
© 2019 Wu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you 

hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission 
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine 2019:14 1177–1191

International Journal of Nanomedicine

This article was published in the following Dove Medical Press journal: 
International Journal of Nanomedicine

Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
1177

O r I g I N a l  r e s e a r c h

open access to scientific and medical research

Open Access Full Text Article

http://dx.doi.org/10.2147/IJN.s184792

The in vitro and in vivo anti-melanoma effects 
of hydroxyapatite nanoparticles: influences of 
material factors

hongfeng Wu1

Zhongtao li2

Jiaoqing Tang2

Xiao Yang1

Yong Zhou3

Bo guo4

lin Wang2

Xiangdong Zhu1

chongqi Tu3

Xingdong Zhang1

1National engineering research 
center for Biomaterials, sichuan 
University, chengdu 610064, china; 
2Department of Dermatology, West 
china hospital of sichuan University, 
chengdu 610041, china; 3Department 
of Orthopaedics, West china hospital 
of sichuan University, chengdu 
610041, china; 4Department of 
Ophthalmology, West china hospital 
of sichuan University, chengdu 
610041, china

Background: Treatment for melanoma is a challenging clinical problem, and some new strate-

gies are worth exploring.

Purpose: The objective of this study was to investigate the in vitro and in vivo anti-melanoma 

effects of hydroxyapatite nanoparticles (HANPs) and discuss the involved material factors.

Materials and methods: Five types of HANPs, ie, HA-A, HA-B, HA-C, HA-D, and HA-E, 

were prepared by wet chemical method combining with polymer template and appropriate 

post-treatments. The in vitro effects of the as-prepared five HANPs on inhibiting the viability 

of A375 melanoma cells and inducing the apoptosis of the cells were evaluated by Cell Count-

ing Kit-8 analysis, cell nucleus morphology observation, flow cytometer, and PCR analysis. 

The in vivo anti-melanoma effects of HANPs were studied in the tumor model of nude mice.

Results: The five HANPs had different physicochemical properties, including morphology, size, 

specific surface area (SSA), crystallinity, and so on. By the in vitro cell study, it was found that 

the material factors played important roles in the anti-melanoma effect of HANPs. Among the as-

prepared five HANPs, HA-A with granular shape, smaller size, higher SSA, and lower crystallinity 

exhibited best effect on inhibiting the viability of A375 cells. At the concentration of 200 μg/mL, 

HA-A resulted in the lowest cell viability (34.90%) at day 3. All the HANPs could induce the 

apoptosis of A375 cells, and the relatively higher apoptosis rates of the cells were found in HA-A 

(20.10%) and HA-B (19.41%) at day 3. However, all the HANPs showed no inhibitory effect 

on the viability of the normal human epidermal fibroblasts. The preliminary in vivo evaluation 

showed that both HA-A and HA-C could delay the formation and growth speed of melanoma 

tissue significantly. Likely, HA-A exhibited better effect on inhibiting the growth of melanoma 

tissue than HA-C. The inhibition rate of HA-A for tumor tissue growth reached 49.1% at day 23.

Conclusion: The current study confirmed the anti-melanoma effect of HANPs and provided 

a new idea for the clinical treatment of melanoma.

Keywords: hydroxyapatite, nanoparticles, melanoma cells, fibroblasts, viability, apoptosis, 

tumor, suppression

Introduction
As the largest organ and outer shell of human body, skin mainly protects tissues and 

organs in the body from the attack of physical factor, chemical substance, mechanical 

stress, and pathogenic microorganism.1,2 In the epidermal layer of skin, there are five 

layers from inside to outside, in which the melanocytes in the basal layer are suscep-

tible to lesions and then transform into melanoma.3,4 In recent years, melanoma took 

on the increasing incidence rate and can also be found in mucosa, choroid, and other 

tissues.5–9 So far, the general clinical treatment is still surgical resection, accompanied 

by chemotherapy and immunotherapy. However, melanoma has the characteristics of 
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rapid proliferation, local invasion, long-distance migration, 

and strong resistance to currently clinical therapies.1,10 Except 

the thin primary skin melanoma (,1 mm), the clinical sur-

gery for metastatic melanoma and deep primary malignant 

melanoma (.4 mm) still have a very high recurrence rate 

and mortality.11,12 Therefore, new strategies for improving 

the clinical treatment effect of melanoma are quite necessary.

Hydroxyapatite (HA) is a major inorganic component 

of human bone and teeth, and exhibits excellent biocompat-

ibility, bioactivity, osteoconduction, and even osteoinduc-

tion in biomedical application.13–15 In 1990s, Aoki et al and 

Kano et al first reported the in vitro anti-tumor effect of HA 

nanoparticles (HANPs).16,17 They occasionally found that 

HANPs without loading doxorubicin still had the inhibitory 

effect on the proliferation for Ca-9 tumor cells. After that, 

the anti-tumor effects of HANPs were widely regarded and 

investigated. A large number of reports indicated that HANPs 

could inhibit the proliferation of various tumor cells, such 

as hepatoma cells,18–20 osteosarcoma cells,21–23 lung cancer 

cells,24,25 and gastric cancer cells26–28 to some extent. More-

over, HANPs showed little or no inhibitory effect on the 

normal tissue cells, including osteoblasts,23 hepatocytes,18 

lung fibroblasts,25 etc. This was undoubtedly hopeful to 

overcome the drawbacks of some anti-tumor drugs, which 

could kill cancer cells as well as normal tissue cells.

