
O R I G I N A L  R E S E A R C H

pH-Responsive Fluorescence Enhanced Nanogel 
for Targeted Delivery of AUR and CDDP Against 
Breast Cancer

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

Zhiwen Cao1 

Wen Li1 

Rui Liu1 

Chenxi Li1 

Yurong Song1 

Guangzhi Liu1 

Youwen Chen1 

Cheng Lu2 

Aiping Lu3 

Yuanyan Liu1

1School of Chinese Materia Medica, 
Beijing University of Chinese Medicine, 
Beijing 100029, People’s Republic of 
China; 2Institute of Basic Research in 
Clinical Medicine, China Academy of 
Chinese Medical Sciences, Beijing 100700, 
People’s Republic of China; 3School of 
Chinese Medicine, Hong Kong Baptist 
University, Kowloon, Hongkong, People’s 
Republic of China 

Introduction: Auraptene (AUR), a natural bioactive prenyloxy coumarin, is a highly 
pleiotropic molecule that can bind to the MT1 receptor and can effectively reduce the 
proliferation and migration of breast cancer cells. Cisplatin (CDDP), as the first synthetic 
platinum-based anticancer drug, is widely used in the clinic due to its definite mechanism 
and therapeutic effect on diverse tumors. However, both of AUR and CDDP exhibit some 
disadvantages when used alone, including poor solubility, low bioavailability, lack of selec
tivity and systemic toxicity when they are used singly.
Methods: Therefore, the biodegradable materials hyaluronic acid (HA) and β-cyclodextrin 
derivative (mono-(6-amino-mono-6-deoxy)-β-CD, CD) were employed as carriers to load 
AUR and CDDP to form nanogel (CDDPHA-CD@AUR) capable of dual-targeted delivery 
and synergistic therapy for breast cancer and cell imaging.
Results: With the help of the CDDP-crosslinked CD-loaded structure, the newly synthesized 
nanogel exhibited excellent physiological stability and fluorescence effects. The release of 
AUR and CDDP was affected by the pH value, which was beneficial to the selective release 
in the tumor microenvironment. Cell experiments in vitro demonstrated that the nanogel 
could be selectively internalized by MCF-7 cells and exhibited low cytotoxicity to HK-2 
cells. Antitumor experiments in vivo showed that the nanogel have better antitumor effects 
and lower systemic toxicity.
Conclusion: Based on these, the nanogel loaded with AUR and CDDP have the potential 
for targeted delivery against breast cancer.
Keywords: auraptene, cisplatin, cell imaging, tumor targeting, pH-responsive

Introduction
Auraptene (AUR), also known as prenyloxy coumarin, is mainly contained in the 
family of Rutaceae and Apiaceae.1 It has various pharmacological activities, such as 
antitumor, antibacterial, antiviral, anti-inflammatory, and antiarrhythmia, among 
which antitumor effect is a hotspot. AUR can reduce the viability of tumor cells, 
inhibit the migration and invasion of tumor cells in vitro, and alleviate the activity of 
matrix metalloproteinases 2 and 9.2,3 More importantly, AUR can control the pro
liferation of breast cancer cells by changing the expression of genes related to the cell 
cycle, regulating estrogen receptors and binding to the MT1 melatonin receptor 
owing to the structural similarity between AUR and melatonin.4–6 The expression 
of the MT1 melatonin receptor in breast cancer tissue is significantly higher than that 
in normal tissue.7,8 Thus, AUR has great potential for use in the treatment of breast 
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cancer. Cisplatin (CDDP), a nonspecific drug for the cell 
cycle, has a broad spectrum of activity against different 
types of solid tumors. The synergistic effects of AUR and 
CDDP can significantly increase the expression of tumor 
suppressor proteins and enhance the cytotoxicity as 
reported in previous studies.2,9,10 However, the poor water 
solubility of AUR leads to low bioavailability and little 
delivery to the target site, while the severe renal toxicity 
and low selectivity of CDDP make prioritizing chemother
apy for cancers a challenge.3,11 Referring to the advantages 
of a carrier-free drug delivery system,12 two biodegradable 
materials, β-cyclodextrin derivatives (mono-(6-amino- 
mono-6-deoxy)-β-CD, CD) and hyaluronic acid (HA), 
were selected as carriers in this experiment to load AUR 
and CDDP against breast cancer, overcoming the problems 
of solubility, selectivity, and system toxicity.

