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Background: Breast cancer (BC) is the most common type of cancer among women 
worldwide, and about 30% of males will have recurrent disease.
Methods: In order to treat recurrent BC, we designed a type of silica nanodelivery system 
loaded with epirubicin and curcumin (composite nanoparticles, CNPs). To promote CNPs 
clinical application, the stability, the blood, immune and cell compatibility, skin stimulation 
experiments, anti-tumor activity in vivo and in vitro were studied.
Results: In our study, the CNPs had a particle size of 73.9 nm and a uniform size and 
morphology; moreover, they maintained physical and chemical stability in the blood protein 
environment. Additionally, results showed that nanoparticles had good blood and immune 
compatibility, and they did not affect intracellular superoxide dismutase (SOD) and intracel
lular catalase (CAT). Skin stimulation experiments showed that CNPs did not cause any 
obvious irritative damage to the intact skin of rabbits. In the cytotoxicity study, CNPs 
showed strongest antitumor activity. The results of cell cycle and apoptosis studies showed 
that CNPs could mainly induce apoptosis of S and G2/M phase cells. In vivo, CNPs showed 
strongest aggregation in the tumor after 6 h of tail vein administration, and a large amount of 
CNPs continued to accumulate in the blood after 12 h of administration, indicating that CNPs 
had long circulation ability. The in vivo antitumor activities showed that CNPs had the 
strongest antitumor activity and tumor targeting ability, and hematoxylin-eosin staining of 
internal organs showed no obvious difference between treatment groups and negative 
control.
Conclusion: CNPs have an ideal biosafety and therapeutic effect for recurrent BC, and they 
have potential clinical application value.
Keywords: nanoparticles, breast cancer, chemotherapy, targeting, biocompatibility

Introduction
Breast cancer (BC) is often called “the pink killer”. BC is the most common type of 
cancer among women worldwide, and 24.2% of males with newly diagnosed cancer 
were diagnosed as having BC.1,2 Thus, the incidence rate is the highest in women. 
In the United States, 1 in 8 women develop BC; in China, more than 300,000 
women are diagnosed with BC every year.1–3 The 5-year survival rate is 89% in the 
United States and about 80% in China.4,5 But the recurrence rate of BC is very 
high, about 30%. In addition, the incidence of BC is high; thus, BC is still the main 
killer among females (15%), followed by lung cancer (13.8%) and colon cancer 
(9.5%).1–6 After BC recurrence in patients, first-line chemotherapy drugs, such as 

Correspondence: Jingwen Huang;  
Jiuzhou Liu  
Email byyfyhjw1988@163.com;  
Liu_JiuzhouBC@163.com

OncoTargets and Therapy 2021:14 3429–3442                                                              3429
© 2021 Liu 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).

OncoTargets and Therapy                                                                    Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 9 November 2020
Accepted: 22 April 2021
Published: 25 May 2021

O
nc

oT
ar

ge
ts

 a
nd

 T
he

ra
py

 d
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0003-0170-0837
mailto:byyfyhjw1988@163.com
mailto:Liu_JiuzhouBC@163.com
http://www.dovepress.com/permissions.php
https://www.dovepress.com


anthracycline drugs, have obvious advantages.7 But they 
cannot be used again because of cardiac toxicity.3

Anti-cancer drugs using natural compounds, such as 
paclitaxel, curcumin and doxorubicin, are of importance 
because of the multitargeting capability and outstanding 
therapeutic activity. However, poor solubility and bioavail
ability have limited their efficacy.8,9 But nanocarriers can 
be used to improve the anticancer activity of the natural 
compounds.

In view of this situation, the development of nanotech
nology has brought new opportunities for the treatment of 
recurrent BC.10 Nanocarriers can prevent direct contact 
between drugs and normal tissue cells, such as heart 
cells, by wrapping chemotherapy drugs, thus providing 
high efficacy and low toxicity in recurrent BC.3,11,12 

However, most of the currently developed nanodrugs for 
recurrent BC have some disadvantages, such as poor tar
geting ability or poor biological safety, which limits their 
clinical development and application.13 The αvβ3 receptor 
in some BC had high expression. In MCF-7 breast cancer, 
although the expression of αvβ3 receptor is relatively low, 
it is still highly expressed compared with other receptors, 
so we use this as a target. Accordingly, our research team 
prepared a kind of composite nanoparticles (CNPs) based 
on mesoporous silicon encapsulating cationic polymers 
epirubicin (EPI) and curcumin (Cur) to improve the anti- 
tumor activity and cyclo (Arg-Gly-Asp-d-Phe-Cys) (c
(RGDfC), cRGD) for targeting BC by binding to the 
αvβ3 receptor in the tumor tissue.3,14 In this paper, we 
report on our studies of the biocompatibility and anti-BC 
activity of CNPs.