In previous studies, Li et al reported that HANPs had 

certain anti-melanoma effect.29 They found that for HANPs, 

the size had stronger influence on the proliferation of A875 

melanoma cells than the morphology. However, the involved 

mechanism has not been well revealed. Besides, the correlation 

between the material factors of HANPs and proliferation inhi-

bition or apoptosis of melanoma cells need be further investi-

gated. Hence, in the present study, we prepared five different 

HANPs by wet chemical method combining with polymer 

template and different post-treatments, and investigated their 

anti-melanoma effects by in vitro and in vivo experiments. 

Besides, human fibroblasts were chosen as the control to 

investigate their impacts on normal tissue cells. The influences 

of various material factors on the anti-melanoma effects of the 

HANPs were studied systematically and discussed.

Materials and methods
reagents
Ca(NO

3
)

2
⋅4H

2
O, (NH

4
)

2
HPO

4
, and NH

3
⋅H

2
O were purchased 

from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 

PEG2000 was purchased from the Aladdin (Shanghai, China). 

Human melanoma cells (A375) and human epidermal fibroblasts 

(HSF) were purchased from iCell Bioscience Inc (Shanghai, 

China). FBS, DMEM medium, penicillin–streptomycin solu-

tion, PBS, and Trypsin 0.25% EDTA were purchased from 

Thermo Fisher Scientific (Waltham, MA, USA). Fluorescein 

diacetate and propidium iodide (PI) were purchased from Sigma-

Aldrich Co. (St Louis, MO, USA). DAPI was purchased from 

Beyotime (Shanghai, China). Cell Counting Kit-8 (CCK-8) 

was purchased from Dojindo Laboratories (Kumanoto, Japan). 

Fluorescein isothiocyanate (FITC) Annexin V Apoptosis Detec-

tion Kit I was purchased from BD (Franklin Lakes, NJ, USA). 

The RNeasy Mini Kit was purchased from Qiagen (Hilden, 

Germany). The iScript™ gDNA Clear cDNA Synthesis kit 

and SsoFast™ EvaGreen Supermix were purchased from Bio-

Rad Laboratories Inc. (Hercules, CA, USA). The Matrigel was 

purchased from Corning Incorporated (Corning, NY, USA).

Preparation of haNPs
HANPs were synthesized at room temperature by wet chemi-

cal method using reactive system of Ca(NO
3
)

2
⋅4H

2
O and 

(NH
4
)

2
HPO

4
, in which NH

3
⋅H

2
O was used for pH adjustment 

and PEG2000 as a template reagent. The molar ratio of Ca/P 

was maintained at 1.67. A certain amount of PEG2000 solu-

tion (8.0 wt%) was added to Ca(NO
3
)

2
⋅4H

2
O solution, and 

then (NH
4
)

2
HPO

4
 solution was added dropwise to the solu-

tion, whose pH was kept at ~10.0 by addition of NH
3
⋅H

2
O. 

After that, the stirring for mixing the solution continued for 

a period of time, and then the slurry was aged at room tem-

perature for 24 hours. Next, the slurries were washed with 

ultrapure water to neutrality. With or without post-treatment, 

the slurries were dried at 60°C for 10 hours. Various preparing 

parameters for HANPs, including the concentration of reac-

tants and the post-treatment of the slurries are summarized 

in Table 1. In total, five HANPs, ie, HA-A, HA-B, HA-C, 

HA-D, and HA-E, were prepared for subsequent experiments.

Table 1 The preparing parameters for the five HANPs

Samples Ca2+ concentration Post-treatment

ha-a 0.50 M Drying directly at 60°c in an oven
ha-B 0.50 M hydrothermal treatment at 120°c for 12 hours, then drying at 60°c in an oven
ha-c 0.50 M hydrothermal treatment at 150°c for 12 hours, then drying at 60°c in an oven
ha-D 0.50 M Drying at 60°c in an oven, then calcinating at 700°C for 1 hour in a muffle furnace
ha-e 0.10 M Drying directly at 60°c in an oven

Abbreviation: haNP, hydroxyapatite nanoparticle.
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characterization of haNPs
The phase composition of HANPs was determined by X-ray 

diffraction (XRD, Shimazu XRD-6100, Kyoto, Japan) using 

Cu Ka radiation (λ=1.5418 Å) with the test voltage at 40 kV 

and the operating current at 30 mA. The diffraction spectrum 

was scanned from 20° to 60° with a speed of 5°/min. Patterns 

were analyzed by using Jade 6.0 software. The crystallinity 

of HANPs was calculated using the following Equation 1, 

where β
002

 is the full width at half maximum of the (002).30,31

 X
c
 = (0.24/β

002
)3 (1)

The chemical groups of HANPs were analyzed by Fourier-

transform infrared spectroscopy (FTIR, Nicolet 6700; Thermo 

Fisher Scientific) with the range from 4,000 to 400 cm−1.

The morphology and particle size of HANPs were 

observed by Transmission Electron Microscope (TEM, FEI; 

Tecnai G2F20, Hillsboro, OR, USA) at the working voltage 

of 200 kV. The morphology of the NPs was observed by drop-

ping HANPs dissolved onto a copper grid. The particle size of 

HANPs was measured by using Nano Measurer. When mea-

suring the particle sizes, we selected at least three images of 

as-prepared five HANPs at the scale of 200 nm, and at least 70 

particles in each image were evaluated for statistical analysis.