CD, a biodegradable amphiphilic host molecule, has 
been extensively used to improve the solubility, stability 
and bioavailability of drugs through the formation of 
inclusion complexes.11,13 The hydrophobic inner cavity 
can form a stable host-guest inclusion complex with 
hydrophobic molecules of AUR.11,14 In addition, CD can 
affect the photochemical and photophysical properties of 
guest molecules due to the limitation of the shape and size 
of the inner cavity.15,16 Coumarin compounds have better 
optical characteristics and quantum yields, and have been 
widely developed as fluorescent probes.17–19 The electron- 
donating group at the 7-position of AUR contributes to 
increased photostability. Therefore, CD was not only used 
to load AUR to increase its solubility, stability, and bioa
vailability, but also to enhance its fluorescence intensity 
for cell imaging.20,21

HA, a biodegradable polysaccharide, has biocompatibil
ity, biodegradability, and nonimmunogenicity properties.12 

As a water-soluble natural polysaccharide, it has been 
widely explored and applied in the construction of nanos
cale drug delivery systems.13 Moreover HA can be recog
nized by six types of receptors: CD44, RHAMM, lymphatic 
vessel endothelial HA receptor-1, hyaluronan receptor for 
endocytosis, layilin, and Toll-like receptor 4, which make it 
used as a cancer-cell-specific ligand to achieve the purpose 
of targeted delivery.12,22,23 Among them, CD44 and 
RHAMM have been confirmed to be overexpressed on the 
surface of various cancer cells, and they can recognize HA 
to enter cells by endocytosis. In particular, HA is an anionic 
natural linear material containing a large number of car
boxyl and hydroxyl groups, which can be linked to specific 
moieties.24 Taking these advantages, CD was modified on 

HA by amide bond, and amide bond can be broken under 
the action of proteases and acidic conditions in the 
lysosome.25 CDDP has been modified on HA through 
chelation.26 By anchoring the drug to the polymer matrix 
through the pH-response linkage, the nanocarrier can be 
stabilized under normal physiological conditions while dis
persed in the acidic microenvironment of the tumor and 
then release the drug. Such a pH-responsive cross-linked 
structure can effectively deliver the cargos to the specific 
site and improve the antitumor effect.13

Based on the above considerations, we successfully 
synthesized a pH-responsive fluorescence enhanced nano
gel (CDDPHA-CD@AUR) for dual-targeted on breast can
cers and cell imaging. The active targeting of HA 
receptors combined with AUR-specific ligands forms 
a dual-targeted nanogel to improve the internalization of 
CDDPHA-CD@AUR by breast tumor cells, while the fluor
escence properties of AUR can track the selectivity and 
distribution of CDDPHA-CD@AUR in cells. CDDP, as 
a crosslinker and therapeutic drug, was connected to the 
carboxyl group of HA through chelation to stabilize the 
nanogel, while the cross-linked structure enabled the drug 
to have a pH-responsive release capability. Meanwhile, the 
effect and uptake behavior of CDDPHA-CD@AUR were 
investigated in MCF-7 and HK-2 cells in vitro, and its 
antitumor effect and systemic toxicity following intrave
nous administration were determined in tumor-bearing 
mice in vivo.

Materials and Methods
Reagents and Materials
Sodium hyaluronate (HA, MW=90 kDa) was purchased from 
Bloomage Freda Biopharm. N-hydroxysuccinimide (NHS) 
and 1-Ethyl-3(3-dimethylaminopropyl) carbodiimide (EDC) 
were obtained from Macklin. Auraptene (AUR), mono- 
(6-amino-mono-6-deoxy)-β-CD (CD) and cisplatin (CDDP) 
were purchased from Shanghai Yuanye Bio-Technology Co., 
Ltd. Dimethyl sulfoxide (DMSO) and 4ʹ-6-diamidino-2-phe
nylindole dihydrochloride (DAPI) were purchased from 
Sigma-Aldrich. Cell Counting Kit-8 (CCK-8) was obtained 
from Dojindo Laboratories. Fetal bovine serum (FBS) was 
obtained from Gibco Laboratories, and DMEM/HIGH 
Glucose medium, DMEM-H/F-12 medium and 1% antibiotics 
(penicillin 100 U/mL, and streptomycin 100 mg/mL) were 
purchased from HyClone Laboratories. Human breast cancer 
MCF-7 cells were obtained from BeNa Culture Collection 
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(BNCC). HK-2 cells were purchased from American Type 
Culture Collection (ATCC).