Materials and Methods
Materials
3.9-Bis(3-aminopropyl)-2,4,8,10-tetraoxaspiro [5.5] undecane 
(BATU) and β-cyclodextrin (β-CD) were purchased from 
Aladdin Reagent Co., Ltd (Shanghai, China). 
N-hydroxysuccinimide (NHS), N,N-dimethylformamide 
(DMF) and N-(3-dimethylaminopropyl)-N′-ethylcarbodi 
imide hydrochloride (EDC) were obtained from Meloney 
Biotechnology Co., Ltd (Dalian, China). Further, 3-chloropro
pyl trimethoxysilane (CPTS) was purchased from West Asia 
Reagent Co., Ltd (Chengdu, China). Sodium citrate was 
obtained from Meryer Chemical Technology Co., Ltd 
(Shanghai, China). EPI, Cur, Dulbecco’s Modified Eagle 
Medium (DMEM), fetal bovine serum (FBS), cell counting 
kit-8 (CCK-8), cell cycle analysis kit (PI/RNase Staining), 

annexin V-FITC apoptosis detection kit, phorbol 12-myristate 
13-acetate (PMA), IL-1β, TGF-β1, bovine serum albumin 
(BSA), superoxide dismutase (SOD) and catalase (CAT) kits 
were purchased from Anhui Muweixing Technology Co., Ltd 
(Hefei, China). Cetyltrimethylammonium bromide (CTAB) 
and mPEG (2000 Da) were obtained from Sigma-Aldrich 
(China) Co., Ltd (Shanghai, China). Other solvents and 
reagents were purchased from Sinopharm Chemical Reagent 
Co., Ltd (Shanghai, China).

Cell Culture
MCF-7 cell line (human BC cell) was purchased from the 
Stem Cell Bank, Chinese Academy of Sciences, and cul
tured in DMEM with 10% FBS and 1% penicillin- 
streptomycin.15

Animal Study
All animals were purchased from the Experimental 
Animal Center of Zhengzhou University; all animal stu
dies protocol were approved by the Ethical Committee of 
Zhengzhou University, and all operations accorded with 
guidelines and regulations of Zhengzhou University. 
National Institutes of Health guide for the care and use 
of laboratory animals was strictly complied with by us.

Methods
Preparation of CNPs
First, 0.5 g of CTAB was dissolved in 240 mL of ultrapure 
water. Then, 1.75 mL of NaOH (2.0 M) was added to the 
solution and adjusted to 60 °C. Tetraethyl orthosilicate 
(TEOS) was then added, and the solution was stirred for 
2–4 h. The precipitate was collected by centrifugation and 
washed with ethanol to prepare mesoporous silica nanopar
ticles (MSN). Further, 0.3 mL of CPTS was added to 50 mL 
of anhydrous toluene (containing 0.2 g MSN) and stirred at 
70–75 °C for 20 h. The precipitate was collected by centri
fugation and washed with ethanol to obtain carboxylated 
MSN (MSN-COOH). Then, a total of 20 mg of MSN- 
COOH was dissolved in 1 mL of DMF containing 12 mg 
of EDC, 5 mg of NHS and 65 mg of BATU, and this solution 
was vacuum-shocked for 8 h to collect the suspended MSN- 
COOH-BATU particles without drugs. Further, 4.0 mg of 
EPI was dissolved in 0.3 mL of DMSO containing 20% 
Tween-20, and it was mixed to prepare the EPI@MSN- 
COOH-BATU nanoparticles (NPs). A pellet was added to 
2 mL of ethanol containing 5 mg Cur and stirred at room 
temperature overnight to allow Cur to penetrate the pores, 
and this was followed by centrifugation to remove the 
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unincorporated drug. In order to avoid drug release from the 
well, NPs were dissolved in 1 mL DMF and 5 mg β-CD, 
reacted at room temperature for 8 h and then washed with 
DMF, ethanol and water. Vacuum drying yielded the β-CD- 
blocked drug-loaded MSN. Subsequently, a total of 15 mg of 
the prepared β-CD-blocked NPs in 2 mL of DEPC water 
was added to 5 nmol carboxylated modified mPEG (2000 
Da) and stirred at room temperature for 8 h, and then EDC 
and NHS were added in sequence. Finally, cRGD was then 
added to the solution, stirred at room temperature for 8 h and 
then centrifuged and washed to obtain the cRGD-modified 
loaded NPs (EPI/Cur@MSN-BATU-β-CD-mPEG-cRGD; 
CNPs) (Scheme 1).