Zeta potentials of HANPs were measured by a Nano 

Zetasizer (ZS90; Malvern Instruments, Malvern, UK) based 

on dynamic light scattering theory. The specific surface areas 

(SSAs) of HANPs were determined by Brunauer–Emmett–

Teller method using a surface area analyzer (GeminiVII 

2390 t; Micromeritics Instrument Corporation, Norcross, 

GA, USA). The releases of Ca2+ from HANPs were mea-

sured by ICP-AES (ARCOS; Spectro Analytical Instruments 

GmbH, Kleve, Germany). Simply, the five HANPs were 

dispersed in Tris-HCl solution (pH7.4) at the concentra-

tion of 200 μg/mL and then placed in a 37°C incubator for 

3 days. Next, the supernatants were collected and analyzed.

cell culture
Both A375 and HSF cells were cultured in DMEM medium 

supplemented with 1% penicillin and streptomycin and 10% 

FBS at 37°C under 5% CO
2
 atmosphere. After the cells grew 

to 70%–80% confluence in tissue culture flasks, the cells were 

digested with 0.25% trypsin containing EDTA and counted, 

followed by seeding in a 24-well plate with a density of 104 cells 

per well. The HANPs suspensions with different concentrations 

(100, 200, and 400 μg/mL) were prepared by dispersing the 

NPs in DMEM. After cell attachment, the HANPs suspension 

was added into each well. Then, the cells were subjected to 

the subsequent analysis after culturing for 1, 2, and 3 days.

ccK-8 analysis
Cell viability was evaluated by CCK-8 method. After cul-

turing A375 or HSF cells with various HANPs for the set 

times, the media were removed, followed by addition of 

fresh DMEM medium, including water-soluble tetrazolium 

(WST)-8 (WST-8/DMEM =1/9). After keeping in a dark 

place for 2 hours, the OD value in all wells were measured 

by a microplate reader (EON; BioTek, Winooski, VT, USA) 

at the wavelength of 450 nm. The cells without addition of 

HANPs were used as the control group. Three duplicates for 

each group were used in the test, and cell viability (%) was 

calculated according to Equation 2.

 

Cell viability (%)
[OD] [OD]

[OD] [OD]
test blank

control blan

=
−  

−
kk  

(2)

confocal laser scanning microscopy 
(clsM) observation
After culturing A375 or HSF cells with various HANPs for 

the set times, the media were removed, then the cells were 

washed with PBS (pH 7.4) and fixed with 4% paraformal-

dehyde for 20 minutes, followed by staining with DAPI for 

10 minutes in the dark. The nuclear morphology of the cells 

was examined by CLSM (Leica-TCS-SP5; Leica Microsys-

tems, Wetzlar, German), and the cell nucleus was dyed blue.

Flow cytometer
The apoptosis of A375 cells was analyzed by flow cytom-

eter (CytoFLEX; Beckman Coulter, Guangzhou, China). 

After culturing with the HANPs for the set times, the cells 

were double stained with Annexin V FITC/PI. The normal, 

apoptotic, and necrotic cells were examined. FITC and PI 

staining were performed according to the manufacturer’s 

instructions. A375 cells in different states were mapped in 

a bidirectional dot plot.

Pcr analysis
After culturing with the HANPs for the set times, RNA of 

the cells (A375 or HSF) was isolated using RNeasy Mini 

Kit. The cells were fully lysed using Buffer RLT, and the 

centrifuged RNA samples were added to the DNase reagent 

to remove genomic DNA contamination. The extracted RNA 

was reversely transcribed into cDNA using the iScriptTM 

gDNA Clear cDNA kit. The resulting cDNA was then ampli-

fied using the SsoFastTM EvaGreen® kit. Three parallel 

samples were set for each target gene. The PCR reaction was 

performed using a CFX96™ system (Bio-Rad), and the data 

were processed and analyzed by CFX Manager software. 
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The target gene expression level was calculated by 2−ΔΔCt 

method, and glyceraldehyde-3-phosphate dehydrogenase was 

used as the internal reference gene to normalize the result. 

Primer sequences in the present study are shown in Table 2.

animal study
In the present study, 15 BALB/C nude mice (female, 

14–16 weeks old, weighing 20.0±1.0 g) purchased from 

Laboratory Animal Center of Sichuan University (Chengdu, 

China) were used for animal study. The animal experiments 

were approved by the Animal Care and Use Committee 

of Sichuan University and followed the guidelines of the 

Chinese Society of Laboratory Animals on animal welfare. 

The nude mice were randomly divided into three groups, ie, 

one control group and two experimental groups. Based on 

the aforementioned in vitro evaluation, HA-A and HA-C 

were selected as the experimental materials. According to 

1 mg/mL concentration, the HANPs suspension was prepared 

by dispersing 50 mg HANPs into 50 mL DMEM. After 

A375 cells grew to 70%–80% confluence in tissue culture 

flasks, the cells were trypsinized and the cell suspension was 

collected. Then, the cell suspension containing 2×106 cells 

were transferred into a centrifuge tube and centrifuged at 

the speed of 1,000 rpm, followed by adding 1 mL HANPs 

suspension (or DMEM for control group) and 10 μL com-

mercial Matrigel. The mixture was subcutaneously injected 

into the left side of the nude mouse after blending thoroughly. 

Therefore, the injection dose of HANPs in each mouse in 

the experimental groups was 50 mg/kg weight. The forma-

tion and volume change of tumor tissue in the animal was 

observed and recorded. The length and width of the formed 

tumor tissue in each animal and each time point were 

measured by caliper, and the tumor volume was calculated 

according to Equation 3:

 Tumor volume (mm3) = ab2/2 (3)

where a and b represented the largest length and width of the 

formed tumor tissue, respectively.32

statistical analysis
Statistical analysis was performed with one-way ANOVA 

using SPSS13.0 software. All data were expressed as 

mean ± SD and obtained by at least three replicates for 

each data set. The level of P,0.05 was considered to be 

statistically significant.

