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 Background: Breast cancer is among the deadliest cancers across the world and is responsible for countless deaths. There 
is an urgent need for co-delivery systems which can simultaneously transport both drug and gene into a sin-
gle cancer cell with low toxicity and high anti-angiogenesis efficiency.

 Material/Methods: In the present study, well-formed amine-functionalized hydroxyapatite nanoparticles based on combined an-
giogenesis therapy for breast cancer were successfully constructed for the simultaneous delivery of p53 and 
candesartan (CD) (p53/CD/NHAP).

 Results: In vitro and in vivo experiments revealed that p53/CD/NHAP can effectively transfer the p53 gene and deliv-
er the loaded CD to achieve preferable anti-breast cancer effect both at the cellular level and in tumor-bear-
ing mice. This may possibly be due to the combined anti-angiogenic mechanisms of p53 and CD via different 
pathways.

 Conclusions: p53/CD/NHAP might be a candidate carrier for efficient anti-angiogenesis therapy of breast cancer.
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Background

Breast cancer is among the deadliest cancers across the world 
and is responsible for countless deaths. According to the World 
Cancer Report, breast cancer caused 458 503 deaths world-
wide in the year 2008 alone, and more in the following years.

It has been well documented that the growth of solid neo-
plasms is always accompanied by neovascularization. Many 
previous works have proved the positive association between 
the growth of solid malignant tumors and new vessels [1–3]. 
In recent years, it has been widely appreciated that the popu-
lation of tumor cells and the population of capillary endothe-
lial cells within a neoplasm may constitute a highly integrated 
ecosystem which plays an important role in tumor progression 
and accounts for the lethality of cancers [4–6].

Given the role of angiogenesis in tumor growth and progres-
sion, targeting tumor vasculature as a therapeutic means has 
been long proposed and deemed as a practical approach to 
cure cancer [7]. As a result, anti-angiogenesis therapy applied 
in breast cancer has been widely adopted, since breast cancer 
has been identified to be a malignancy that tends to spread 
quickly at the late stage due to angiogenesis effects [9–10]. 
This protocol targets the key angiogenic factors, including vas-
cular endothelial growth factor (VEGF) [11] and matrix metal-
loproteinases (MMPs) [12], to block the angiogenesis-related 
cellular pathways. Among angiogenic activators, VEGF was 
proven to be one of the key regulators of both physiological 
and pathological angiogenesis [13]. As a result, anti-angiogen-
esis breast cancer therapy based on VEGF targeting has be-
come the focus of related research [14–16].

To date, multiple positive results have shown that angiotensin 
II (Ang II) can play an important role not only in blood pres-
sure regulation, but also in modulation of tumor angiogenesis 
and progression, possibly by regulating VEGF via angiotensin 
II type 1 receptor (AT1R) [17]. Moreover, AT1R overexpression 
in various neoplastic cells (e.g., breast and ovarian carcinoma 
cells) [18], has been well established for years. As a result, 
AT1R could be considered as a noteworthy target in antican-
cer therapy. Restoring p53 function within cancer cells using 
drug delivery systems (DDS) has been found to increase the 
sensitivity of cancer cells to anticancer drugs [19–22]. More 
interestingly, further studies revealed that tumor-associated 
angiogenesis can be positively inhibited by the VEGF down-
regulation effects of p53 gene by either direct interaction or 
indirect pathways [23–25].

Although combination anti-angiogenic therapy of 2 traditional 
chemotherapeutics via different action mechanisms showed 
advantages to some extent [26], its application was some-
times severely hindered by adverse effects and/or multidrug 

resistance (MDR). The combination of drug and gene therapy 
may offer a second paradigm in anti-angiogenic breast cancer 
treatment [27]. Therefore, co-delivery systems which can si-
multaneously transport an anticancer drug and a gene into a 
single cancer cell, with low toxicity and high therapy efficien-
cy, should be developed.