Characterization of the CNPs
The CNP solution was diluted to 100 μg/mL, and the zeta 
potential was detected using a ZetaSizer Nano ZS system. 
The particle size and size distribution were measured using 
dynamic light scattering (DLS). Zeta potential detection 
conditions consisted of a He-Ne laser with a wavelength of 
633.8 nm and 25 °C.16–19 For transmission electron micro
scopy (TEM) characterization, the CNP solution was applied 
to a 200-mesh copper net and then dried at room temperature 
prior to TEM detection (JEM-1400, JEOL, Japan).19–21

Drug Loading Content (DLC), Encapsulation 
Efficiency (EE) and in vitro Release of EPI and Cur
After freshly prepared NPs were centrifuged, the absor
bance of EPI and Cur in the supernatant was detected by 

UV spectrophotometer. DLC and EE were calculated 
according to the standard curve and formula (1) and (2).22

DLC = loaded drug weight/NPs weight × 100% (1)
EE = loaded drug weight/input drug weight × 100% (2)
The release profile of CNPs in PBS (pH 7.4) was eval

uated using the dialysis method. Briefly, 10 mg of CNPs was 
kept in a dialysis bag (MWCO 8000–14,000 Da, Greenbird 
Inc., Shanghai, China) and gently shaken in 20 mL PBS at 
37 °C. Then, 2 mL aliquots were taken and replaced with an 
equal volume of fresh PBS. The concentration of EPI or Cur 
was measured using UV-vis spectrophotometry at 
a wavelength of 480 nm or 260 nm, respectively.

Stability Study of the NPs
The DLS method was used to detect the diameter of NPs 
at different stages using 5% FBS or 2% BSA at 37 °C for 
4 h and 12 h. Samples (MSN, MSN-BATU-β-CD and 
CNPs) were evaluated by DLS to determine protein 
adsorption indirectly.23

Hemolysis Rates in the CNPs
Fresh blood from healthy volunteers was mixed with 3.8% 
sodium citrate (anticoagulant) at a volume ratio of 4:1 and 
then diluted with physiological saline (8 mL anticoagulant 
blood plus 10 mL of physiological saline).23 The prepared 
CNPs were added to the diluted blood at final CNP con
centrations of 1, 2, 4 and 8 mg/mL, and then incubated at 
37 °C for 1 h. The mixed blood was then centrifuged at 
2500 rpm for 5 min. The supernatant was collected, and 
the absorbance at a wavelength of 540 nm was measured 

Scheme 1 Preparation of CNPs.
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using an ultraviolet spectrophotometer. Hemolysis rate (%) 
= (Dt-Dnc)/(Dpc-Dnc) × 100%. Dt, Dpc and Dnc were the 
absorbance values of the experimental group, positive 
control and negative control, respectively. The hemolysis 
rate in the negative control (physiological saline) was 0%, 
and the hemolysis rate in the positive control (distilled 
water) was 100%. A hemolysis rate < 5% indicates that 
the nanomaterial meets the clinical requirements, and 
a hemolysis rate > 5% indicates that the nanomaterial 
promotes hemolysis and does not meet the clinical 
requirements.24 All studies on human samples were 
approved by the Ethical Committee of Zhengzhou 
University, and all operations accorded with guidelines 
and regulations of China and the Declaration of Helsinki. 
All volunteers were informed and signed informed 
consent.

Immunocompatibility Test of the CNPs
PMA was added to RPMI 1640 medium (containing 10% 
FBS, 1% penicillin and streptomycin) with THP-1 cells in 
the logarithmic growth phase, and the final concentration 
of PMA was 25 ng/mL. Then, the PMA solution was 
added into the kit 96-well plate at 200 μL/per well. After 
incubation for 72 h, THP-1 cells were induced and differ
entiated into macrophages. According to the instructions 
of the quantitative enzyme-linked detection kit for trans
forming growth factor beta-1 (TGF-β1) and interleukin 
(IL)-1β, the cell medium containing PMA was carefully 
aspirated in each well, and 200 μL of RPMI 1640 medium 
containing CNP carrier was added. Further, 200 μL of 
RPMI 1640 medium was added to the negative control, 
and 200 μL of RPMI 1640 containing 6% phenol was 
added to the positive control. It was then cultured in 
a cell incubator for 24 h. The supernatant was processed 
and added into the antibody-coated plate, and the optical 
density (OD) value at 450 nm was detected. In the mean
time, the standard curve was obtained according to the kit 
instructions. The contents of TGF-β1 and IL-1β were 
obtained according to the OD value and the standard 
curve.20,25–27