Preparation of CDDPHA-CD@AUR 
Nanogel
The synthesis of the CDDPHA-CD@AUR nanogel was 
obtained by a three-step reaction. First, the carrier of HA- 
CD was prepared. The connection of HA and CD occurs 
through the reaction of the carboxyl group of HA and the 
amino group of CD to form an amide bond. Then, HA-CD 
was used to load AUR to obtain HA-CD@AUR. This 
process was realized by loading the hydrophobic guest 
molecule AUR into the hydrophobic inner cavity of CD. 
Finally, the CDDPHA-CD@AUR nanogel was obtained by 
the chelate interaction of CDDP and HA. Specifically, 
sodium hyaluronate powder (50 mg) was dissolved in 
deionized water (15 mL) and stirred well to disperse. 
Then EDC (83.8 mg, 0.438 mmol) and NHS (50.3 mg, 
0.438 mmol) were added to the above solution. After 
stirring for 30 minutes at room temperature, 5 mL of CD 
(281.4 mg 0.25 mmol) aqueous solution was slowly added 
to the reaction solution, and the reaction was stirred at 
room temperature for 24 h. Finally, the reaction solution 
was dialyzed for 3 days in deionized water to remove 
excess CD and catalysts (molecular weight cut-off 
(MWCO) = 3500 Da). To obtain HA-CD@AUR, AUR 
(37.3 mg, 0.125 mmol) was dissolved in ethanol (5 mL) 
and slowly dropped into the dialysate of HA-CD under 
darkness and stirred at 50 °C for 4 h. Similarly, the 
solution was dialyzed in deionized water for 5 days 
(MWCO=3500 Da). Finally, the dialysate was lyophilized 
to obtain a white powder HA-CD@AUR. From HA-CD 
@AUR to CDDPHA-CD@AUR, to increase the load of 
CDDP, the amount of HA needs to be increased. 
Another 250 mg of HA was dissolved in 30 mL of deio
nized water. Then HA-CD@AUR was dissolved in deio
nized water (10 mL) and added slowly, with vigorous 
stirring to achieve uniform dispersion. The CDDP was 
dissolved in deionized water (10 mL) according to the 
molar concentration ratio (10:1) of [COOH]/[CDDP] and 
then slowly dropped into the solution mentioned above 
with vigorous stirring. After 48 h, the solution was dia
lyzed and lyophilized to obtain the CDDPHA-CD@AUR 
nanogel. This part of the experiment should be completed 
under darkness.

Hemolytic Tests
One milliliter of rabbit blood was obtained using a blood 
collection tube containing ethylenediamine tetracetic acid, 
and 5 mL of physiological saline (0.9% sodium chloride) 
was added to the blood for dilution. The blood sample was 
centrifuged at 2500 r/min for 5 minutes at 4 °C to separate 
blood red blood cells (RBCs) from the plasma. The RBCs 
were washed three times and then diluted to a concentration of 
2% (V/V) with physiological saline. RBCs (2%) were added 
to the CDDPHA-CD@AUR solution at a predetermined con
centration. Then, 2% RBCs were added to physiological saline 
and deionized water as positive and negative controls, respec
tively. All the solutions were mixed and placed in an incubator 
at 37 °C for 2 h and then centrifuged at 2500r/min for 5min in 
a centrifuge to collect the supernatant. One hundred micro
liters of the supernatant was transferred to a 96-well plate, and 
the absorbance was measured at 540 nm using a microplate 
reader. The hemolysis rate was calculated according to the 
following formula: hemolysis rate (%) = (Asample - Anegative 

group)/(Apositive control - Anegative group) × 100%. Asample, Anegative 

group, and Apositive control represent the absorbance values of 
different concentration samples and the negative and positive 
controls, respectively.

Characterization of CDDPHA-CD@AUR
The conjugation of CDDP and CD was measured by Fourier 
transform infrared spectroscopy (FT-IR, Thermo Nicolet 
is10). The morphology and stability of the nanogel were 
observed with a transmission electron microscope (TEM, 
HT7700). To observe the morphological changes of the 
nanogel in PBS solutions of different pH values, the nanogel 
was placed in PBS solutions of different pH values (pH 5.5, 
6.8 and 7.4), sonicated for 5 minutes to promote dispersion, 
and then the morphological changes of the nanogel at 6 and 
24 h were observed by TEM. To observe the results of the 
synthesis, the zeta potential changes of HA-CD@AUR and 
CDDPHA-CD@AUR were observed by Zetasizer. The aver
age particle size was also measured by DLS. The fluores
cence intensities of AUR, CD@AUR, and CDDPHA-CD 
@AUR were determined with a fluorescence spectrophot
ometer (PerkinElmer LS45). All compounds were dissolved 
in DMSO and diluted with PBS (VDMSO/VPBS=2/8).

