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Colorectal cancer (CRC) is a common malignant tumor, and its incidence ranks third and mortality rate ranks second in the
world. Cisplatin cannot target CRC cells and has notable toxicity, which significantly limits its clinical application. The
emerging PEGylated nanodrug delivery system can improve circulation time and enhance tumor targeting. In this study, the
HA-mPEG-Cis NPs were synthesized by self-assembly, which can target CD44-positive CRC cells and dissolve the PEG
hydration layer responsive to the weakly acidic tumor environment. The average hydrodynamic diameter of HA-mPEG-Cis
NPs was 48 nm with the polydispersity index of 0.13. The in vitro cisplatin release was in a pH-responsive manner. The HA-
mPEG-Cis NPs group showed the highest apoptosis rate (25.1%). The HA-mPEG-Cis NPs exhibited antitumor efficacy via the
PI3K/AKT/mTOR signaling pathway. The HA-mPEG-Cis NPs showed the lowest tumor volume and weight among all the
groups in CT26 cell-bearing mouse model. The HA-mPEG-Cis nanodrug delivery system not only increases the stability and
circulation time but also reduces the side effects of loaded cisplatin. Overall, the in vitro and in vivo experiments confirmed the
satisfied antitumor efficacy of HA-mPEG-Cis NPs. Therefore, this study provides a rational design for application of pH-
responsive HA-mPEG-Cis nanodrug delivery system in the future.

1. Introduction

Colorectal cancer (CRC) is a common malignant tumor of
digestive tract, and its incidence ranks third and mortality
rate ranks second in the world [1, 2]. There are no obvious
symptoms in the early stage of CRC, but as the tumor pro-
gresses, it will gradually show some changes in bowel habits
such as diarrhea, blood in the stool, and other symptoms
such as abdominal pain and anemia, threatening the health
and life safety of patients [3]. The main treatment for CRC
is multidisciplinary comprehensive treatment with surgery
as the mainstay [4]. Meanwhile, it is necessary to cooperate
with perioperative chemotherapy to reduce the risk of
recurrence and metastasis [5]. Cisplatin (Cis) is situated
as a platinum coordination compound with a square planar
geometry and is one of the most effective chemotherapeutic
agents that has been approved for the treatment of various

malignant tumors including CRC [6]. However, cisplatin
cannot target CRC cells, leading to the low accumulated
concentration. Besides, the problems such as notable toxic-
ity and multidrug resistance significantly limit the clinical
application and effectiveness of cisplatin [7, 8].

The tumor microenvironment (TME), including the
extracellular matrix, myofibroblasts, neuroendocrine cells,
adipocytes, immune cells, as well as blood and lymphatic
networks, is the internal and external environment of tumor
cells during their occurrence, development, and metastasis
[9]. Colorectal cancer interacts with TME to suppress or
escape immune responses, thus leading to further progres-
sion [10]. The weak acidity of tumor tissue may be related
to the accumulation of extracellular lactate and hypoxia
[11]. Normal tissue cells provide the required energy
through mitochondrial oxidation of glucose. However, due
to the unique rapid growth rate and proliferation rate of

Hindawi
Journal of Immunology Research
Volume 2022, Article ID 8023915, 11 pages
https://doi.org/10.1155/2022/8023915

https://orcid.org/0000-0002-6820-9148
https://orcid.org/0000-0003-3277-7247
https://orcid.org/0000-0001-7284-2168
https://orcid.org/0000-0002-7212-3670
https://orcid.org/0000-0001-6674-8001
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/8023915


tumor cells, tumor tissue supplies energy through the
glycolytic pathway, known as the “Warburg effect” [12].
The high metabolic demands of tumor cells usually lead to
the excretion of lactic acid by tumor cells to the outside of
the cells causing a large accumulation of H+ in the TME,
and the pH of tumor tissues is much lower than that of nor-
mal tissues [13].