Nanomaterials capable of fulfilling the co-delivery mission in-
clude organic ones such as polyplexes [28] and cationic mi-
celles [29], and inorganic ones such as silica [30] and hydroxy-
apatite nanoparticles (HAP) [31]. HAP is deemed as a feasible 
candidate and possess many characteristics desired of an ide-
al drug and gene co-delivery vector, such as low cytotoxici-
ty, large surface area, and ease of fabrication and modifica-
tion [32]. Here, we report that we have successfully developed 
a DDS based on amine-functionalized hydroxyapatite (NHAP) 
nanoparticles. Candesartan (CD) is an angiotensin II type 1 re-
ceptor blocker (ARB) with stronger affinity for AT1R of tumor 
cells than other ARBs [33]. CD, together with p53 plasmid, 
were chosen as the therapeutic drug and gene, respective-
ly. Subsequently, CD and p53 were loaded onto NHAP to con-
struct the drug and gene co-delivery system (p53/CD/NHAP). 
The self-assemblies of p53/CD/NHAP nanoparticles were in-
vestigated by their change in particle size, zeta potential, and 
drug loading efficiency. Gel retardation assay was performed in 
vitro to seek the optimize weight/weight (w/w) ratio of NHAP 
nanoparticles to p53 plasmid in the formulation of p53/CD/
NHAP nanoparticles. Moreover, in vitro transfection and anti-
cancer efficiency, together with in vivo anticancer assay of p53/
CD/NHAP nanoparticles, were also evaluated to further eluci-
date the positive potential of p53/CD/NHAP nanoparticles in 
anti-angiogenic breast cancer therapy.

Material and Methods

Preparation of p53/CD/NHAP nanoparticles

Equivalent mole ratio of 3-aminopropyl-triethoxysilane (APS, 
Sigma-Aldrich, St. Louis, USA) and HAP nanoparticles (Beijing 
DK Nanotechnology Co., Ltd., Beijing, China) were added into 
a flask containing the proper amount of mixed solution (eth-
anol: water=9: 1) and agitated for intensive mixing. After that, 
solution pH was adjusted to 10 with ammonium hydroxide 
and the reaction further proceeded for another 3 h. Finally, the 
NHAP nanoparticles were obtained by centrifugation (5000×g, 
10 min, Allegra X-22, Beckman, USA). The precipitation was 
washed several times with ethanol and desiccated at 50°C un-
der high vacuum until further use.

The prepared NHAP nanoparticles were dispersed in etha-
nol to obtain a concentration of 10 mg/ml. After that, CD (5 
mg) dissolved in chloroform was added into the solution with 
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agitation. The mixture was agitated for 6 h, followed by anoth-
er centrifugation to isolate the CD/NHAP nanoparticles from 
the solution. The precipitation was repeatedly washed with 
ethanol and chloroform, desiccated, and finally resuspended 
in distilled water (Merck Millipore, USA).

P53 plasmid obtained from Addgene (Cambridge, USA) was 
dissolved in HEPES buffer (20 mM, pH 7.4) to get a clear solu-
tion (0.1 mg/ml). The plasmid solution was then added drop-
wise into the aqueous solution of CD/NHAP nanoparticles at 
the different w/w ratio (NHAP to ANG, 10 to 60) with vortex 
to form p53/CD/NHAP. The final mixture was allowed to stand 
for 30 min before use. The particle size and zeta potential of 
HAP, CD/NHAP, and p53/CD/NHAP nanoparticles were deter-
mined by use of the Size and Zeta Potential Analyzer (90Plus, 
Brookhaven, USA).

The protection potential of NHAP nanoparticles on p53 was 
evaluated by agarose gel electrophoresis. The p53/CD/NHAP 
nanoparticles at different w/w ratios (containing 0.2 μg p53 
plasmid) were processed as previous reported [34].

The anti-DNase degradation ability of p53 with the protection 
of NHAP nanoparticles in serum was also determined as re-
ported previously [35].