Results
characterization of haNPs
Figure 1A shows the XRD patterns of the as-prepared five 

HANPs. The characteristic peaks in the five HANPs were 

consistent with those in the HA standard (JCPDS: 09-0432), 

indicating that all of them were composed of pure HA phase. 

In the three samples with different post-treatments (HA-B, 

HA-C and HA-D), the three diffraction peaks, which respec-

tively corresponds with (211), (112) and (300) crystal faces, 

were obviously sharp. However, in other two directly dried 

samples (HA-A and HA-E), they were partly fused. Figure 1B 

shows the infrared spectra of the as-prepared five HANPs. 

In all the samples, two characteristic peaks corresponding 

with OH− and PO
4
3− groups in HA could be seen clearly. The 

vibration peaks of OH− appeared at about 3,560 cm−1.33 There 

were two weak peaks ranging from 550 cm−1 to 650 cm−1, 

which could be the stretching vibration peaks of PO
4
3− bond. 

Table 2 The primer sequences for the apoptotic-related genes

Gene Primer Sequence (5′ to 3′) Gene bank identification

gaPDh Forward gccaaggcTgTgggcaaggT NM_002046
reverse aggTggaggagTgggTgTcg

caspase-3 Forward aTaaggaaagcaaTaaaTgaaTgg NM_032991
reverse cagTgcgTaTggagaaaTggg

caspase-8 Forward TTTTaTTcaggcTTgTcaggg NM_001228.4
reverse cTggcaaagTgacTggaTgTa

caspase-9 Forward TggTTcTggaggaTTTggTga NM_001229
reverse cgacgccgcaacTTcTcaca

Bcl-2 Forward TgcgTccTacagaTaccacaa NM_004049.3
reverse aTgaTgccgTcTTcaaacTcc

Bax Forward gcTTcagggTTTcaTccagg NM_138761
reverse cacggcggcaaTcaTccTcT

p53 Forward TgTgccTTgccagTgggaTTc NM_001141980
reverse aggaTTTTcacggggTTgcca

Abbreviation: gaPDh, glyceraldehyde-3-phosphate dehydrogenase.
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The band between 1,120 cm−1 and 940 cm−1 belonged to the 

strong and broad peaks of PO
4
3−.33,34 Except for HA-D, the 

other four HANPs showed the characteristic peak of CO
3
2− at 

about 1,460 cm−1 and 870 cm−1. This could be attributed to 

CO
2
 in the air entering the solution and participating in the 

precipitation of HANPs, leading to formation of B-HA.33–35 

As for HA-D, the calcination process could result in the loss 

of CO
3

2−. Besides, there was a very weak tensile vibration 

peak at about 1,650 cm−1, indicating that the as-prepared 

HANPs could contain the crystal water.33,35

Figure 2 shows the TEM images of the as-prepared five 

HANPs, and Table 3 summarizes their physicochemical 

properties. They all were nano-scaled particles but had 

different morphologies and sizes. Both HA-A and HA-D 

had granular shapes, but their average particle sizes were 

about 20 and 50 nm, respectively. HA-E was needle-like, 

and its average diameter and length were about 5 and 40 nm, 

respectively. Both HA-B and HA-C were rod-like, but HA-B 

had a little larger diameter and length than HA-C. All the five 

HANPs had negative zeta potentials, indicating that they had 

negative surface net charges. Based on the XRD analysis, 

HA-A and HA-E had far lower crystallinity than the other 

three HANPs, indicating that the hydrothermal or calcinating 

process could improve the crystallization of the synthesized 

Figure 1 X-ray diffraction patterns (A) and Fourier-transform infrared spectra (B) of the as-prepared five HANPs.
Abbreviation: haNP, hydroxyapatite nanoparticle.
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Figure 2 The typical transmission electron microscope images of the as-prepared five HANPs.
Abbreviation: haNP, hydroxyapatite nanoparticle.
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HANPs. Likely, SSA of HANPs was also influenced by the 

post-treatments. HA-A and HA-E had far higher SSA than 

the other three HANPs. However, the calcinated HA-D had 

lower crystallinity and SSA than the hydrothermal treated 

HA-B and HA-C. Under two different hydrothermal treat-

ments, no obvious difference of crystallinity and SSA was 

found between HA-B and HA-C.

cell viability
Based on the CCK-8 analysis, cell viabilities of A375 cells 

after culturing with the HANPs are shown in Figure 3A. 

At three different HANPs concentration (100, 200, and 

400 μg/mL), among the five HANPs, only HA-A presented 

the continuous inhibition on the viability of A375 cells, and 

the cell viability almost decreased with the increase of cultur-

ing time. For the other four HANPs, both HA-B and HA-C 

exhibited the continuous inhibition on the viability of A375 

cells only at the concentration of 200 μg/mL. It should be 

noted that the inhibitory effect of HANPs was not always posi-

tively related with the concentration of the nanoparticles. At 

day 3, almost all the HANPs showed the strongest inhibitory 

effect on the cell viability at the concentration of 200 μg/mL.

Figure 3B shows the cell viabilities of normal HSF cells 

after culturing with the HANPs. It could be seen that for all the 

five HANPs, the cell viability almost increased with the increase 

of culturing time at each concentration, indicating that HANPs 

showed no inhibitory effect on the viability of HSF cells.