The emerging PEGylated nanodrug delivery system has
been shown to improve drug solubility and circulation
period [14, 15]. Besides, PEGylation of drug carriers can
enhance phagocytosis and tumor targeting [16, 17]. To
reduce the negative effects of hydrated layer on cellular
uptake after PEGylation, hyaluronic acid (HA) is intro-

duced in our PEGylated cisplatin nanoparticles (NPs). HA,
the main component of the extracellular and intercellular
matrix, has been approved by the Food and Drug Adminis-
tration (FDA) [18]. Importantly, HA can achieve active
tumor targeting through induction of CD44-mediated
signaling and reduce clearance by reticuloendothelial system
[19, 20]. In this study, cisplatin is grafted onto aldehyde HA
(HA-Cis) through a pH-responsive imine bond, followed by
grafting of methoxy polyethylene glycol amine (mPEG)
onto HA-Cis (Figure 1(a)). The synthesized HA-mPEG-
Cis NPs can target CD44-positive CRC cells and dissolve
the PEG hydration layer responsive to the weakly acidic
tumor environment.
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Figure 1: Characterization of HA-Cis and HA-mPEG-Cis NPs. (a) The schematic diagram of HA-mPEG-Cis by self-assembly targeting
CD44-positive CRC cells. TEM image of (b) HA-Cis and (c) HA-mPEG-Cis NPs. Scale bar = 50 μm. The size (intensity) distribution of
(d) HA-Cis and (e) HA-mPEG-Cis NPs.
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2. Methods

2.1. Synthesis of Oxidized Sodium Hyaluronate. HA was pur-
chased from Bloomage Biotechnology (China). NaIO4 and
ethylene glycol were purchased from Sigma-Aldrich (USA).
As previously reported [21], 1.25 g of HA was dissolved in
50mL of water and 3.45 g NaIO4 was then added. The mix-
ture was stirred in the dark for 12 h at room temperature.
Then, 3.0mL of ethylene glycol was added, and the mixture
was dialyzed to obtain HA-CHO.

2.2. Synthesis of HA-Cis and HA-mPEG-Cis. Cisplatin,
DMSO, and mPEG-NH2 were purchased from Sigma-
Aldrich (USA). A Schiff base reaction was used to synthesize
HA-Cis. Briefly, HA-CHO with the 1.31mmol aldehyde
group was dissolved in 50mL of HAc/NaAc DMSO solution
and cisplatin (0.66mmol) was added. After stirring in the
dark for 3 days, the reaction system was placed in a dialysis
bag for another 3 days. To synthesize HA-mPEG-Cis, 1 g of
HA-Cis and 1.2 g of mPEG-NH2 were added in 20mL of

DMSO with triethylamine. Then, the reaction procedure
was the same as above. The obtained HA-Cis and HA-
mPEG-Cis were freeze-dried and purified for further
examination.

2.3. Characterization of HA-Cis and HA-mPEG-Cis. The
powders of two NPs were dissolved in PBS for observation
of the morphology by transmission electron microscope
(TEM; JEOL JEM-2100Plus). The diameter and distribution
of the HA-Cis and HA-mPEG-Cis NPs were examined by a
Zetasizer Nano ZS90.

2.4. In Vitro Cisplatin Release. The HA-Cis and HA-mPEG-
Cis solutions were placed in a dialysis bag, and four different
release media with pH values of 5.0, 5.5, 6.8, and 7.4 were
used for incubation in the dark at 37°C. The samples were
collected at different time points, filtered, and analyzed by
HPLC-FLD (Agilent Technologies, USA). The acetonitrile/
0.1% formic acid in the water (30/70) was used as mobile
phase, and the flow rate was set as 1.0mL per minute.
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Figure 2: Time-dependent stability of HA-Cis and HA-mPEG-Cis NPs. Size of (a) HA-Cis and (b) HA-mPEG-Cis NPs in PBS, medium
+FBS, and FBS for 7 days. The PDI of (c) HA-Cis and (d) HA-mPEG-Cis NPs in PBS, medium+FBS, and FBS for 7 days.
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2.5. Cell Culture. The murine CRC cell line CT26 was pur-
chased from the cell bank of Shanghai (China). The CT26
cells were cultured at 37°C in 5% CO2 in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM) with 10%
fetal bovine serum (FBS) and penicillin and streptomycin
(100U/mL).

2.6. In Vitro Cellular Uptake. The CT26 cells were seeded in
a 6-well plate and cultured for 24h. Then, the cells were
treated with cisplatin, HA-Cis, or HA-mPEG-Cis (equiva-
lent cisplatin concentration of 3μg/mL) [21]. After 1 and
4h, the cells were collected. After washing, the cells were dis-
solved with HCl/HNO3 (3 : 1). The concentration of Pt was
measured by inductive coupled plasma emission spectrome-
ter. The cisplatin group was regarded as control, and relative
concentration was calculated.

