 2(a)).
TEM images identified that the three HANPs were nano-sized
with three typical morphologies, granular, rod-like, and needle-
like. The G-HANPs were 17.41 + 1.16 nm in diameter. The R-
HANPs showed an average size of 45.13 + 8.85 nm in length and
25.24 + 2.12 nm in width. The N-HANPs had an average length of
39.29 + 6.05 nm and a width of 5.88 + 0.74 nm (Fig. 2(b)). The
SAED results indicated that all the three HANPs were
polycrystallinity, which was indicated by multiple circles (Fig.
2(b)).

3.2 Biological TEM, A, and intracellular Ca* in the
tumor cells

The biological TEM measurement was used to investigate whether
HANPs could be internalized into cells and the morphological
changes of cellular ultrastructure after A375 cells were treated with
the three HANPs. The TEM images obviously showed that all the
three HANPs were localized in the cells, indicating the
intracellular uptake of HANPs by the tumor cells. Some
representative  abnormal  characteristics  including  typical
mitochondrial swelling were observed only in the cells treated with
G-HANPs (Fig. 3(a)) [29]. We further observed only G-HANPs
treated cells, but not R-HANPs or N-HANPs, exhibited the loss of

A 1101 /nm

Figure2 The three nano-sized HANPs with different shapes were synthesized and characterized. (a) XRD patterns of the three HANPs. (b) Representative TEM and

SAED (insets at the top-right corners) images of the three HANPs.
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Figure3 The G-HANPs induced the loss of Ay, and a highest level of intracellular Ca** in the tumor cells. (a) TEM images of A375 cells after the cells were treated
with the three HANPs at the concentration of 200 pg/mL for 3 days (red arrow: HANPs, yellow dotted box: swollen mitochondria, and N: nucleus). (b) The Ay,
fluorescence intensity ratio (Red/Green) of A375 cells after the cells were treated with the three HANPs at the concentration of 200 ug/mL for 1 or 3 days (1 = 3; vs.
Control, *P < 0.05 and **P < 0.01). (c) The relative Ca** fluorescence intensity of A375 cells after the cells were treated with the three HANPs at the concentration of
200 pg/mL for 1 or 3 days (1 = 3; vs. Control, *P < 0.05 and **P < 0.01; vs. G-HANPs, °P < 0.05 and “P < 0.01).
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Ay, after 3 days co-culture of particles and cells, suggesting the
induction of mitochondrial apoptosis by G-HANPs (Fig. 3(b)).
Moreover, G-HANPs stimulated the highest levels of intracellular
Ca* in A375 cells (Fig. 3(c)).

3.3 Intracellular uptake assay

Furthermore, the cellular uptake of fluorescence labeled HANPs
by A375 cells was analyzed qualitatively and quantitatively using
CLSM and FCM. The results from CLSM confirmed the three
HANPs were able to enter the A375 cells after 1- or 3-day
incubation of particles and A375 cells. Moreover, no obvious
morphology changes of the cytoskeleton and nucleus were
observed in the control groups without particles. But 1 or 3 days
incubation of cells and G-HANPs, or 1 day incubation of N-
HANPs induced the appearance of cell plasma membrane
bubbling, which is a typical sign for cell apoptosis (Figs. 4(a) and
4(b)) [30]. The quantitative analysis by FCM demonstrated a
highest mean fluorescence intensity (MFI) of A375 cells treated
with G-HANPs among those treated with the three HANPs (Figs.
4(c)-4(h)). Together, the results obtained indicated that among
the three HANPs, G-HANPs showed the greatest endocytosis
efficiency in the tumor cells. Additionally, the addition of CME
inhibitor, chlorpromazine hydrochloride, significantly decreased
the intracellular efficiency in A375 cells, indicating that CME
pathway mediated the internalization of HANPs into A375 cells
(Fig. S2 in the Electronic Supplementary Material (ESM)).

3.4 AP2 protein expression in HANPs treated tumor cells
We already know that the morphology of HANPs impact their
endocytosis efficiency. Next, we studied the interaction between
AP2 protein and HANPs in vitro by immunofluorescence staining
and Western blotting assays. After one-day incubation of cells and
the three HANPs, the CLSM images from immunofluorescence
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staining showed that AP2-a2 enriched in the cell plasma around
nuclear, and the fluorescence intensity of AP2-a2 increased in the
cells treated with the three HANPs, compared with the control
group. Moreover, the cells treated with G-HANPs showed the
highest fluorescence intensity of AP2-a2. These results suggested
that HANPs could up-regulate the expression of AP2-a2 protein,
and G-HANPs had the greatest effect on it (Figs. 5(a) and 5(b)).
But this effect was not observed after 3-day incubation (Figs. 5(c)
and 5(d)).