In vitro Drug Release
To evaluate the release effect of AUR and CDDP from the 
nanogel, 3 mg of CDDPHA-CD@AUR was dissolved in 
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2 mL PBS at different pH values (pH 5.5, 6.8 and 7.4), 
placed in a cellulose dialysis membrane tube (MWCO=3.5 
kDa), and dialyzed in 30 mL PBS with related pH values. 
The conditions were controlled at 37 °C, 50r/min. Then, 
300μL solutions were taken at 0, 0.5, 1, 2, 3, 4, 6, 24, 48h 
and replaced with the same volume of PBS. The amount of 
AUR was determined by microplate reader at 330 nm. 
CDDP was released from nanogels using o-phenylenedia
mine colorimetry according to a previously published 
protocol.27,28 In brief, the sample solution was diluted to 
500 μL, 2 mg/mL of o-phenylenediamine solution was 
added, and the mixture was heated in a water bath for 10 
minutes. After cooling, it was measured at 703 nm with 
a microplate reader.

Cell Culture
Human breast cancer MCF-7 cells and human kidney 
2 (HK-2) cells were cultured in CM1-1 medium (90% 
DMEM/HIGH glucose medium containing 10% (V/V) 
fetal bovine serum) and CM9-1 medium (90% DMEM- 
H/F-12 containing 10% (V/V) fetal bovine serum), respec
tively, in an atmosphere of 5% (V/V) CO2 at 37 °C. The 
medium was replaced every two days, and the cells were 
washed three times with PBS and then digested by 
trypsinization.

Cellular Uptake
The cellular uptake was observed by confocal laser scan
ning microscopy (CLSM). CLSM was used to verify the 
feasibility of cell imaging and to compare the uptake of 
tumor cells and normal cells. Briefly, 500 μL of MCF-7 
cells and HK-2 cells (1×104) was added to glass bottom 
dishes from the middle, and incubated in the incubator for 
2h to adhere to the wall, and then the medium was filled to 
2 mL and incubated for 24h. Then, MCF-7 cells were 
treated with AUR, CD@AUR and CDDPHA-CD@AUR, 
and HK-2 cells were treated with CDDPHA-CD@AUR. 
After 4 hours, the culture medium was removed, and the 
cells were washed two times with PBS. After that, all cells 
were stained with 4ʹ, 6-diamidino-2-phenylindole (DAPI, 
2 mL) in the incubator for 15 minutes. Subsequently, the 
cells were washed three times with PBS and imaged by 
CLSM to observe the difference in fluorescence intensity 
of AUR, CD@AUR and CDDPHA-CD@AUR in MCF-7 
cells, and the difference in CDDPHA-CD@AUR uptake by 
MCF-7 cells and HK-2 cells (488 nm was applied to 
excite AUR).

In vitro Cytotoxicity 66
HK-2 cells were often used to study the nephrotoxicity of 
CDDP. Therefore, the in vitro cytotoxicity of CDDPHA-CD 
@AUR was assessed by HK-2 (normal cells), MDA-MB 
-231 (tumor cells) and MCF-7 cells (tumor cells). The toxi
city of CDDPHA-CD@AUR, free CDDP and the mixture of 
CDDP and AUR (wt/wt = 1:2) to HK-2 cells MDA-MB-231 
cells, and MCF-7 cells was assessed by the CCK-8 method. 
Briefly, MCF-7, MDA-MB-231 and HK-2 cells were cul
tured in a 96-well plate at a density of 1×104 cells/well for 24 
h, and then the cells were treated with different concentra
tions of CDDPHA-CD@AUR, CDDP, and the mixture. After 
24 h, 10 μL of CCK-8 solution was added to each well, 
incubated in the incubator for 2 h, and the absorbance was 
measured at 450 nm with a microplate reader. All samples 
were repeated three times. Similarly, MCF-7, MDA-MB-231 
and HK-2 cells were incubated with the nanogel (equivalent 
CDDP concentration of 20 μg/mL) to further detect cytotoxi
city in more time intervals, and CCK-8 experiments were 
performed after 24, 48 and 72 hours.