Drug loading content

The prepared p53/CD/NHAP nanoparticles were collected by 
centrifugation and dispersed in acetone/methanol (1/1, v/v) 
with gentle agitation for 24 h. After that, supernate obtained 
by centrifugation was subjected to HPLC analysis under the 
same condition as reported previously [27].

In vitro cytotoxicity assay

For cell viability assay of p53/CD/NHAP nanoparticles, MCF-7 
(Cell Bank of SIBCB, CAS, Shanghai, China) cells were seeded 
at the density of 1.0×104 cells/well (96-well plates, Corning, 
USA) and incubated overnight. The primary growth medium 
was afterwards replaced with 200 μl of serum-free medium, to 
which different nanoparticles were added to achieve designat-
ed concentrations (10, 20, 50, 100, 150, and 200 μg/ml). After 
different intervals of incubation (24, 48, and 72 h), the cyto-
toxicity assay was performed according a previous report [36].

In vitro gene transfection studies

The transfection capability of NHAP nanoparticles-mediated re-
porter gene pEGFP (Addgene, Cambridge, USA) in MCF-7 cells 
was qualitatively and quantitatively investigated, respectively, 
in compare to Polyethyleneimine (PEI) 25 KDa (Sigma-Aldrich, 
St. Louis, MO, USA). Cells seeded at 6-well plates were allowed 

to grow overnight to reach 80% confluence. The pPEGFP/NHAP 
nanoparticles and pEGFP/PEI 25K (1: 1, w/w) were diluted with 
serum-free medium and added to the wells (plasmid concen-
tration: 1 μg/well) at 37°C for 4 h. The primary medium was 
then discarded and cells were treated with fresh FBS contain-
ing medium to culture for another 48 h [34]. Afterwards, the 
transfected cells were washed thoroughly with PBS, either 
subjected to observation and photography by fluorescent mi-
croscope (OlympusIX51, Japan) or quantified by GFP-positive 
cells and GFP fluorescence intensity by flow cytometry (Becton 
Dickinson, USA).

qRT-PCR, Western blotting and ELISA assays

The variation of VEGF mRNA level in the transfected MCF-7 
cells using p53/CD/NHAP nanoparticles were determined by 
qRT-PCR assay, following the protocols reported previously [27]. 
Expression of VEGF and AT1R genes at protein level was evalu-
ated by Western blotting as previously reported [37]. VEGF level 
was further studied by ELISA assay as reported previously [4].

In vivo anticancer study

To further evaluate the performance of p53/CD/NHAP within 
the living animals, the in vivo anticancer study was performed. 
Female BALB/c nude mice (mean body weight: 16–18 g) were 
donated from Shanghai Laboratory Animal Center (SLAC, 
China) and housed in an SPF laboratory room at 22±2°C with 
access to food and water ad libitum. Six mice were randomly 
assigned each of the following groups: Group A: saline (con-
trol group); B: pEGFP/CD/NHAP nanoparticles; C: p53/NHAP 
nanoparticles; group D: p53/NHAP nanoparticles plus free CD; 
and group E: p53/CD/NHAP nanoparticles. The MCF-7 tumor-
bearing mouse model was established as reported previous-
ly. Briefly, MCF-7 cells were trypsinized and resuspended in 
PBS. We inoculated 5×106 cells/0.1 mL into the mammary fat 
pad of mice using a 27-gauge syringe. The tumor volume (TV) 
was calculated as TV=(width2×length)×0.5 [38]. When the tu-
mor volume reached approximately 100 mm3, the mice were 
injected intravenously via the tail vein at a dose of 50 μg p53 
gene and/or 30 μg CD/mouse every 2 days for a 14-day ther-
apeutic period. The dimension of the tumor measured by a 
caliper and the total body weight was also measured simul-
taneously. All procedures were in strict accordance with NIH 
guidance. After the final day of measurement, mice from each 
group were randomly selected and sacrificed, their tumor tis-
sues were extracted and subjected to H&E staining to com-
pare the anticancer effect of each formulation. Additionally, 3 
mice in each group were randomly sacrificed and their tumor 
tissues were subjected to antibody staining followed by mi-
crovessel density (MVD) calculation (number/mm2) by mea-
suring the number of CD31-positive objects in each specified 
field as reported previously [27].
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Results and Discussion