SOD and CAT Assays of the CNPs
BC cells were cultured in 6-well plates. After adherence, 
the culture medium was aspirated, and 2.5 mL of DMEM 
medium (containing NP carrier concentration of 1, 2, 4 or 
8 mg/mL) was added and co-incubated with the cells. 
DMEM medium (without NPs) was used as a negative 
control. After incubation for 24 h, the SOD and CAT 

concentrations were determined according to the manufac
turer’s instructions.28

Single Skin Irritation Tests of the CNPs
Healthy female New Zealand rabbits with a 2.0–2.5 kg 
body weight were selected. The two sides of the rabbit 
spine were depilated (2×2 cm), and one side was injected 
subcutaneously with 0.2 mL of normal saline (negative 
control), and the other side was injected with 0.2 mL of 
CNP carrier (8 mg/mL), with four injection points per 
side. Before and after injection, the injection sites were 
sterilized with 75% alcohol. After injection, the injection 
site was covered with sterile gauze. At 1, 24, 48 and 72 
h after injection, skin reaction at the injection point was 
visually observed under natural light. The average value of 
the skin reaction scores at each time point was calculated 
for each group, and the stimulation intensity was evaluated 
according to Table 1. The outcome evaluation consisted of 
the average daily score for each animal in each group, 
which was calculated as (∑ (erythema and edema 
score))/number of animals/observation days, and the skin 
irritation intensity was determined as shown in Table 2. 
Finally, the skin over the injection sites was observed via 
hematoxylin and eosin (H&E) staining.29,30

Cytotoxicity Tests (CCK-8 Test)
MCF-7 BC cells were cultured in 96-well plates with 
DMEM medium for 24 h. The culture solution was aspi
rated, and then 200 μL of culture medium (containing 
NPs: 10, 20, 50, 100 and 200 μg/mL) was added. PBS 
was used as a negative control, and 2 μg/mL of 

Table 1 Indicators and Scoring Criteria for the Skin Irritation 
Test

Study 
Index

Grade Score

Erythema No erythema 0
Mild erythema (barely visible) 1

Moderate erythema (clearly visible) 2

Severe erythema 3
Purple-red erythema to mild eschar formation 4

Edema No edema 0
Mild edema (barely visible) 1

Moderate edema (significant bulge) 2
Severe edema (skin uplift 1 mm, clear outline) 3

Severe edema (skin bulge more than 1 mm 

and enlarged)

4

Maximum total score 8
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doxorubicin was used as a positive control. After incuba
tion for 24 h or 48 h, the culture medium was aspirated 
and the cells were washed twice with PBS. Then, 100 μL 
of serum-free medium and 10 μL of CCK-8 reagent were 
added in turn to each well. After 2 h, the OD value was 
measured using a microplate reader at a wavelength of 450 
nm, and the cell viability of the cells was calculated 
according to the following formula: viability = (OD 
value of the experimental group/OD value of the control) 
× 100% (3).31,32

Cell Cycle and Apoptosis
Cells in the logarithmic growth phase were inoculated into 
a 24-well plate at 1×106 cells/well. After cell adhesion, 
100 μg/mL of different NPs was added and cultured. After 
24 h, the cells were digested with trypsin, centrifuged and 
collected. Then operation was performed according to the 
Cell Cycle Analysis Kit (PI/RNase Staining) and Annexin 
V-FITC Apoptosis Detection Kit instructions to analyze 
the effect of NPs on cell cycle and apoptosis.10

Establishment of a Xenograft Tumor 
Model
MCF-7 cells were subcutaneously injected into the right 
forelimb of 4-week-old specific pathogen-free (SPF) nude 
mice (20–25 g). When the tumor volume was 
50–100 mm3, the in vivo distribution and antitumor activ
ity were studied. The calculation formula for tumor 
volume was as follows: V = a×b2/2 (a = the minimum 
diameter, b = the maximum diameter) (4).22

In vivo Distribution Study
After intravenous injection of NPs for 3, 6 and 12 h (4 mg/ 
kg), the tumor-bearing mice were sacrificed, and spleen, 
lung, heart, kidney, liver, tumor and blood were collected. 
After rinsing with normal saline and drying with a filter 
paper, the weight of the organs was recorded. Then the 
organ was placed into a tissue grinder, normal saline 
(1 mL/100 mg tissue) was added, the mixture was ground 

and a homogenate was prepared. After centrifugation at 
2500 rpm for 10 min, EPI (wavelength: 485 nm) in the 
supernatant was detected by UV spectrophotometer. The 
percentage of injected dose per gram of tissue (%ID/g) 
was used, and it assayed the in vivo biodistribution of 
NPs.11,31