In vivo Antitumor Efficacy
Female BALB/C nude mice (20 ± 1 g) were purchased from 
Beijing Vital River Laboratory Animal Technology Co., Ltd 
(SCXK (jing) 2016–0011). The protocol of this study was 
authorized by the Research Ethics Committee of Institute of 
Basic Theory of Chinese Medicine, China Academy of 
Chinese Medical Sciences (the rodent license NO. SYXK 
11–00-0039) and experiments were carried out in accordance 
with the Guide for the Care and Use of Laboratory Animals. 
The breast cancer model was established by subcutaneous 
injection of MDA-MB-231 cells (2×106, dispersed in 0.1 mL 
of PBS solution). When the average tumor volume was 
50mm3, the mice were randomly divided into three groups 
(n=5). Each group was injected with saline, free CDDP plus 
AUR and CDDPHA-CD@AUR through the tail vein on days 0, 
3, 6, 9, 12, and 14. On days 0, 3, 6, 9, 12, 14, and 16, the mice 
were weighed, and the tumor volume was measured with 
a Vernier caliper. Tumor volume (V, mm3) was calculated by 
the formula V=A×B2/2 (A (mm) and B (mm) represent the 
largest and smallest diameters of the tumor, respectively).

Histological Examination
After the last weighing and measurement of tumor volume, the 
tumor tissue and major organs (heart, liver, spleen, lungs, and 
kidneys) of the mice were dissected for histopathological 
examination. The samples were fixed in 4% PBS-buffered 
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paraformaldehyde for 48 hours. Sequentially, low- to high- 
concentration alcohol is used as a dehydrating agent to remove 
moisture from the tissue. Then the tissue was embedded in 
paraffin, sliced, and baked. After dewaxing and dehydration 
by dimethylbenzene and absolute ethanol, the slices were 
stained with hematoxylin for 5 minutes, washed twice with 
0.2% hydrochloric acid and alcohol solution, stained with 
eosin for 3 minutes, and washed twice with 95% ethanol. 
Finally, the slices were washed with absolute ethanol, made 
transparent with dimethylbenzene, fixed with neutral gum and 
detected by a microscope.

Statistical Analysis
Statistical analyses were conducted using SPSS 16.0 and 
Origin 8.5 software. All results were represented as the 
mean ± standard deviation (SD). The Student’s t-test was 
employed for statistical analysis of group differences. P < 
0.05 was considered statistically significant (*p < 0.05, 
**p < 0.01 and ***p < 0.001).

Results and Discussion
Synthesis of CDDPHA-CD@AUR
As shown in Scheme 1, HA contains abundant carboxyl 
groups, which can be well amidated with the amino groups 

of CD under the catalysis of EDC and NHS. The hydro
phobic inner cavity of CD can form inclusion complexes 
with AUR, ensuring that AUR was loaded into the nanogel 
without chemical modification. CDDP as a crosslinker was 
connected to the carboxyl group of HA to form a nanogel 
through chelate interactions.

To evaluate the success of the nanogel synthesis, the 
conjugate structure of the nanogel was observed by FTIR. 
As shown in Figure 1, upon observing the infrared spectra 
of the mixtures (AUR, CDDP, CD, and HA) and the 
nanogel, it can be seen that there were obvious changes, 
and some peaks have an enhanced phenomenon. The 
absorption peaks at 1645cm-1 and 1560cm-1 were signifi
cantly enhanced. 1645cm-1 is related to stretching vibra
tion of amide I (NC = O), imine bond and metal ion 
coordination bond, and 1560cm-1 belongs to the bending 
vibration of amide II (CN-H), which illustrates the forma
tion of new amide bond and ion coordination bond.

The zeta potentials of the intermediate product HA-CD 
@AUR and the final product CDDPHA-CD@AUR are 
−23.7 and −10.7 mV, respectively. The change in zeta 
potential may be related to the occupation of carboxyl 
groups by CDDP. The negative surface potential of the 
nanogel indicates good dispersion stability. In addition, the 

Scheme 1 Schematic diagram for nanogel synthesis, tumor targeting, cell internalization, and pH-responsive drug release.
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Figure 1 FT-IR spectra of the mixture (HA, CD, AUR and CDDP) and the nanogel.