Particle size, zeta potential and drug loading

Particle size and zeta potential play an important role in the 
performance of the nanoparticles. It has been suggested that 
particle size smaller than 200 nm is more favorable for anti-
cancer utilization since particles within this range are tend to 
accumulate at the tumor tissue due to the so-called enhanced 
permeability and retention (EPR) effect. To deliver gene mole-
cules, the nanoparticles should be positively charged to con-
dense the negatively charged nucleic acid. However, it has 
been shown that positively charged nanoparticles are more 
likely to be taken up by cancer cells and the reticuloendothe-
lial system (RES). Strongly positive nanoparticles, such as PEI-
derived polyplexes, are usually toxic due to the damage to the 
cell membrane. Moderate-positive nanoparticles, like chito-
san-based ones, in contrast, performed well both in vitro and 
in vivo. These results suggested that moderate-positive sur-
face charge may alleviate the cytotoxicity of the nanoparti-
cles and achieve good performance. The comparative particle 
size and zeta potential of HAP and NHAP nanoparticles were 
first tested. The particle size measurement revealed that HAP 
have a diameter of around 50.3 nm and a zeta potential of – 
21.5 mV (Figure 1A). The negative surface charge may be due 
to the presence of phosphate group on the surface of HAP 
nanoparticles. However, after amine functionalization, the sur-
face charge of NHAP nanoparticles reversed to be a positive 
one of + 30.8 mV. The particle size of NHAP nanoparticles was 
also increased a little to be 60 nm, indicating the anchoring of 
additional amine groups on the surface of the HAP nanoparti-
cles. After drug loading of CD, the obtained CD/NHAP nanopar-
ticles are still positively charged with slightly decreased val-
ue, suggesting that the CD molecules with negative carboxyl 
groups are entrapped both within the core and onto the surface 
of the NHAP nanoparticles. The final obtained p53/CD/NHAP 
nanoparticles, their particle size, and zeta potential vary with 

the change of w/w ratio between p53 and CD/NHAP nanopar-
ticles. It was reported that the w/w ratio exerts a significant 
effect on transfection efficiency of the finally constructed de-
livery system [39]. As depicted in Figure 1B, when w/w ratio 
reached 10, the particle size of p53/CD/NHAP nanoparticles 
was significantly increased to 156.4 nm with a reversed sur-
face charge of – 16.54 mV. The excess presence of p53 (nega-
tively charged) at the surface of amine-functionalized CD/NHAP 
nanoparticles might be responsible for reversing the zeta po-
tential and increasing the particle size. As expected, the parti-
cle size decreased synchronously with the increase of w/w ratio 
within the first stage, and reached a minimum value (~65 nm) 
at the w/w ratio of 30, which might be due to the formation of 
condensed and stable complexes p53/CD/NHAP nanoparticles, 
and a further increase in w/w ratio showed a positive corre-
lation with particle size. Moreover, the zeta potential of p53/
CD/NHAP nanoparticles increased with increasing w/w ratios, 
and finally stabilized at around + 30.38 mV at the ratio of 30.

Gel retardation assay, serum stability, and drug loading of 
p53/CD/NHAP nanoparticles