In vivo Antitumor Activity
The tumor-bearing mice were intravenously injected with 
CNPs (4 mg/kg weight) once every 3 days. In the mean
time, every 3 days, the tumor size was also measured with 
a vernier caliper. The EPI weight in the EPI@NPs group 
and the Cur weight in the Cur@NPs group were equal to 
those in the CNPs group. The tumor volume was calcu
lated and plotted according to the tumor volume for
mula (4).31

Statistical Analyses
All analyses were performed using the SPSS 22.0 software 
(IBM Corporation, Chicago, USA), and the results were 
expressed as mean ± standard deviation, with at least three 
replicates per group. Statistical significance was assessed 
using one-way analysis of variance (ANOVA) and Tukey’s 
post hoc test. All experiments were considered to show 
statistically significant differences at P < 0.05.

Results and Discussion
Characterization of the CNPs
The morphology study of CNPs showed that they were 
smooth and round, had a uniform size and narrow particle 
size distribution and did not form any aggregated clusters. 
The average particle size was 73.9 ± 10.2 nm, the zeta 
potential was −23.1 ± 3.7 mV, and the particle distribution 
index (PDI) was 0.12 ± 0.02 (Figure 1).

In vitro Release of EPI and Cur
Figure 2A shows that the EEs of EPI and Cur in the CNPs 
were 72.45% and 83.14%, respectively. The DLCs of EPI 
and Cur in the CNPs were 2.76% and 3.78%, respectively. 
The EPI and Cur had ideal EE and DLC, and the EE was 
more than 70%. In the release study, at 10 min, the release 
rates of Cur and EPI were 15.8% and 6.4%, respectively 
(Figure 2B). At 1 h, the release rates of Cur and EPI were 
32.4% and 14.9%, respectively. At 72 h, the release rates 
of Cur and EPI were 98.4% and 59.8%, respectively. It can 
be seen that the drug release was slow and there was no 
burst release. The release rate of Cur was more than that of 

Table 2 Skin Irritation Intensity Grading

Mean Value of Score Intensity

0 to < 0.5 No irritation
0.5 to < 2.0 Mild irritation

2.0 to < 6.0 Moderate irritation

6.0 to < 8.0 Severe irritation
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EPI; this was beneficial for the chemotherapy-enhancing 
effect exerted by Cur, followed by the chemotherapy effect 
exerted by EPI.

Stability Study of the NPs
When the NPs enter the blood, plasma proteins are adsorbed 
onto their surface and the proteins adsorbed on the NPs can be 
recognized by macrophage surface-related receptors, which 
subsequently undergo binding and phagocytosis. This process 
further affects the stability and distribution of the particles in 
the body.23 Therefore, it is important to use DLS to investigate 
plasma protein adsorption onto the surface of the NPs. Before 
incubation, the average size of the three types of NPs (MSN, 
MSN-BATU-β-CD and CNPs) was between 60 nm and 95 
nm, with CNPs having an average size of 73.9 nm. After the 
three types of NPs were incubated for 4 h or 12 h in distilled 
water, the average particle size remained essentially the same 
(Figure 3A and Figure 3A). After incubation with 5% FBS or 

2% BSA for 4 h, the average sizes of the three types of NPs 
were increased, but P was > 0.05. In addition, the increase in 
particle size of the NPs in BSA was slightly less than that in 
FBS, probably because BSA is a smaller protein. Thus, in the 
human body, the influence of albumin on the particle size of 
NPs will be dominant because the main protein in human 
serum is albumin.

Hemolysis Test of the CNPs
Hemolysis tests performed in vitro are considered an 
important and reliable method for evaluating the blood 
compatibility of drugs. The results of our hemolysis test 
showed that the newly prepared CNPs produced 
a hemolysis rate of red blood cells of less than 2% 
(Table 3). According to the standards, results of this 
assay are interpreted as non-hemolysis (hemolysis rate 
0–5%) and hemolysis (hemolytic rate > 5%). Linear fitting 
of the CNP concentration and hemolysis rate yielded the 

Figure 1 Physical and chemical characterization of the CNPs. (A) The size characterization of CNPs shows that the particle size was approximately 70 nm, the distribution 
range was narrow and the particle size was uniform. (B) The TEM image of the CNPs shows that the NPs were spherical, uniform in size, showed no aggregates and 
indicated good stability. (C) Zeta potential of CNPs; (D) Appearance of 10 mg/mL CNPs in physiological saline.