Figure 2 The particle size distribution of the nanogel in H2O and PBS solutions (pH 7.4, 6.8 and 5.5).
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slightly negative surface charge of the nanogel is benefi
cial for in vivo applications due to the potential of protein 
resistance in the blood circulation and reduces the undesir
able clearance of the reticuloendothelial system.29–31

Size and Morphological Characteristics of 
the Nanogel
To detect the size of the nanogel in different solvents, the 
nanogel was dispersed in water and PBS solutions with 
different pH values, and samples were sent for detection 
after 2 h. In this study, to simulate different acidic 
environments in the body, pH 5.5, 6.8, and 7.4 PBS 
solutions were selected to simulate the acidic environ
ment of lysosomes in tumor cells, the acidity of tumor 
tissue, and the normal physiological environment.32 As 
shown in Figure 2, the particle size distribution of the 
nanogel in water and PBS solution at pH 7.4 was 255 
nm, while the particle sizes of the nanogel in PBS solu
tions at pH 6.8 and pH 5.5 were 295 nm and 342 nm, 
respectively. The increase in the volume of nanogel 
under acidic conditions may be related to the weakening 

of chelation after protonation of carboxyl groups. The 
result of sample swelling under acidic conditions is con
ducive to the release of the drug. It also shows that the 
nanogel has a certain stability under normal physiologi
cal conditions.

To further observe the morphological and size 
changes of the nanogel under different acidic conditions, 
we also incubated the nanogel with PBS solutions of 
different pH values. As shown in Figure 3, the nanogel 
was dispersed in PBS solutions of different pH values, 
and the samples were taken at 6 h and 24 h and observed 
under TEM. It can be seen from the figure that the edges 
of the nanogel began to become blurred in the acidic 
environment of pH 6.8 and 5.5 at 6 h. However, when 
the nanogel was incubated in PBS solution for 24 h, the 
difference was more obvious. In the pH 6.8 and pH 5.5 
groups, especially the pH 5.5 group, the nanogel was 
completely decomposed, and only the chaotic structure 
can be seen. The phenomenon indicates that the nanogel 
has good physiological stability and can rapidly swell 
and decompose in tumor tissues.

Figure 3 TEM images of the nanogel in PBS buffer at different pH values. Scale bar: 1 µm.
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Drugs Loading and in vitro Drug Release
The free CDDP and AUR were collected during the pre
paration of the nanogel and quantified by UV-vis spectro
scopy. The drug loading efficiency (DLE) of the CDDP 
and AUR reached 55.1% and 64.9%, respectively. The 
release of AUR and CDDP from the nanogel by dialysis 
method was performed in PBS solutions at pH 5.5, 6.8 and 
7.4. As depicted in Figure 4, the release of AUR gradually 
increases with time and releases quickly at first and then 
gradually slows down. The release trend of AUR was 

similar under the three acidic conditions, but it is worth 
noting that the release of AUR was affected by the pH 
value. At 48 h, the release of AUR at pH 5.5 reached 78%, 
while at pH 6.8 and pH 7.4, only 52% and 34%, respec
tively, were released from the nanogel. These results indi
cate that the release of AUR is affected by the pH value. 
The release trend of CDDP from the nanogel was similar 
to that of AUR, but its release rate was obviously slower. 
After 48 h of incubation, only 32% of CDDP was released 
under normal physiological conditions, while the release 

Figure 4 In vitro release of drugs in PBS buffers of different pH values.

Figure 5 Fluorescence spectra of AUR, CD@AUR and the nanogel.
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of CDDP reached 48% and 71% at pH 6.8 and pH 5.5, 
respectively.

Since the weakening of chelation under acidic condi
tions, the release of CDDP from the nanogel was affected 
by pH value.26 The release of AUR may be attributed to 
the varied cross-linking degree of the nanogel.33 With the 
weakening of chelation under acidic conditions, it will 
result in the dispersion of the nanogel, and the reduced 
steric hindrance will help the release of AUR. Besides, 
protonation of AUR’s ether bonds and amide bond clea
vage under acidic conditions may also be a cause of AUR 
release from the nanogel.34–36 Taken together, the release 
of AUR and CDDP were obviously affected by the acidic 
environment, and the behavior of differential release in 
physiological conditions and tumor environment helped 
to improve the selectivity of drugs.

Optical Properties and Cell 
Internalization
Considering the high molar absorption coefficient and 
quantum yield of coumarins.37 The optical characteristics 
of AUR, CD@AUR and CDDPHA-CD@AUR were 
detected by fluorescence spectroscopy. As depicted in 
Figure 5, the emission peaks of all three appear at 453 
nm at the excitation wavelength of 370 nm and the fluor
escence intensity of CD@AUR and nanogel were 
enhanced significantly.