The prerequisite requirements for successful gene delivery of 
cationic vectors are plasmid binding and protecting capabil-
ities. The plasmid-condensing ability of NHAP nanoparticles 
was verified by gel retardation assay. As shown in Figure 2A, 
free p53 showed no retardation. However, at the ratio of 10, 
NHAP nanoparticles showed certain p53 biding ability with a 
relatively weaker band compared to free p53. Moreover, with 
the increase of w/w ratio, NHAP nanoparticles demonstrated 
increasing p53 binding ability, which achieve complete and 
satisfying retardation of p53 at the ratio of over 30. The pro-
tective effect of the NHAP nanoparticles on p53 against se-
rum nucleases degradation was assessed by the co-culture of 
NHAP nanoparticles with serum (Figure 2B). Naked p53 was 
completely degraded after being incubated in FBS for 24 h. 
However, NHAP nanoparticles showed good protective effect 
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Figure 1.  (A) Particle size and zeta potential of different nanoparticles. (B) Particle size and zeta potential of p53/CD/NHAP 
nanoparticles at different w/w ratios (NHAP to p53, 10–60). Data are shown as mean ±S.D. (n=3).
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on p53 at all tested ratios, and higher ratios tended to have 
stronger protective capability. NHAP nanoparticles reached full 
protection of p53 at the ratio of 30, which was supported by 
comparable and evident bands to control, which was consis-
tent with the results obtained from the binding assay.

In summary, it was inferred that p53/CD/NHAP nanoparti-
cles at the w/w ratio of 30 exerted desirable surface charge, 
proper particle size, effective p53 condensation and protec-
tion capability, and were selected as the optimal nanoparti-
cles in the following studies. The drug-loading efficiency of 
NHAP nanoparticles at the ratio of 30 was calculated to be 
12.18±4.26% (data not shown).

In vitro cell viability assays

The cytotoxicity of drug-free NHAP nanoparticles was assessed 
by standard MTT assay. As shown in Figure 3, the cytotoxici-
ty of NHAP nanoparticles was dose-dependent. At the highest 

NHAP nanoparticles concentration of 200 μg/ml, there was still 
over 90% of cell viability remaining after 72 h of incubation, 
suggesting their low cytotoxicity. Compared with cytotoxicity 
in the groups which were incubated with the NHAP nanopar-
ticles for 24 h, cells incubated for 48 h and 72 h demonstrat-
ed comparable cell viability without any significant difference 
observed. This was beneficial for p53/CD/NHAP nanoparticles 
to act as a delivery system. Since p53/CD/NHAP nanoparticles 
at the highest concentration still demonstrated low cytotox-
icity, it was inferred that all the cancer therapeutic effects in 
the following experiments were due to the angiogenesis of ei-
ther CD or p53 or the combination of them without interfer-
ence from the carrier.

Transfection capability of pEGFP/CD/NHAP nanoparticles

To evaluate the transfection capability of CD/NHAP nanoparti-
cles, pEGFP plasmid encoding GFP was employed as an alter-
native to p53 to fulfill this purpose in a simple way, since GFP 
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Figure 3.  Cell viabilities of MCF-7 (A) and MCF10A (B) cells incubated with drug-free NHAP nanoparticles at various concentrations for 
24, 48 and 72 h, respectively. Data are expressed as mean ±S.D. (n=5).
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Figure 2.  (A) p53 binding assay of p53/CD/NHAP nanoparticles at various w/w ratios. (B) p53 protecting assay of p53/CD/NHAP 
nanoparticles at various w/w ratios.
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can easily be observed and quantified. To determine the com-
parative transfection capability of pEGFP/CD/NHAP nanoparti-
cles, PEI 25KDa as a generally recognized polymer with exerts 
high transfection efficiency in vitro was employed. pEGFP/PEI 
25KDa complexes at the optimal w/w ratio of 1 with low cy-
totoxicity and high transfection efficiency were employed as 
control [35]. It can be concluded from Figure 4A–4C that pEG-
FP/PEI 25KDa complexes demonstrated the highest transfection 
efficiency, while free p53 without any protection showed no 
transfection. We also observed that pEGFP/CD/NHAP nanopar-
ticles possessed comparable transfection efficiency to pEG-
FP/PEI 25KDa complexes with relatively strong GFP signals 
(green color). To further confirm the results, flow cytometry 
was applied to quantitative determine the transfection effi-
ciency of pEGFP/PEI 25KDa complexes and pEGFP/CD/NHAP 
nanoparticles (free pEGFP plasmid was used to normalize the 
transfection efficiency). As depicted in Figure 4D, pEGFP/PEI 
25KDa complexes successfully transfected 26.07% of the total 

cells, while there were 23.26% positive cells in pEGFP/CD/NHAP 
nanoparticles. There was no significant difference observed be-
tween these 2 formulations, which provided decisive evidence 
that pEGFP/CD/NHAP nanoparticles can effectively raise the 
transfection efficiency of pEGFP plasmid. In summary, NHAP 
nanoparticles exerted comparative transfection capability to 
the criterion standard PEI 25K; as a result, good p53 transfec-
tion and anti-angiogenesis effects can be expected.