We also detected the expression of AP2-p2 after 1 or 3 days
incubation of cells and the three HANPs, and the CLSM images
indicated that the fluorescence intensity of AP2-p2 was stronger
for HANPs treated cells than that for the control group. At day 1,
fluorescence labeled NPs clustered around AP2-u2 in the three
HANPs. However, at day 3, the intensity of fluorescence labeled R-
HANPs or N-HANPs obviously decreased (Figs. 6(a) and 6(b)).

We further quantified the expression level of AP2-p2 protein
from A375 cells in the presence of HANPs by Western blotting.
The results showed that compared with the control group, the
expression level of AP2-u2 protein from A375 cells increased after
HANPs treatment for 1 or 3 days. Among the three HANPs, G-
HANPs led to a highest level of AP2-p2 protein in A375 cells
(Figs. 6(c)-6(f)). These results indicated that the expression level
of AP2 protein in A375 cells could be regulated by the
morphology of HANPs, and the G-HANPs exhibited the greatest
effect.

3.5 Evaluation on the anti-tumor efficacy of the HANPs
in vivo
We further evaluated the anti-tumor effect of the three HANPs in

an A375 melanoma-bearing Balb/c nude mouse model. After
subcutaneous inoculation of tumor cells and HANPs, the tumor
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Figure4 The G-HANPs showed the highest level of intracellular uptake efficiency in the tumor cells. Representative CLSM images of A375 cells stained with nuclei
(blue) and cytoskeleton (red) after the cells were treated with the three HANPs labeled with FITC (green) at the concentration of 200 pg/mL for 1 (a) or 3 days (b)
(white arrow: vacuoles presented on nuclear membrane). Representative FCM histograms (c), (e), and (g), and MFI (d), (f), and (h) of A375 cells treated with the three
FITC-HANPs at the concentration of 200 pg/mL for 4 h (c) and (d), 1 day (e) and (f), and 3 days (g) and (h) (n = 3; vs. Control, *P < 0.05 and **P < 0.01; vs. G-

HANPs, P < 0.05 and “P < 0.01).
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Figure5 G-HANPs induced a highest level of AP2-o2 in the tumor cells
among the three HANPs. Representative CLSM images (a) and (c) and semi-
quantitative MFI (b) and (d) of A375 cells stained by nuclei (blue) and
fluorescence labeled AP2-a2 antibody (red) after the cells were treated with the
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days (c) and (d) (n = 3; vs. Control, *P < 0.05 and **P < 0.01; vs. G-HANPs, *P <
0.05and *P<0.01).

growth and weight of each mouse were monitored for all groups
along with 35 days (Fig. 7(a)). There was no statistical significance
for the body weight among all the groups (Fig.7(b)). But for
tumor growth, we observed the tumor appeared at day 5 and
sharply grew after 19 days in the control group. During the course
of tumor monitoring since day 5 following inoculation, HANPs
delayed the tumor growth significantly, compared with the
HANPs free groups. Of all the HANPs groups, G-HANPs
treatment exhibits the greatest anti-tumor effect (Fig. 7(c)).

At day 35, the tumor was excised from the tumor-bearing mice
and weighed. The results showed that the tumor weight and
volume in the three HANPs groups were lower than those in the
control group. Among the three HANPs, G-HANPs presented the
best anti-tumor efficiency (Figs. 7(d)-7(f)). These results indicated
that the anti-tumor effect of HANPs could be controlled by their
morphologies. And the G-HANPs presented the best anti-tumor
effect among the studied three shapes of HANPs.

3.6 Histopathology analysis of the resected tumor tissues
in vivo

We next analyzed the histopathology of the tumor tissues from the
mice treated with or without the three HANPs to further confirm
the above results and investigate the expression of AP2-p2 by
H&E and immunohistochemistry staining. The H&E staining
results showed that the cells in the control group were closely
arranged in sheets and showed heterogeneous nuclei, which were
the typical tumor cell morphologies (Fig. 8(a) and Fig. S3 in the
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Figure6 G-HANPs induced a highest level of AP2-u2 in the tumor cells
among the three HANPs. Typical CLSM images of A375 cells stained by nuclei
(blue) and fluorescence labeled AP2-p2 antibody (red) after the cells were
treated with the three HANPs labeled with FITC (green) at the concentration of
200 pg/mL for 1 day (a) and 3 days (b). Western blot analysis of AP2-p2 protein
in A375 cells treated with the three HANPs at the concentration of 200 pug/mL
for 1 day (c) and (d) and 3 days (e) and (f) (n = 3; vs. Control, *P < 0.05 and **P
<0.01; vs. G-HANPs, ‘P < 0.05 and #*P < 0.01).