Table 4 gives the concrete cell viabilities of both types 

of cells after culturing with various HANPs at the concentra-

tion of 200 μg/mL for 3 days. It could be seen that HA-A 

led to the lowest cell viability of A375 cells (34.90%), and 

HA-E resulted in the highest cell viability (74.90%). The 

other three HANPs, ie, HA-B, HA-C, and HA-D, presented 

similar cell viabilities of A375 cells. On the contrary, all the 

HANPs except HA-C increased the viability of HSF cells 

significantly.

cell nucleus morphology
Figure 4A shows the CLSM images of A375 cells stained 

with DAPI after culturing with various HANPs at the concen-

tration of 200 μg/mL for 1 and 3 days. Some morphological 

changes in the cell nucleus could be easily observed. 

In control group, the cells were not observed to have obvious 

morphology change of the nucleus. But in the experimental 

groups, after culturing with HANPs for 1 day, the vacuoles 

were found occurring on the nuclear membrane. Also, the 

nuclear shrinkage or fragmentation were observed in some 

cells. When the culturing time increased to 3 days, more 

cells presented the phenomena of nuclear shrinkage and 

fragmentation, tending to apoptosis.36 Figure 4B shows the 

CLSM images of HSF cells stained with DAPI after culturing 

with various HANPs for 1 and 3 days. Either in the control 

or experimental groups, no obvious morphology change of 

cell nucleus could be found.

apoptosis rate of a375 cells
To quantify the cell apoptosis, A375 cells were double stained 

with Annexin V FITC/PI and analyzed by flow cytometer 

after culturing with various HANPs at the concentration 

of 200 μg/mL for 1 and 3 days. The results are shown in 

Figure 5. For the control group, without addition of HANPs, 

only tiny apoptotic cells could be found, and the apoptosis 

rate of the cells was almost negligible. However, after cultur-

ing with HANPs, the apoptosis, especially early apoptosis 

of the cells was obvious and increased with the increase in 

culturing time in each experimental group. At day 3, the total 

apoptosis rates of A375 melanoma cells in HA-A, HA-B, 

HA-C, HA-D, and HA-E were 20.10%, 19.41%, 17.14%, 

12.84%, and 16.39%, respectively.

apoptosis-related gene expressions
Figure 6A shows the apoptosis-related gene expressions 

in A375 cells after culturing with various HANPs at the 

Table 3 The physicochemical properties of the as-prepared five HANPs

Physicochemical 
properties

Samples

HA-A HA-B HA-C HA-D HA-E

Morphology granular rod-like rod-like granular Needle-like
Particle size (nm) 17.41±1.16 l:61.26±6.38 

D:29.08±5.26
l:45.13±8.85 
D:25.24±2.12

47.58±7.04 l:39.29±6.05 
D:5.88±0.74

crystallinity (%) 12.80 72.89 73.29 52.57 20.00
Zeta potential (mV) −9.62±0.65 −10.90±0.91 −12.50±0.78 −16.60±0.60 −10.60±0.69
ssa (m2/g) 107.38±0.06 48.64±0.31 51.27±7.19 26.45±0.49 89.90±16.87
[ca2+] (ppm) 7.09±0.53 2.82±0.03 1.98±0.05 2.92±0.06 8.04±0.23

Abbreviation: haNP, hydroxyapatite nanoparticle.
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Figure 3 changes of cell viabilities of a375 (A) and hsF (B) cells with the culturing time at different concentrations of haNPs. (n=3; vs 100 μg/ml, *P,0.05, **P,0.01; vs 
400 μg/ml, #P,0.05, ##P,0.01).
Abbreviations: HANP, hydroxyapatite nanoparticle; HSF, human epidermal fibroblasts.
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Table 4 cell viabilities of a375 cells after culturing with various haNPs at the concentration of 200 μg/ml for 3 days (n=3)

Cell type Cell viability (%)

HA-A HA-B HA-C HA-D HA-E

a375 34.90±0.24 60.43±1.96 62.49±0.83 63.54±1.60 74.90±1.44
hsF 130.77±3.61 180.04±5.00 100.00±1.50 269.35±4.70 248.06±3.68

Abbreviation: haNP, hydroxyapatite nanoparticle.

A Control

1 
d

3 
d

HA-A HA-B HA-C HA-D HA-E

B

1 
d

3 
d

Figure 4 The typical clsM images of a375 (A) and hsF (B) cells stained with DaPI (blue) after culturing with various haNPs at the concentration of 200 μg/ml for 1 and 
3 days (both fluorescence field and superimposed pictures of the bright and fluorescence fields are given in the figure; magnification: ×100; scale bars: 20 μm; white arrow: 
vacuoles presented on nuclear membrane; red arrows: nuclear shrinkage or fragmentation; the dispersed haNPs are seen in the superimposed pictures; three duplicates 
for each experiment).
Abbreviations: CLSM, confocal laser scanning microscopy; HANP, hydroxyapatite nanoparticle; HSF, human epidermal fibroblasts.
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concentration of 200 μg/mL for 1 and 3 days. Caspases are 

tightly related to cell apoptosis.26,37,38 Compared with the 

control group, three caspase genes (caspase-3, caspase-8, 

and caspase-9) were significantly up-regulated at day 1 by 

all the HANPs. Relatively, HA-A showed weaker ability to 

up-regulate the caspase gene expressions than other HANPs. 

At day 3, their expressions decreased sharply, but caspase-3 

and caspase-9 still had higher expressions in some experi-

mental groups. Besides caspases, Bax, Bcl-2, and p53 also 

played the active roles in cell apoptosis.39 Compared with 

the control group, Bax gene had slightly elevated expres-

sions in some experimental groups at day 1. But at day 3, its 

expression in all the experimental groups, especially in HA-E 

was highly up-regulated. As for Bcl-2, it had much higher 

expression in the experimental groups except for HA-A at 

day 1. At day 3, its gene expression decreased sharply, but 

still had obvious up-regulation in the experimental groups, 

especially in HA-E. As for p53, it always showed highly 

up-regulated gene expressions in the experimental groups 

at day 1 and 3.