2.7. In Vitro Cytotoxicity. The CCK-8 approach (MCE Com-
pany, China) was used to evaluate the cell cytotoxicity [22].
The cells were cultured in 96-well plate for 24h and treated
with different NPs. Then, the cells were incubated for
another 24 h. 10μL of CCK-8 was added, and the absorbance
at 570nm was measured by a microplate reader (Bio-Rad
Company, USA).

2.8. Cell Apoptosis. The annexin V-FITC/PI apoptosis kit
was purchased from Abcam Company (China). The proce-
dure followed the instructions [23]. Briefly, the collected
cells were resuspended in binding buffer. Then, annexin V-
FITC and PI solutions were added. The reaction was kept
for 15min in the dark and analyzed by flow cytometer (BD
Company, USA). Blank tube and single dye tubes were used
as control.

2.9. Western Blot. The CT26 cells were treated with PBS,
cisplatin, HA-Cis, and HA-mPEG-Cis NPs (cisplatin equiv-
alent of 3μg/mL). The western blot was carried out as
previously reported [24]. Primary antibodies including
PI3K (#4249), phosphorylated PI3K (#17366), AKT
(#4691), phosphorylated AKT (#4060), mTOR (#2972),
phosphorylated mTOR (#2971), and β-actin (#3700) were
purchased from Cell Signaling Technology (USA) and
incubated with the proteins overnight. Corresponding sec-
ondary antibodies were purchased from Cell Signaling
Technology (USA) and incubated with the proteins for
another day. The molecular weight and net optical density
values of the target bands were analyzed using a gel image
processing system (Bio-Rad, USA).
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Figure 3: Cisplatin release and cellular uptake of HA-Cis and HA-mPEG-Cis NPs. Drug release of (a) HA-Cis and (b) HA-mPEG-Cis NPs
in PBS with pH of 7.4, 6.8, 5.5, and 5.0 during 96 h. The relative Pt concentration of cisplatin, HA-Cis, and HA-mPEG-Cis NPs in CT26 cells
after (c) 1 h and (d) 4 h. ∗P < 0:05 and ∗∗P < 0:01.

4 Journal of Immunology Research



2.10. Establishment of Animal Model. The male mice (about
20 g, BALB/c) were obtained from the Charles River Com-
pany (China). The animal experiment was conducted and
followed the guidelines of the Animal Care and Use at
the 980th Hospital of the PLA Joint Logistics Support Force
and approved by the Animal Ethics Committee of 980th
Hospital of the PLA Joint Logistics Support Force. The
mice were treated with Cis, HA-Cis, and HA-mPEG-Cis
(cisplatin equivalent dose of 5mg/kg). The blood was taken
at different time points, and the concentration of cisplatin
was measured.

2.11. In Vivo Antitumor Efficiency. To establish CT26 tumor-
bearing mouse model, 100μL of CT26 cells (5 × 105 cells)
was inoculated at the right backs of the mice [25]. When
the tumor volume reached 100mm3, the mice were ran-
domly divided into 4groups including PBS, cisplatin, HA-
Cis, and HA-mPEG-Cis NPs (cisplatin equivalent dose of
5mg/kg). The tumor volume was calculated using the for-
mula: V = 0:5 × L × S2, where L is the length and S is the
width. Tumor growth curves were drawn. The body weight
was recorded every two days. After 24 days, the mice were
sacrificed, and the tumor was collected. The main organs
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Figure 4: In vitro cytotoxicity and cell apoptosis. (a) Cell viability of cisplatin, HA-Cis, and HA-mPEG-Cis NPs in CT26 cells. (b) The cell
apoptosis of CT26 cells treated with PBS, cisplatin, HA-Cis, and HA-mPEG-Cis NPs (cisplatin equivalent of 3μg/mL) in CT26 cells for 24 h.
(c) Calculated apoptosis rate of each group. ∗P < 0:05 and ∗∗P < 0:01.
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(heart, lung, kidney, spleen, and liver) were collected and
fixed by 4% paraformaldehyde. After dehydration, embed-
ding in paraffin, and sectioning, HE staining was performed
and histopathological changes were observed.