Figure 2 (A) The EE and DLC of EPI and Cur in the CNPs. (B) The release curve of Cur and EPI from CNPs in 0.9% NaCl.
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following equation: y = 0.009957 + 0.001218x (R2 = 0.83). 
It can be seen that when the hemolysis rate reached 5%, 
the concentration of CNPs was 32.88 mg/mL, far exceed
ing the normally used concentration (0.05–2 mg/mL). 
Therefore, the CNPs were determined to be non-hemolytic 
at these concentrations.

Immunocompatibility Test of CNPs
Before induction, THP-1 cells appeared suspended, and they 
were round and smooth (Figure 4A); after PMA induction 
for 24 h, some THP-1 cells began to differentiate into 
adherent macrophages, and the cell morphology also began 
to change from circular to fusiform or irregular (Figure 4B); 
after 48 h of PMA induction, most of the THP-1 cells 
differentiated into spindle-like or oval-shaped giant cells 
that could adhere to the wall (Figure 4C). Figure 4D shows 
that the TGF-β1 contents in the negative control and CNP 
groups (1, 2, 4 and 8 mg/mL) were 31.4 pg/mL, 28.7 pg/mL, 
32.1 pg/mL, 27.9 pg/mL and 34.1 pg/mL, respectively; and 
the TNF-α contents were 41.2 pg/mL, 42.4 pg/mL, 33.8 pg/ 
mL, 37.4 pg/mL and 36.3 pg/mL, respectively, which were 
significantly lower than the TGF-β1 (69.5 pg/mL) (P < 0.01) 
and TNF-α (76.9 pg/mL) contents (P < 0.01) in the positive 
control. The content of TGF-β1 and TNF-α showed no 
significant difference between the CNP groups and the 

negative control (P > 0.05). This indicated that CNPs had 
no significant effect on the body’s immune function.

SOD and CAT Assays of CNPs
SOD is a metalloenzyme widely present in living organ
isms, and it is an important oxygen radical scavenger that 
catalyzes the superoxide anion (O2-) to produce H2O2 and 
O2, which play an important role in the biological antiox
idant system. CAT is widely found in animals and cultured 
cells. It is the most important H2O2 scavenging enzyme in 
many organisms and plays an important role in the active 
oxygen-scavenging system.33,34

In this study, the effects of CNPs on intracellular SOD 
and CAT levels were studied via the nitroblue tetrazolium 
(NBT) chromogenic method and the ammonium molybdate 
colorimetric method. The results showed that the SOD con
centrations of the CNP groups (1, 2, 4 and 8 mg/mL) were 
8.56 U/mg protein, 10.87 U/mg protein, 9.75 U/mg protein 
and 11.31 U/mg protein, respectively (Figure 5A), and there 
was no significant difference when compared with the SOD 
concentration of 9.69 U/mg protein in the negative control. 
The CAT concentrations were 15.23 U/mg protein, 16.37 U/ 
mg protein, 16.58 U/mg protein and 18.16 U/mg protein, 
respectively, and there was no significant difference when 
compared with the CAT concentration of 17.61 U/mg protein 
in the negative control (Figure 5B). In addition, the concen
tration of CNPs had no significant effect on the intracellular 
SOD and CAT levels, supporting their good biocompatibility.

Skin Irritation Tests of CNPs
At 1 h, the results of a single skin irritation test showed that 
the stimulation response of the CNPs for normal rabbit skin 
had a low average score (0.31 ± 0.12), which was the same 
as that in the 0.9% NaCl group (negative control) (0.25 ± 
0.11) (Table 4), with no statistical difference between the 

Figure 3 Changes in NP diameter after the NPs at different preparation stages were incubated with distilled water, 5% FBS or 2% BSA for (A) 4 h or (B) 12 h at 37 °C.

Table 3 Hemolysis Rates Produced by the Test materials

Samples OD Value at 540 nm Hemolysis Rate (%)

0.9% saline 0.024±0.003 NC

Distilled water 0.946±0.205 PC

CNPs 1 mg/mL 0.036±0.011 1.25±0.18
CNPs 2 mg/mL 0.034±0.007 1.10±0.06

CNPs 4 mg/mL 0.039±0.008 1.61±0.10

CNPs 8 mg/mL 0.042±0.012 1.95±0.21
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two groups. After 24 h, the average scores in the CNPs 
group and 0.9% NaCl group were zero for a single normal 
skin irritation test. In addition, the average daily score was 
0.42 in the CNP groups and 0.33 in the 0.9% NaCl group, 
indicating that no stimulation was conferred by the CNPs 
according to the rating criteria (Table 2). The H&E staining 
of the injection sites at 72 h is presented in Figure 6, and the 
H&E staining in the two groups was similar with no 
abnormalities, including edema, necrosis or apoptosis. 