Figure 6B shows the apoptosis-related gene expressions 

in HSF cells after culturing with various HANPs at the con-

centration of 200 μg/mL for 1 and 3 days. It could be seen 

that compared with the control group, almost all the tested 

Figure 5 (A) Density maps of FITc annexin V apoptosis detection results and (B) the rates of apoptosis and necrosis obtained by double-staining with annexin V-FITc/PI 
of a375 cells after culturing with various haNPs at the concentration of 200 μg/ml for 1 and 3 days (three duplicates for each experiment).
Abbreviations: FITC, fluorescein isothiocyanate; PI, propidium iodide; HANP, hydroxyapatite nanoparticle.
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genes showed no significant up-regulation in the experi-

mental groups except HA-C. At day 1, the expressions of 

caspase-3, caspase-8, Bcl-2, and p53 genes were up-regulated 

to various extents by HA-C.

Tumor tissue growth
After in vivo injection of the suspensions of HANPs and A375 

cells, the formation of tumor tissue was observed, and the vol-

ume changes with time prolongation were recorded. Figure 7 

shows the volume change of the formed tumor tissue in nude 

mice with the prolongation of the feeding time. In the control 

group, the formed tumors could be observed clearly at day 

7, and then grew sharply. However, in the two experimental 

groups, the formation of tumor tissue was delayed obviously. 

After day 11, the tumor tissue formed and then grew up at 

a relatively lower speed. At each time point, the volume of 

the formed tumor tissue in HA-A or HA-C group was always 

smaller than that in the control group, indicating that both 
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Figure 6 apoptosis-related gene expressions in a375 (A) and hsF (B) cells after culturing with various haNPs at the concentration of 200 μg/ml for 1 and 3 days (n=3; 
vs control group, *P,0.05, **P,0.01; vs ha-a, #P,0.05, ##P,0.01).
Abbreviations: HANP, hydroxyapatite nanoparticle; HSF, human epidermal fibroblasts.
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HANPs could inhibit the growth of tumor tissue. At the same 

time, both HANPs showed the different inhibition effect on 

tumor tissue growth. HA-A presented better efficiency than 

HA-C. At day 23, the inhibition ratios of HA-A and HA-C 

for tumor tissue growth were 49.1% and 34.0%, respectively.

Discussion
So far, melanoma remains one of the world’s clinical treat-

ment challenges. The conventional therapy is surgical resec-

tion supplemented with chemotherapy, which could lead to 

severe toxic and adverse effects on patients. Besides, some 

drugs, such as metformin,40 were also used for treating mela-

noma in clinic, but the current study showed that melanoma 

could have high tolerance to these drugs. In recent years, 

the rapid development of nanotechnology and nanomedicine 

could provide a new idea for the treatment for melanoma.

The Se NPs prepared by Chen et al using the wakame 

polysaccharide solution could induce apoptosis of A375 

cells.41 Wang et al used CuO NPs to achieve good effect on 

inducing apoptosis of melanoma in vitro and in vivo.42 Mean-

while, other treatments, such as photothermal therapy43,44 

and heat shock proteins combined with magnetic NPs45,46 

were also used for killing melanoma as well as healing the 

wounds. However, although achieving good results, the 

aforementioned methods would inevitably kill some normal 

cells during the treatments and thus have an adverse impact 

on the local tissue repair. Therefore, it is quite necessary to 

find out a safer method to treat melanoma.

In 1993, Aoki et al and Kano et al first reported the in vitro 

anti-tumor effect of HANPs by inhibiting the proliferation 

of Ca-9 tumor cells.16,17 Afterward, HANPs received much 

attention as an anti-tumor material. In the past two decades, 

there were lots of literatures that reported the positive effects 

of HANPs on the proliferation inhibition or apoptosis of vari-

ous tumor cells, including hepatoma cells,16–18 osteosarcoma 

cells,19–21 lung cancer cells,22,23 gastric cancer cells,24–26 etc. 

We previously found that HANPs had certain anti-melanoma 

effect by inhibiting the proliferation of A875 cells.29 In the 

present study, we further investigated the influences of the 

material factors on the anti-melanoma effects of HANPs by 

in vitro and in vivo evaluation.

Five HANPs were synthesized by using a wet chemical 

method in combination with polymer template and appro-

priate post-treatment. According to the results of XRD and 

FTIR tests (Figure 1), the as-prepared five HANPs were all 

pure HA. However, they exhibited different material features 

(Table 3), including morphology, size, crystallinity, etc. 

The in vitro cellular experiments confirmed that all the five 

HANPs had certain toxicity for A375 cells, but they showed 

no adverse or even promoting effect on the proliferation of 

normal HSF cells (Figure 3; Table 4). This selective inhibi-

tion on the proliferation of tumor cells was also reported in 
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Figure 7 (A) Macroscopic observation for the growth of tumor tissue in nude mice. (B) The volume changes of tumor tissue in nude mice with the feeding time (n=5; vs 
control group, *P,0.05, **P,0.01; vs ha-c, #P,0.05, ##P,0.01).
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some previous literatures.27,47,48 For example, Sun et al found 

that compared with normal human bronchial epithelial cells 

(16HBE), the rod-shaped HANPs had the selective growth 

inhibition and apoptosis on human lung cancer cells (A549) 