2.12. Statistical Analysis. GraphPad Prism 8 was used for
data analysis and plotting figures. The data is shown as the
mean ± standard deviation (SD). Two-tailed Student’s t-test
and one-way analysis of variance (ANOVA) were used for
comparison. P < 0:05 was statistically significant.

3. Results and Discussion

3.1. Synthesis and Characterization of HA-Cis and HA-
mPEG-Cis NPs. As shown in Figures 1(b) and 1(c), the
HA-Cis and HA-mPEG-Cis NPs were in spherical shape
and the size was uniform as well by TEM. Of note, the mod-
ification of mPEG increases the particle size. The size distri-
bution further confirmed the results. As shown in
Figures 1(d) and 1(e), the average hydrodynamic diameter
of HA-Cis and HA-mPEG-Cis NPs was 31 nm and 48nm,
respectively. Moreover, the polydispersity index (PDI) of

110 KD

85 KD

60 KD

60 KD

289 KD

289 KD

42 KD

PI3K

p-PI3K

AKT

p-AKT

mTOR

p-mTOR

𝛽-actin

PBS
Cis HA-C

is

HA-m
PEG-C

is N
PS

(a)

PBS
HA-Cis
Cis
HA-mPEG-Cis NPs 

PI3K
p-PI3K

1.5

1.0

0.5

0.0

Re
la

tiv
e p

ro
te

in
 ex

pr
es

sio
n

⁎⁎
⁎⁎ ⁎⁎

(b)

1.5

1.0

0.5

0.0Re
la

tiv
e p

ro
te

in
 ex

pr
es

sio
n

AKT
p-A

KT

⁎⁎

⁎⁎ ⁎⁎

PBS

HA-Cis

Cis

HA-mPEG-Cis NPs 

(c)

1.5

1.0

0.5

0.0Re
la

tiv
e p

ro
te

in
 ex

pr
es

sio
n

mTOR

p-m
TOR

PBS

HA-Cis

Cis

HA-mPEG-Cis NPs 

⁎⁎
⁎⁎ ⁎⁎

(d)

Figure 5: The PI3K/AKT/mTOR signaling pathway. (a) Protein expression of PI3K, phosphorylated PI3K, AKT, phosphorylated AKT,
mTOR, phosphorylated mTOR, and β-actin by western blot in CT26 cells treated with PBS, cisplatin, HA-Cis, and HA-mPEG-Cis NPs
(cisplatin equivalent of 3 μg/mL). (b) Relative protein expression of PI3K and p-PI3K. (c) Relative protein expression of AKT and p-
AKT. (d) Relative protein expression of mTOR and p-mTOR. ∗∗P < 0:01.
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Figure 6: In vivo antitumor therapeutic effect. (a) Pharmacokinetics of cisplatin, HA-Cis, and HA-mPEG-Cis NPs (cisplatin equivalent dose
of 5mg/kg) in BALB/c mice. (b) Tumor volumes, (c) body weight, (d) tumor photographs, and (e) tumor weight of mice treated with PBS,
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HA-Cis (0.12) and HA-mPEG-Cis NPs (0.13) showed good
dispersibility (<0.20).

Furthermore, the stability of both NPs was evaluated. As
shown in Figures 2(a) and 2(b), the size of HA-Cis and HA-
mPEG-Cis NPs was fluctuated around 30nm and 50nm in
PBS, FBS, and medium+FBS with an exceedingly small
range (P > 0:05), respectively. In the meantime, the PDI of
both NPs was less than 0.2 for 7 days, indicating good stabil-
ity in different environments (Figures 2(c) and 2(d)). The
size of both NPs was in the range of 1~100 nm, which is
appropriate for NPs to pass through the vascular endothelial
cells supplied for tumor [26]. Therefore, the nanodrug deliv-
ery system has the passive targeting ability by this enhanced
permeability and retention (EPR) effect and achieves stron-
ger antitumor effect [27].

3.2. In Vitro Cisplatin Release. As shown in Figures 3(a) and
3(b), the cisplatin release from HA-Cis and HA-mPEG-Cis
NPs under different pH conditions was evaluated. In the
physiological conditions of blood circulation (pH = 7:4),
the cisplatin release was the lowest in both NPs. With pH
decreasing from 6.8 (tumor microenvironment) to 5.5
(endosomal environment) to 5.0 (lysosomal environment),
the cisplatin release increased significantly. The results indi-
cated the pH-responsive drug release of HA-Cis and HA-
mPEG-Cis NPs. Importantly, the modification of mPEG
did not affect the pH-dependent drug release behavior.