These results indicated that a single administration of 
CNPs produced little to no irritation of the intact skin.

Cytotoxicity Tests
The cytotoxicity of the CNPs was assessed via CCK-8 
analysis in the MCF-7 cell line. When CNPs at different 
concentrations were incubated with the cell line, cell via
bility was concentration-dependent (Figure 7). When the 
concentration of CNPs was higher, the cell viability was 

Figure 5 (A) SOD activity and (B) CAT activity in MCF-7 BC cells. There was no significant difference between the CNP groups and the negative control in terms of SOD 
activity or CAT activity.

Figure 4 The status of THP-1 cells after PMA induction for (A) 0 h, (B) 24 h, (C) 48 h. (D) The cells were incubated with the RPMI 1640 medium containing 6% phenol 
(positive control), the cells were incubated with the RPMI 1640 medium (negative control) and the cells were incubated with 1, 2, 4 and 8 mg/mL of CNPs (experimental 
group). ** P < 0.01, compared with negative control.
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lower. When the cell viability rate was lower than 75%, 
the concentrations of Cur@NPs, EPI@NPs and CNPs 
were approximately 200 μg/mL, 50 μg/mL and 20 μg/mL 
for 24 h; and 200 μg/mL, 20 μg/mL and 10 μg/mL for 48 
h, respectively. Among all NPs, the cytotoxicity of CNPs 
was the highest and the cytotoxicity of Cur was the lowest. 
With an increase in the NP concentration, there was an 
increase in the cytotoxicity. Chemotherapy sensitization 

increased with an increase in the Cur concentration. The 
cell viability of all positive control cells was significantly 
lower than that in the negative control (P < 0.05).

Cell Cycle and Apoptosis
EPI acts via direct entry into the nucleus base pairs of DNA 
to interfere with the transcription process and prevent 
mRNA formation, thus inhibiting DNA and RNA synthesis. 
As a cell cycle nonspecific drug, it is effective in many types 
of transplanted tumors.35 In order to determine whether 
growth inhibition of MCF-7 cells is related to cell cycle 
and apoptosis, we evaluated the effects of CNPs on cell 
cycle and apoptosis after exposure of MCF-7 cells to CNPs 
(Figure 8). The G0/G1 phase cell percentages in NC, PC, 
CNPs, EPI@NPs and Cur@NPs were 68.7%, 55.9%, 75.9%, 
82.1% and 79.8%, respectively. The corresponding S phase 
cell percentages were 14.8%, 7.9%, 4.95%, 6.01% and 
7.82%, respectively. The corresponding G2/M phase cell 
percentages were 4.73%, 5.41%, 9.2%, 11.94% and 

Table 4 Average Scores of a Single Skin Irritation Test 
Performed Using CNPs and 0.9% NaCl

Groups Time Average Score

CNPs 1 h 0.31±0.12
24 h 0
48 h 0

72 h 0

0.9% NaCl 1 h 0.25±0.11

24 h 0

48 h 0
72 h 0

Figure 6 At 72 h after injection, H&E staining of the injection sites in the (A) 0.9% NaCl group and (B) 8 mg/mL CNPs group. (A) and (B) presented no abnormalities, such 
as edema, necrosis or apoptosis.

Figure 7 CNPs at different concentrations were incubated with the MCF-7 cell line for (A) 24 h and (B) 48 h, and their effect on the cytotoxicity was assessed. * and ** 
Indicate P < 0.05 and P < 0.01, respectively, compared with the negative control.
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14.82%, respectively. The total apoptotic rate in the corre
sponding groups was 3.7%, 75.2%, 62.1%, 46.3% and 
19.7%, respectively. It can be seen that the CNPs group 
had the lowest proportion of S phase and G2/M phase cells 
among all NPs, and the apoptotic rate in the CNPs group was 
the highest, suggesting that CNPs can exert an inhibitory 
effect by inducing S phase and G2/M phase cell apoptosis.