by mitochondrial-targeted pathway.25

In accordance with the previous studies, our results also 

showed that the cell viability was dependent on the concen-

tration of HANPs.18,24,25,27 However, the viability of A375 

melanoma cells did not always decrease with the increase in 

the concentration of HANPs. At day 3, compared with 100 

and 400 μg/mL, 200 μg/mL of HANPs almost in each group 

exhibited higher inhibition effect on the viability of A375 

cells (Figure 3A). This might be ascribed to the aggregation of 

HANPs in the media, which could be influenced by the con-

centration of the NPs. The increased particle aggregation in 

400 μg/mL of HANPs could weaken the interactions between 

A375 cells and HANPs, leading to the decreased viability 

inhibition of the NPs on the cells. This phenomenon was 

also reported in some previous studies.22,49 However, in order 

to further verify it, a wider range of HANPs concentration 

should be selected to investigate the concentration-dependent 

inhibition on cell viability in future work. After treatment 

with 200 μg/mL of HANPs (Table 4), the as-prepared five 

HANPs showed different inhibitory effect on the viability of 

A375 cells, in the order of HA-A. HA-B≈HA-C≈HA-D. 

HA-E. The lowest cell viability was only 34.90%, indicating 

the excellent anti-melanoma effect of HA-A.

It is well known that cell death is caused by two different 

molecular mechanisms, ie, necrosis and apoptosis. Necrosis 

is a disorderly death of cells caused by strong physico-

chemical or biological factors.50 Apoptosis is a programmed 

death of cells caused by DNA fragmentation.51 After treating 

the cells with 200 μg/mL of HANPs, the nucleus of A375 

cells had obvious morphological change and presented the 

apoptosis features, However, HSF cells were not observed 

to have obvious nuclear morphological change (Figure 4), 

indicating that the HANPs did not induce the apoptosis of 

normal fibroblasts. The flow cytometry tests further verified 

that all the HANPs could induce the apoptosis of A375 cells 

to some extent, and the relatively higher apoptosis rates 

of A375 cells were found in HA-A (20.10%) and HA-B 

(19.41%) at day 3.

It is well known that the morphology of HANPs had 

a certain correlation with tumor cell apoptosis.27,52–54 

Laquerriere et al reported that needle-shaped HANPs had 

stronger cytotoxicity than other morphologies of HANPs.52,53 

The influence of the morphology of HANPs on melanoma 

cells was also evaluated in the present study. The as-prepared 

five HANPs in the form of granules (HA-A and HA-D), rods 

(HA-B and HA-C), and needles (HA-E) all promoted the 

apoptosis of A375 cells to some extent (Figure 5). Relatively, 

granular HANPs (HA-A) presented better effect on inducing 

the apoptosis of A375 cells. We speculated that other material 

factors could have an effect on the apoptosis of A375 cells. 

Comparing with other HANPs, granular HANPs (HA-A) had 

higher SSA and smaller particle size (Table 3), and could 

be more easily absorbed by tumor cells. Cui et al prepared 

three HANPs with different particle size, and they found that 

L200-HANPs with smallest size and highest SSA exhibited 

strongest toxicity to MGC80-3 tumor cells.27 Qi et al reported 

that small size of chitosan NPs had strong apoptosis induction 

of Sarcoma-180 and H22 tumor cells.54

Our results confirmed that the crystallinity of HANPs 

was also an important factor for inducing the apoptosis of 

tumor cells, as was seldom mentioned in previous studies. 

Among the as-prepared five HANPs, HA-A had the lowest 

crystallinity but the highest inhibitory effect on the viability of 

A375 cells (Tables 3 and 4). The possible reason was that low 

crystallinity of HANPs could release Ca2+ more efficiently. 

It is known that Ca2+ plays an important role in almost all cellu-

lar processes, especially cell proliferation and apoptosis.55 The 

proliferation of tumor cells is greatly affected by the change 

in the Ca2+ concentration of the surrounding environment.56 

Generally, intracellular Ca2+ maintains a relatively low level. 

When penetrating into the cells, HANPs would release Ca2+ 

into the cytoplasm; this could disrupt intracellular Ca2+ homeo-

stasis and have an adverse impact on cellular metabolism.57,58 

The low crystallinity of HA-A released more Ca2+ and exhib-

ited high cytotoxicity of A375 cells. However, it showed no 

inhibitory effect on the viability of normal HSF cells, same 

as other four HANPs. This could be attributed to the higher 

ability of normal cells to regulate Ca2+ balance than that of 

tumor cells. Tang et al evaluated the intracellular Ca2+ of 

MGC80-3, HepG2, HeLa, and normal hepatocytes (L-02) after 

cultured with HANPs, and the results showed that Ca2+ levels 

in tumor cells were unrecoverable, while normal cells could 

reduce Ca2+ to baseline level.59 On the other hand, it should 

be noted that although having a little higher crystallinity and 

similar Ca2+ release, HA-E exhibited lower inhibitory effect 

on the viability of A375 melanoma cells. The needle-shaped 

HA-E could form bigger aggregation of NPs in the solution 

than granular HA-A. Therefore, comparing with HA-E, HA-A 

could be absorbed by tumor cells more easily, leading to its 

higher viability inhibition on the cells.