The inevitable toxic side effects of cisplatin on the nor-
mal tissues and cells make the patients intolerable to the che-
motherapy [28]. Our cisplatin delivery strategy is based on
the pH-responsive release. Once entering the in vivo envi-
ronment (pH = 7:4), the significantly low drug release
ensures the minimal effect of cisplatin on the normal tissues.

However, when the NPs arrive the tumor site, the acidic
tumor environment provokes the disintegration and signifi-
cantly promotes drug release. Moreover, the release can be
further enhanced in the endosome and lysosome inside the
tumor cells.

3.3. In Vitro Cellular Uptake. The cellular uptake experi-
ment was performed to evaluate the targeting ability. As
shown in Figures 3(c) and 3(d), free cisplatin showed the
highest accumulation in the CRC cells compared with
HA-Cis and HA-mPEG-Cis NPs at 1 h. However, the
HA-mPEG-Cis group showed increased cellular uptake
than free cisplatin and HA-Cis at 4 h. Of note, the cellular
uptake of HA-Cis and HA-mPEG-Cis NPs was enhanced
at 4 h compared with 1 h, indicating a time-dependent cel-
lular uptake especially the HA-mPEG-Cis NPs. The phe-
nomenon in our experiment was consistent with the
accepted opinion that nanodrug delivery system can pro-
long the circulation time and reach the tumor site later
than free drug [29]. The enhanced cellular uptake may
result from the HA’s targeting recognition of CD44
expressed in the CRC cells [30].

3.4. In Vitro Cytotoxicity. As shown in Figure 4(a), the CCK-
8 method was used to evaluate the cell cytotoxicity. All of the
cells treated with cisplatin, HA-Cis, and HA-mPEG-Cis NPs
exhibited significant concentration-dependent cytotoxicity.
After calculation, the IC50 of cisplatin, HA-Cis, and HA-
mPEG-Cis NPs was 2.0μg/mL, 1.7μg/mL, and 1.2μg/mL,
respectively. The HA-mPEG-Cis NPs showed the highest
cell killing ability. Although the cell viability of the HA-Cis
group seemed to be a little lower than that of the cisplatin
group, there were no significant differences found between
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Figure 7: Histological change of the major organs and tumor. HE staining of the heart, liver, spleen, lung, kidney, and tumor of mice treated
with PBS, cisplatin, HA-Cis, and HA-mPEG-Cis NPs (cisplatin equivalent dose of 5mg/kg). Scale bar = 50μm.
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cisplatin and HA-Cis. The reason may be that the incubation
time (24 h) is not long enough or the treated concentration is
lower than critical micelle concentration [31].

3.5. In Vitro Cell Apoptosis. As shown in Figure 4, the cell
apoptosis was studied using flow cytometry. Compared with
the control group, the apoptosis rate of the cisplatin, HA-
Cis, and HA-mPEG-Cis NPs groups was higher (P < 0:01).
Importantly, the HA-mPEG-Cis NPs group showed the
highest apoptosis rate (~25%), indicating a significantly
enhanced antitumor efficacy. Cisplatin has been reported
to have the ability of inducing apoptosis in different kinds
of human cancers such as lung cancer [32], breast cancer
[33], and oral squamous cell carcinoma [34]. Apoptosis
plays an important role in cisplatin-induced cell death
[35]. There are several mechanisms which can lead to cell
apoptosis to be further explored.

3.6. The PI3K/AKT/mTOR Signaling Pathway. Based on the
above results, we further explore the potential underlying
molecular mechanisms. As shown in Figures 5(a)–5(d),
the protein expressions of p-PI3K, p-AKT, and p-mTOR
were significantly lower in CRC cells treated with cisplatin,
HA-Cis, and HA-mPEG-Cis NPs. Meanwhile, no statistical
differences were found in protein expressions of PI3K,
Akt, and mTOR in four groups. Moreover, the protein
expressions of p-PI3K, p-AKT, and p-mTOR in the HA-
Cis and HA-mPEG-Cis groups were a little higher than
those of the cisplatin group, which may be related with
the modification of NPs. Therefore, the HA-mPEG-Cis
NPs exhibited antitumor efficacy via the PI3K/AKT/
mTOR signaling pathway. The PI3K/AKT/mTOR signal-
ing plays an important role in carcinogenesis, acquiring
drug resistance and metastatic initiation of CRCs [36].
Ma et al. reported epithelial-mesenchymal transition
(EMT) and cellular apoptosis were regulated via the
PI3K/AKT signaling pathway [37]. Zhang et al. found that
the sensitivity of CRC cells to cisplatin was regulated by
the PI3K/AKT signaling pathway [38]. Saber et al. used
cisplatin and metformin nano-cubosomes to treat CRC
and also found cisplatin could downregulate the expres-
sion of p-AKT and p-mTOR [39].