In vitro anti-angiogenesis efficiency

VEGF has been widely recognized as one of the most important 
cytokines in angiogenesis and was proved to be a candidate 
target for cancer therapy [6]. The expression of VEGF at mRNA 
and protein level in p53/CD/NHAP nanoparticles transfected 
MCF-7 cells was evaluated to revel the in vitro anti-angiogen-
esis efficiency of p53/CD/NHAP nanoparticles. We first used 
100 nM of Ang II and assessed its effect on mRNA expression 
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Figure 4.  Green fluorescent protein (GFP) expression efficiency in MCF-7 cells using different formulations. Fluorescence images of 
cells transfected with (A) pEGFP/CD/NHAP nanoparticles (w/w=30), with (B) pEGFP/PEI 25KDa (w/w=1), and (C) naked pEGFP 
plus HAP. (D) Flow cytometric analysis of pEGFP/CD/NHAP nanoparticles and pEGFP/PEI 25KDa. Data are shown as mean 
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of VEGF. As shown in Figure 5, Ang II remarkably upregulated 
VEGF expression compared to control (untreated cells), which 
was set as control to seek the combination anti-angiogene-
sis efficiency of p53 and CD in p53/CD/NHAP nanoparticles.

As shown in Figure 5A, treatment with p53/NHAPs or pEG-
FP/CD/NHAPs resulted in the decreased VEGF mRNA level in 
MCF-7 cells. Above all, it was noted that p53/CD/NHAP nanopar-
ticles further potentiated such a suppression effect in VEGF 
mRNA level. The VEGF mRNA level in p53/CD/NHAP nanopar-
ticles-treated cells was 3.03-fold lower than that in controls 
(Ang II-stimulated cells), even compared to the basic level of 
untreated cells with longer treatment of 48 h. The synergy of 
these 2 therapeutic components (p53 and CD) was further con-
firmed by the reduction in VEGF protein using Western blot-
ting assay (Figure 5B). The obtained ELISA analysis results of 
VEGF expression are consistent with the above-mentioned 
qRT-PCR and Western blotting assays. As shown in Figure 5C, 
at 48 h post-transfection, p53/CD/NHAP nanoparticles as a 
co-delivery system can more significantly downregulated the 
VEGF secretion from cells induced by Ang II compared with 

mono-delivery (p53/NHAP and pEGFP/CD/NHAP nanoparti-
cles). These results strongly confirmed that co-delivery of p53 
and CD into MCF-7 cells was effectively realized using NHAP 
nanoparticles. By employing the synergistic effect of p53 and 
CD, we successfully suppressed the overexpression of angio-
genesis-related gene VEGF via different pathways, which might 
ultimately restrain tumor-associated angiogenesis and lead to 
preferable anticancer effect.