The increase in fluorescence intensity promoted us to 
further explore their effects on cells. As shown in Figure 6, 
after incubation with AUR, CD@AUR, and CDDPHA-CD 
@AUR at 37 °C for 4 h (the final AUR concentration was 
25 μg/mL), MCF-7 cells exhibited green fluorescence under 
CLSM. Compared with CD@AUR and CDDPHA-CD 

Figure 6 CLSM images of MCF-7 cells incubated with AUR, CD@AUR and the nanogel. To observe the selectivity, the nanogel was incubated with HK-2 cells under the 
same conditions.
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@AUR, the cells treated with free AUR demonstrated very 
low fluorescence. The low fluorescence intensity of free 
AUR in cells may be due to its low bioavailability, solubi
lity and selectivity affecting cell internalization.20

Selective Cytotoxicity of 
CDDPHA-CD@AUR
As mentioned above, CDDPHA-CD@AUR had a good 
optical effect, and the drug release was affected by the 
pH value. Therefore, it is necessary to evaluate whether 
the nanogel with HA as a carrier has selective cytotoxicity. 
The feasibility of CDDPHA-CD@AUR to selectively inhi
bit cell proliferation was verified by CCK-8 experiments. 
As shown in Figure 7, MCF-7 (tumor cells), MDA-MB 
-231 (tumor cells) and HK-2 cells (normal cells) were 
treated with different concentrations of CDDPHA-CD 

@AUR, free CDDP and the mixture of CDDP and AUR, 
respectively. It can be seen from the figure that free CDDP 
and the mixture have obvious cytotoxicity to normal cells 
and tumor cells. However, by comparing the graphs, it can 
be seen that, similar to 24 hours of culture with CDDPHA- 
CD@AUR, the cell viability of HK-2 cells was signifi
cantly higher than that of MCF-7 and MDA-MB-231 cells, 
and as the concentration of CDDP increased, the phenom
enon became more obvious. When the CDDP concentra
tion reached 10 μg/mL, the cell viability of HK-2 cells 
treated with the nanogel remained above 90%, while the 
corresponding tumor cells were below 70%. In Figure 7D, 
the cell viability of the nanogel treated HK-2 cells cells 
was higher than MCF-7 and MDA-MB-231 cells, and the 
trend becomes more obvious after 24 and 72 hours. These 
may be due to the lack of selectivity of free CDDP and 

Figure 7 The cytotoxicity of CDDP, CDDP plus AUR and the nanogel against MCF-7 cells (A), MDA-MB-231 cells (B) and HK-2 cells (C). Cell viability of MCF-7, HK-2, and 
MDA-MB-231 cells incubated with the nanogel (D). *p < 0.05,**p < 0.01.
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AUR, which can enter the cell membrane through rapid 
diffusion. After being loaded with HA to form 
a macromolecular compound, it can only enter cells by 
endocytosis, and it is necessary to promote drug release 
through the acidic environment inside the cell. Such 
results demonstrate the selectivity of HA-loaded CDDP 
and AUR in treating tumors.

To further verify the selectivity of the nanogel, the 
nanogel was cultured with MCF-7 cells and HK-2 cells, 
and the fluorescence was observed through CLSM. As 
shown in Figure 7, comparing the confocal images of 
MCF-7 cells and HK-2 cells, it can be seen that DAPI 
was evenly dispersed in the nucleus of the two cells, but 
the green light was significantly different. The fluores
cence intensity in HK-2 cells was significantly lower 
than that in MCF-7 cells. Such results may be attributed 
to their different internalization mechanisms. CD44 recep
tors overexpressed on the surface of tumor cells can recog
nize HA, and the nanogel can enter cells in the form of 
endocytosis. The results were consistent with the CCK-8 
experiment, indicating that the nanogel has selective cyto
toxicity to tumor cells and has the potential to be used for 
tumor treatment in vivo.

In vivo Antitumor Efficiency
The BALB/C nude mice bearing MDA-MB-231 tumor 
xenografts were used as an animal model to study the 
antitumor effect of CDDPHA-CD@AUR in vivo. The 
tumor volume and body weight were recorded to evaluate 
the in vivo antitumor activity of the nanogel. As shown 
in Figure 8A, the control group was injected with 0.9% 
NaCl, and the tumor volume grew unlimitedly, while the 
tumor volumes of mice injected with free CDDP plus 
AUR and CDDPHA-CD@AUR were effectively con
trolled. The relative tumor volume growth of mice 
injected with free CDDP plus AUR and CDDPHA-CD 
@AUR became significantly slower, and both groups 
showed a tendency to become smaller during the admin
istration process. Figure 8B shows that the trends of body 
weight change of the three groups were obviously differ
ent. The body weight of the mice injected with 0.9% 
NaCl slowly increased, and the nanogel injection 
decreased slightly, while the body weight of the mice 
injected with free CDDP plus AUR fell rapidly and one 
mouse died on the 10th day. These results indicate that 
the nanogel can effectively inhibit tumor growth and can 
also significantly reduce the systemic toxicity of drugs. 