The previous studies revealed that HANPs could pen-

etrate into the cells by endocytosis.60–62 Our results indicated 
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that the as-prepared five HANPs were all negatively charged, 

with similar zeta potentials. It is known that cell membrane 

was also electronegative, which could impede the approach 

of HANPs through the electrostatic repulsion. But in fact, it 

did not hinder the uptake of electronegative NPs by tumor 

cells. Patil et al reported that the negatively charged cerium 

oxide NPs were preferentially devoured by adenocarcinoma 

lung cells (A549) compared with positively charged ones.60 

Villanueva et al reported that among the four differently 

charged iron oxide NPs, only the negatively charged ones 

were effectively absorbed by human cervical carcinoma 

cells (Hela) and showed some potential toxicity.61 Yin et al 

reported that HANPs with surface electronegativity could be 

efficiently taken up by Bel-7402 cells.62 Generally accepted, 

the endocytosis of negatively charged NPs by tumor cells was 

dependent on the local positively charged regions occurred on 

the cell membrane, which electrostatically attracts the NPs.60

Previously, the molecular mechanism of HANPs induc-

ing apoptosis of tumor cells selectively has been widely 

investigated.63 Generally reported, after culturing with 

HANPs, apoptosis of tumor cells could be triggered by both 

the exogenous pathway from the death receptor and the 

endogenous pathway from mitochondria.26,63 The activation 

of caspase cascade plays an important role in the apoptosis 

of tumor cells.26,37,38 The endogenous apoptotic pathway 

causes caspase-9 to be activated by mitochondrial damage, 

and the exogenous apoptotic pathway activates caspase-8 by 

recruiting a death-inducing signaling complex.64 Both path-

ways subsequently activate the apoptosis-executing factor 

caspase-3, which ultimately leads to the apoptosis of tumor 

cells. Our results of PCR analysis (Figure 6A) showed that 

after culturing with the as-prepared five HANPs for 1 day, 

the gene expressions of caspase-3, caspase-8, and caspase-9 

genes in A375 cells were all up-regulated. This indicated 

that both exogenous and endogenous apoptotic pathways 

were simultaneously involved in the apoptosis mechanism 

of A375 cells induced by HANPs.

It is known that as a transcriptional regulation factor, 

p53 plays an important role in cell apoptosis. The DNA 

damage could induce the elevated protein level of p53 in the 

cells, which would then regulate the downstream genes and 

finally induce cell apoptosis.39,65 We examined the related 

gene expressions in A375 cells involving the p53-mediated 

apoptotic pathway, and the results (Figure 6A) showed that 

after culturing with the as-prepared five HANPs, p53 always 

had significantly up-regulated gene expression in the cells, 

and the gene expression of the downstream Bax with pro-

apoptotic function was also highly up-regulated at day 3. 

However, as an inhibitor of apoptosis, the gene expression 

of Bcl-2 was also up-regulated by the HANPs. Therefore, the 

p53-Bax signaling pathway was also initiated in the course 

of the apoptosis of A375 cells induced by HANPs.

For the expressions of apoptosis-related genes in A375 

melanoma cells at day 1, HA-A showed relatively lower 

up-regulating effect than other HANPs groups. However, like 

other groups of HANPs, HA-A exhibited better proapoptosis 

effect on the cells. One possible reason could be due to the 

special morphology and size of HA-A. As aforementioned, 

the granular and smaller HA-A could have better membrane 

permeability than other HANPs and then cause the apoptosis 

of the cells. More importantly, comparing with the gene 

expressions, the synthesis and secretion of the apoptosis-

related proteins in the cells regulated by the HANPs would 

play more decisive role in the cell apoptosis. Therefore, more 

evidences need be found to reveal the definite mechanism by 

which HANPs induce apoptosis of A375 melanoma cells.

Likely, the aforementioned apoptosis-related gene 

expressions in HSF cells were also evaluated by the PCR 

analysis (Figure 6B). Almost all the tested genes were not 

activated in HSF cells by HANPs, as could be the main 

reason that the HANPs only inhibited the viability of A375 

melanoma cells and induced the apoptosis of the cells 

(Figures 3–5; Table 4).

According to the in vitro evaluation, the as-prepared five 

HANPs exhibited different suppression effect on the viability 

of A375 melanoma cells. To further verify the in vivo anti-

melanoma effect of HANPs, two HANPs (HA-A and HA-C) 

with different efficiency on inhibiting the viability of A375 

cells were selected as the experimental materials for in vivo 

animal study. The results (Figure 7) confirmed that both 

HANPs delayed the formation of tumor tissue in the nude mice 

about 1 week. Moreover, the growth rate of the formed tumor 

tissue was also inhibited by the HANPs, and HA-A showed 

stronger inhibitory effect than HA-C. The result was in accor-

dance with the in vitro evaluation, in which HA-A induced the 

lower viability of A375 melanoma cells than HA-C (Table 4).

For HANPs, their physicochemical properties are influ-

enced by each other. Therefore, it is hard to reveal how each 

material factor inhibits the viability of the melanoma cells or 

induces the apoptosis of the cells. Therefore, finding out the 

optimized HANPs for tumor suppression needs much work 

and advanced technology, such as materials genome initia-

tive based on big data analytics. But anyway, our in vitro 

and in vivo experiments verified the anti-melanoma effect 

of HANPs, as could provide a new idea for the clinical treat-

ment of melanoma.
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Conclusion
The present study verified the anti-melanoma effect of 

HANPs by the in vitro and in vivo experiments, while they did 

not inhibit and even promote the viability of the normal fibro-

blasts. The physicochemical properties of HANPs, includ-

ing morphology, size, SSA, crystallinity, and so on, played 

important role in inhibiting the viability of A375 cells and 

inducing the apoptosis of the cells. Among the as-prepared 

five HANPs, HA-A with granular shape, smaller size, higher 

SSA, and lower crystallinity presented better anti-melanoma 

efficiency. The apoptosis-related genes were up-regulated in 

A375 cells but not in HSF cells by the HANPs; this could 

be the reason that HANPs had the selective inhibition on the 

viability of melanoma cells. Therefore, HANPs could be an 

excellent candidate for the clinical treatment of melanoma.
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