In vivo anticancer assay

The potential synergistic anticancer efficacy of the p53/CD/
NHAP nanoparticles co-delivery system was assessed in MCF-
7 xenografted nude mice. As shown in Figure 6A, although 
tumor growth was suppressed to some extent after admin-
istration of mono-delivery system, the combined therapy of 
p53 and CD appeared to be much more potent when the an-
imals were treated with p53/CD/NHAP nanoparticles. The fi-
nal tumor volumes in the p53/CD/NHAP nanoparticles group 
were measured to be 406 ± 56 mm3. The observations sug-
gested that synergistic anticancer effect of p53 and CD was 
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simulate in vivo tumor microenvironment with high Ang II concentration. The untreated cells were taken as a blank control. 
The suppression of VEGF (A) mRNA levels in MCF-7 cells at 24 and 48 h post-treatment were quantified by qRT-PCR. (B) The 
suppression on VEGF protein expression in MCF-7 cells at 48 h after transfection as evaluated by Western blotting assay. 
(C) The secretion of VEGF protein in culture media tested by ELISA kit at 48 h after transfection. Results are expressed as 
mean ±S.D. (n=5). * P<0.05 and ** P<0.01.
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achieved in the p53/CD/NHAP nanoparticles group. The corre-
sponding body weight variation was also recorded (Figure 6B). 
It revealed that the untreated mice suffered from a steady de-
crease in body weight, possibly due to the burden of increas-
ing tumor volume. However, no significant body weight lost 
was observed in other treatment groups. In the p53/CD/NHAP 
nanoparticles group, the body weight of mice even increased, 
suggesting the improved health of treated mice. Moreover, 
the H&E staining of tumor tissues of mice from each group 
are displayed in Figure 6C. We observed that tumor tissue 
from the saline group displayed evident characteristics of can-
cer cells, with large nuclei and closely packed cells. However, 
both mono-delivery and co-delivery systems exerted certain 
anticancer effects, with cancer cell remission being observed. 
We noted that the p53/CD/NHAP nanoparticles group dem-
onstrated the most powerful anticancer effect with the larg-
est area of cancer cell remission. Further studies on MVD, 
as a marker of tumor-associated angiogenesis, revealed the 
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Figure 6.  The tumor volume (A), body weight (B) curve, H&E staining (200×), (C) and MVD analysis, and (D) of tumor tissues of 
MCF-7 tumor-bearing BALB/c mice after intravenous administration of saline and different complexes, respectively. The 
measurement of tumor volume, body weight, and the injection of formulations were repeated every 2 days for 2 weeks. 
Results are represented as mean ±S.D. (n=6). ** P<0.01. Scale bar: 200 μm.

tumor angiogenesis suppression as the underlying reason for 
the synergistic therapeutic effect in vivo of CD and p53 gene 
delivered by a multifunctional co-delivery system. As shown 
in Figure 6D, MVD in tumors from different groups followed 
an order: saline > pEGFP/CD/NHAP nanoparticles > p53/NHAP 
nanoparticles > p53/CD/NHAP nanoparticles, which was con-
sistent with the in vitro assays conducted in Section 2. 5. All 
the above results indicated that breast cancer therapy using 
p53/CD/NHAP nanoparticles might be a preferable strategy 
due to the significant angiogenesis inhibition induced by the 
combination angiogenesis effect of CD and p53. In our future 
work, we wish to modify p53/CD/NHAP nanoparticles with tu-
mor-targeting ligands (e.g., Folate and antibody) to further en-
hance their anticancer efficacy.
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Conclusions

In this study, well-formed NHAP nanoparticles based on com-
bined angiogenesis therapy for breast cancer were successful-
ly constructed for simultaneously delivery of p53 and CD. The 
obtained NHAP nanoparticles with suitable amine groups sup-
ported effective condensation, and the well-formed p53/CD/
NHAP nanoparticles exhibited small particle size, reasonable 
positive charges, and excellent loading of drug and gene in vi-
tro. Moreover, NHAP nanoparticles had almost no cytotoxicity. 

p53/CD/NHAP nanoparticles potentiated the gene transfection 
on MCF-7 cells compared to naked plasmid. More importantly, 
p53/CD/NHAP nanoparticles as a co-delivery system simultane-
ously delivering p53 and CD and into the same cells achieved 
stronger inhibitory effect on angiogenesis in vitro, possibly re-
sulting from significant downregulation of VEGF expression via 
different pathways. In particular, our in vivo investigation in 
nude mice bearing MCF-7 xenografts confirmed that our p53/
CD/NHAP nanoparticles co-delivery system exerted superior an-
ti-tumor efficacy by a synergistic anti-angiogenic mechanism.
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