Figure 8 In vivo antitumor efficacy of MDA-MB-231 tumor-bearing mice treated with 0.9% NaCl, CDDP+AUR, and the nanogel. (A) The tumor volume evolution. (B) The 
body weight changes of mice. (C) H&E staining of the tumor sections. The data are shown as the mean±SD (n = 5), *p < 0.05,**p < 0.01. Scale bar: 200 µm.
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To further demonstrate the antitumor effect of the nano
gel in vivo, the tumors of mice were isolated for histo
pathological analysis. As shown in Figure 8C, there was 
no obvious necrosis in the tumor slices of the control 
group, while the tumor slices of the mice treated with 
free CDDP plus AUR and the nanogel all showed 
damage. These results indicate that the nanogel can be 
selectively concentrated in tumor tissues and can be 
released in the acidic environment of tumors to exert 
antitumor effects.

In vivo Safety of CDDPHA-CD@AUR
CDDPHA-CD@AUR has selective cytotoxicity to tumor 
cells and effectively inhibits the growth of tumors in vivo, 
therefore, it is essential to evaluate the safety of the nanogel. 
Poor blood compatibility may cause RBCs to rupture and 
lyse.32 In this study, hemolysis experiment was used to 
estimate whether CDDPHA-CD@AUR is suitable for intra
venous administration. As depicted in Figure 9, there was 
no obvious hemolysis in any concentration of CDDPHA-CD 
@AUR. When the concentration of CDDPHA-CD@AUR 
reached 1000 μg/mL, the hemolytic activity did exceed 
5%. This result demonstrates that the nanogel exhibited 
excellent blood compatibility.

H&E staining of normal organs was performed to 
observe whether CDDPHA-CD@AUR caused systemic 
toxicity. As shown in Figure 10, normal organs in the 
control group showed no obvious morphological changes, 
and no obvious tissue necrosis, tissue damage or inflam
matory infiltration was observed. However, varying 
degrees of tissue damage were observed in livers and 
kidneys treated with CDDP plus AUR. Compared with 
the CDDPHA-CD@AUR group, in liver tissue, the hepatic 
cords were arranged irregularly, and inflammation existed 
in the hepatic lobule. In the kidney tissue, the glomeruli 
were congested and inconsistent in size, while the tubular 
epithelial cells were disorderly arranged, and inflammatory 

Figure 9 Percentage of hemolysis of RBCs incubated with CDDPHA-CD@AUR.

Figure 10 Histological analyses by H&E staining of heart, liver, spleen, lung, and kidney in BALB/C mice that were treated with 0.9% NaCl, CDDP+AUR, and the nanogel. 
Scale bar: 200 µm.
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cell infiltration could be observed, indicating the occur
rence of nephrotoxicity. In addition, the myocardial cell 
spaces of mice treated with free AUR plus CDDP were 
slightly filled with fibrous tissue. Interestingly, there was 
almost no obvious tissue damage in the tissues of mice 
treated with CDDPHA-CD@AUR. Such results indicate 
that the systemic toxicity of free AUR and CDDP was 
effectively reduced after being loaded into the nanogel.

Conclusions
A new nanogel, CDDPHA-CD@AUR, was prepared via che
late interactions for CDDP loading and host-guest interac
tions for AUR loading, respectively. The release of AUR and 
CDDP under tumor acidic microenvironment and intracellu
lar lysosomal environment was significantly higher than that 
under normal physiological conditions, demonstrating that 
the release of drugs from the nanogel was pH-responsive. In 
addition, the nanogel can light up cells owing to its excellent 
optical properties after CD loading. Due to the overexpres
sion of the HA receptor on the surface of tumor cells, the 
nanogel can be selectively internalized by MCF-7 cells 
in vitro, effectively inhibiting tumor growth and reducing 
system toxicity in vivo. Importantly, the nanogel exhibited 
excellent blood compatibility and physiological stability. 
Based on these, the nanogel with HA and CD as carriers 
has good potential for targeted delivery of AUR and CDDP 
against breast cancer.
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