In vivo Biodistribution
After CNPs were injected into tumor-bearing mice via the 
tail vein, the drug distribution in organs and tissues was 

evaluated as %ID/g at 3, 6 and 12 h (Figure 9). At 3 h after 
administration, the %ID/g values in kidney, heart, lung, liver, 
spleen, tumor, blood and small intestine were 1.67%, 2.06%, 
1.76%, 0.71%, 1.09%, 0.79%, 3.48% and 0.34%, respec
tively. At 6 h after administration, the %ID/g values in the 
corresponding organs were 1.94%, 2.56%, 2.44%, 0.84%, 
1.54%, 2.08%, 2.79% and 0.58%, respectively. After 12 
h after administration, the %ID/g values in the corresponding 
organs were 0.89%, 1.71%, 1.21%, 0.32%, 1.36% and 
1.76%, respectively. It can be seen from 3 h to 6 h after 
administration, the %ID/g value in tumor increased from 

Figure 8 The effects of (A) NC, (B) PC, (C) CNPs, (D) EPI@NPs and (E) Cur@NPs on cell cycle in MCF-7 cells. (F) The effects of different NPs on MCF-7 cell apoptosis.

Figure 9 The in vivo biodistribution of CNPs in (A) heart and liver; (B) spleen and lung; (C) kidney and tumor; (D) blood and small intestine at 3, 6 and 12 hours after tail 
vein injection into tumor-bearing mice.
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0.79% to 2.08%, and the value was 1.76% at 12 h after 
administration, which showed that maximum aggregation 
of NPs in tumor was observed at 6 h after administration. 
From 3 h to 6 h after administration, the %ID/g values in the 
phagocytic systems, such as liver, spleen and kidney, were 
increased, which was related to the phagocytosis of the 
phagocytic system; from 6 h to 12 h after administration, 
the %ID/g showed a decreasing trend, which was related to 
the metabolism of NPs. From 3 h to 6 h after administration, 
the %ID/g value in the small intestine showed an increasing 
trend, which may be because liver is a pathway of NP 
metabolism. In the biodistribution study, the %ID/g value 
in the blood showed a decreasing trend; but at 12 h after 
administration, there were high concentrations of NPs in the 
blood, which indicated that CNPs had long circulation ability.

In vivo Antitumor Activity Study
Fifteen days after different NPs were injected via the tail 
vein, tumor volumes in the PBS group, CNPs group, CNPs 
without cRGD group, EPI@NPs and Cur@NPs were 
285.6 mm3, 108.9 mm3, 152.5 mm3, 198.9 mm3 and 
238.9 mm3, respectively (Figure 10). Among all study 
groups, the PBS group showed the highest growth rate. 
Comparison of the PBS group with the EPI@NPs group 
had P < 0.05. Comparison of the EPI@NPs with the CNPs 
without cRGD group had P < 0.05. These findings suggested 
that the synergistic antitumor effect of Cur was stronger than 

that of cRGD. Comparison of the CNPs group with the 
CNPs without cRGD group had P < 0.05. It indicates that 
cRGD had a clear targeting ability. During the whole treat
ment process, the weight of mice was not significantly 
changed, suggesting that CNPs had no obvious toxic effects 
and side effects on organisms during the treatment. 
Pathological staining of spleen, lung, heart, kidney, liver 
and other internal tissues showed that the cells in each 
treatment group were similar to those in the negative control, 
with no obvious cell apoptosis and necrosis and no obvious 
nucleus pyknosis and fragmentation (Figure 11).

Conclusions
In the present study, CNPs were successfully prepared; they 
had a relatively small and uniform particle size, and stable 
physical and chemical properties. CNPs can increase the Cur 
solubility, and β-CD block the drugs in mesoporous silicon 
channels and graft cRGD as targeting groups recognized by 
academia. And combined with EPR effect, we can achieve 
better tumor targeting. Moreover, CNP carriers demonstrated 
a low hemolysis rate and ideal cell compatibility, and they 
did not cause any obvious irritative damage to the intact skin. 
CNPs played an anti-cancer role by inducing apoptosis of 
S phase and G2/M phase cells. In vitro and in vivo experi
ments also showed that CNPs had good tumor-targeting 
ability and anti-tumor activity. In conclusion, CNPs have 
an ideal biosafety and therapeutic effect for recurrent BC.

Figure 10 (A) Volume change of xenograft tumor in tumor-bearing mice treated with different NPs. (B) Weight change in mice from different treatment groups. * P < 0.05.
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Figure 11 H&E staining of heart (A and A1), kidney (B and B1), spleen (C and C1), lung (D and D1) and liver (E and E1) from mice receiving CNPs group and control.
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