N-HANPs

ESM). Meanwhile, a highly expressed level of Ki-67 as a
proliferation marker for tumor cells and CD31 known as
platelet/endothelial cell adhesion molecule were observed in the
control group (Figs. 8(a) and 8(b)). However, the tumor tissues
treated with HANPs were found varying degrees of nuclear
shrinkage and loose tissue structure, a decelerated level of Ki-67,
increased levels of TUNEL and AP2-u2 protein, and impaired
CD31 expression (Figs. 8(a) and 8(b)). These results supported the
above evidences that all the three HANPs inhibited tumor growth
and G-HANPs exhibited the most prominent tumor inhibition
effect, as indicated by the lowest expression levels of Ki-67 and
CD31 and highest levels of TUNEL and AP2-y2 protein.

At day 35, the heart, liver, spleen, lung, and kidney of all the
three HANPs tumor-bearing mice showed normal tissue
morphology, and no inflammatory cell infiltrations or HANPs
were observed in these organs (Fig. S4(a) in the ESM). Compared
with the control group, the blood routine data of the three
experimental groups showed no statistical difference (Table S1 in
the ESM). All the blood biochemical parameters of liver function,
kidney function, and electrolytes including ALT, AST, CREA,
urea, Ca, and P showed that there was no significant difference
between the three experimental groups and the control group (Fig.
S4(b) in the ESM). In conclusion, HANPs is a kind of
nanomaterial with good biosafety.

4 Discussion

The purpose of this study was to investigate how the morphology
of HANPs impacts the endocytosis of the particles in human
melanoma cells and their anti-tumor effect in vivo. The results
demonstrated that compared with R-HANPs or N-HANPs, G-
HANPs was the most efficient to up-regulate the expression level
of AP2 protein in the tumor cells and delay tumor growth in vivo.
This study offers an insight into the interaction between the

www.theNanoResearch.com | www.Springer.com/joumnal/12274 | Nano Research



6262

G-HANPs R-HANPs

_—
=]
-’

Control

31 days 23 days 15days 11days S5 days

(d)

Control

Tumor weight (g)

N-HANPs R-HANPs G-HANPs

morphology of HANPs and AP2 protein, which will support the
rational design of the nanomaterials for efficient tumor therapy.

In recent years, HANPs have been widely used in biomedical
fields and tumor treatment, and applied as bone repair materials
and drug delivery carriers [1-7]. A number of studies have
showed that HANPs selectively inhibits the proliferation of tumor
cells, but has little or even no inhibitory effect on the growth of
normal cells, including fibroblasts [4, 7], mesenchymal stem cells
[6,12], hepatocytes [31,32], etc. The mechanism by which
HANPs inhibit tumor growth involves the increased intracellular
Ca levels in the tumor cells, which leads to mitochondria
apoptosis. Previous studies had shown that the increase of
intracellular Ca* had a crucial impact on the morphological
change of mitochondria, which potentially involved the apoptosis
of tumor cells [9, 10]. Ca* is an important second messenger that
exists widely in cells and plays an important regulatory role in the
proliferation, differentiation, and migration of tumor cells [33-35].
A lot of studies reported that the homeostasis imbalance of Ca*
led to abnormal function of tumor cells and promoted apoptosis
of tumor cells [36-38]. He et al. revealed that Ca** release inhibited
the proliferation of ocular melanoma [39].

The amount of released Ca** from HANPs increased in acidic
solution (pH = 5.5), compared with that in neutral solution (pH
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Figure7 The G-HANPs delayed tumor growth most efficiently among the three HANPs. Macroscopic observation for the growth of the tumor tissues in A375
melanoma-bearing mice (a). The changes of body weight (b) and tumor volume (c) of A375 melanoma-bearing mice after inoculation (vs. Control, *P < 0.05 and **P
< 0.01; vs. G-HANPs, “P < 0.05 and “P < 0.01). Representative tumor photos resected from A375 melanoma-bearing mice at day 35 (d). The quantitative analysis of the
resected tumor weight (e) and tumor volume (f) at day 35 (vs. Control, *P < 0.05 and **P < 0.01; vs. G-HANPs, “P < 0.05 and “P < 0.01).

= 74) (Fig.S1 in the ESM). It is reasonable that the HANPs
represented as Ca’ store, which could elevate intracellular Ca**
level especially when they encountered the acidic lysosome in the
tumor cells. In the present study, the cellular TEM images indicate
that all HANPs regardless of their morphologies could enter the
tumor cells, and increase the level of intracellular Ca* (Fig. 3).
Interestingly, among all the three HANPs, the G-HANP: elicited a
highest level of intracellular Ca* and were the only HANPs
induced the swelling of mitochondria, as well as the loss of Ay,
(Fig. 3). The morphology-dependent effect might involve the
endocytosis efficiency of HANPs. This is further validated by the
quantitative analysis of intracellular uptake assay, which showed
that the three labeled HANPs could be effectively internalized into
A375 cells, and the G-HANPs entered the cells most efficiently
(Fig. 4). Therefore, the morphology of HANPs linked with their
endocytosis efficiency and the scale of their function to induce
mitochondria apoptosis.

Currently, the endocytosis for nanoparticles is considered to be
a two-step process: The nanoparticles are bound to the cell surface
and then absorbed through specific endocytosis pathways [40].
Some studies showed that HANPs entered tumor cells mainly
through CME. CME of nanoparticles is closely related to the size
of particles, and small size particles can be more effectively
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Figure8 G-HANPs induced tumor cell apoptosis most efficiently and a highest level of AP2-u2 in the tumor tissues. H&E staining and immunohistochemical
staining of Ki-67, CD31, TUNEL, and AP2-y2 of the resected tumor tissues at day 35 (red arrow: blood vessel, scale bars: 250 um) (a). The semi-quantification of Ki-
67, CD31, TUNEL, and AP2-12 in the resected tumor tissues after tumor inoculation for 35 days (vs. Control, *P < 0.05 and **P < 0.01; vs. G-HANPs, *P < 0.05 and “P

<0.01) (b).

internalized into cells [41-44]. Shi et al. found that 20 nm HANPs
were more effective for the induction of cell apoptosis than 80 nm
HANPs [44]. The morphology of nanoparticles is another
important factor that directly influences their endocytosis [45-47].
Chithrani et al. found that spherical nanoparticles entered into
cells more easily through CME than rod-like NPs [45]. So far,
there has been a certain research progress on the anti-tumor effect
of HANPs and the CME between HANPs and tumor cells [6, 7, 9,
10]. Cui et al. discovered that CME and vesicle-mediated
endocytosis were involved in the cellular uptake of various
HANPs [10]. It was confirmed in our study that CME pathway
mediated the endocytosis of HANPs into A375 cells (Fig. S2 in the
ESM). AP2 is a class of proteins that play an important role in
cargo identification in CME. The protein is mainly located in the
plasma membrane as a transport connector, and is critical in
many intracellular vesicle transport pathways [18-20, 23,48, 49].
Zhu et al. recently investigated the effect of the morphology of
HANPs on the interaction between the AP2 protein and the
particles using molecular dynamics simulation method. They
found spherical HANPs and N-HANPs had specific binding sites
with AP2-u2, which caused different conformational changes of
the proteins. However, rod-like HANPs was rapidly isolated from
AP2-u2, keeping distance from the protein. Spherical HANPs
might promote their more profound tumor inhibition by
transferring AP2-i2 to the locked conformation [24]. In this study
we found that compared with R-HANPs or N-HANPs, G-HANPs
induced a higher expression level of AP2 protein by co-culture of
HANPs and tumor cells (Figs. 5 and 6) or in the HANPs treated
tumor mouse model (Fig. 8). These results demonstrated that the
endocytosis signaling could be regulated by the morphology of
HANPs.

In the A375 melanoma-bearing Balb/c nude mouse model, we
found that tumor growth was delayed by all the three HANPs,

among which, G-HANPs showed the greatest effect on the
inhibition of tumor growth and the up-regulation of AP2 protein
levels in the tumor tissues (Figs. 7 and 8), wihch was consistent
with the results from the in vitro experiments. In the tumor
tissues, the up-regulation of AP2 protein expression by HANPs
might not be limited to tumor cells, which remained to be further
investigated. These results demonstrated that the morphology of
HANPs influenced the endocytosis signaling and thereby
contributed to the different effect on tumor growth inhibition.
Additionally, we further found that these HANPs had no obvious
toxicity to the mice, confirming HANPs had good biocompatible
properties (Fig. S4 and Table S1 in the ESM).

5 Conclusions

In summary, the present study demonstrated that the morphology
of HANPs regulated their endocytosis efficiency in tumor cells
and their anti-tumor effect in vivo. Among G-HANPs, R-HANPs,
and N-HANPs, the G-HANPs was the most efficient for the
internalization of the particles into melanoma cells, elevation of
the expression level of AP2 protein, and inhibition of tumor
growth in the tumor-bearing mouse model. In addition, all the
three HANPs had good biosafety when applied in vivo. The
present study could contribute to the rational design of the
intracellular nanomaterials for anti-tumor study.
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