3.7. In Vivo Antitumor Therapeutic Effect. As shown in
Figure 6(a), HA-Cis and HA-mPEG-Cis NPs significantly
prolong the circulation time in the blood compared with
free drug. The results suggested that pH-responsive NPs
could ensure the higher drug delivery toward tumor site
by maintaining PEG modification and avoiding rapid clear-
ance during systemic circulation. As shown in Figure 6(b),
the tumor volume of HA-mPEG-Cis NPs was significantly
lower than that of HA-Cis (P < 0:05) and PBS (P < 0:01).
The tumor volume of HA-mPEG-Cis NPs seemed lower
than HA-Cis, but there was no statistical difference as the
P value (0.058) was more than 0.05. The body weight of
mice treated with PBS and both NPs showed no decrease
for 24 days, while the cisplatin group showed a trend of
decrease after 16 days (Figure 6(c)). Besides, the obtained
tumors of each group are shown in Figure 6(d). Consistent

with the tumor volume curves, HA-mPEG-Cis NPs showed
the smallest tumor and lowest tumor weight among all the
groups (Figure 6(e)). Our results indicated satisfied in vivo
antitumor efficacy of HA-mPEG-Cis NPs through pH-
responsive cisplatin release.

Although the cisplatin group showed antitumor effect as
well, the side effects and toxicity against normal tissues can-
not be avoided. Therefore, we examined the histological
change of each group (Figure 7). The tumor tissue in the
PBS group showed obvious tight intertwining of blue and
pink. However, the other three groups with treatment did
not show this phenomenon. Of note, some damages of nor-
mal tissue such as heart and kidney were observed in the cis-
platin group. As is known, the ototoxicity, nephrotoxicity,
and neurotoxicity have limited the clinical application of cis-
platin in treating cancers [40, 41]. Researchers have been
working on how to reduce the toxicities of cisplatin. Uchino
et al. used the strategy of cisplatin-incorporating polymeric
micelles and reported reduced nephrotoxicity and neurotox-
icity while preserving the antitumor activity [42]. Our nano-
drug delivery system dramatically reduced the side effects of
cisplatin while enhancing its therapeutic effect by pH-
responsive strategy.

4. Conclusion

The synthesized HA-mPEG-Cis NPs can target CD44-
positive CRC cells responsive to the weakly acidic tumor
environment. The HA-mPEG-Cis nanodrug delivery system
not only increases the stability and circulation time but also
reduces the side effects of loaded drug through modification
of HA and PEG. The in vitro and in vivo experiments con-
firmed the satisfied antitumor efficacy of HA-mPEG-Cis
NPs. Therefore, this study provides a rational design for
application of HA-mPEG-Cis nanodrug delivery system in
the future.
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The data used to support the findings of this study are
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Conflicts of Interest

The authors declare no conflicts of interest.

References

[1] F. Bray, J. Ferlay, I. Soerjomataram, R. L. Siegel, L. A. Torre,
and A. Jemal, “Global cancer statistics 2018: GLOBOCAN esti-
mates of incidence and mortality worldwide for 36 cancers in
185 countries,” CA: a Cancer Journal for Clinicians, vol. 68,
no. 6, pp. 394–424, 2018.

[2] M. Arnold, M. S. Sierra, M. Laversanne, I. Soerjomataram,
A. Jemal, and F. Bray, “Global patterns and trends in colorectal
cancer incidence and mortality,” Gut, vol. 66, no. 4, pp. 683–
691, 2017.

[3] E. J. Kuipers, W. M. Grady, D. Lieberman et al., “Colorectal
cancer,” Disease Primers, vol. 1, no. 1, p. 15065, 2015.

9Journal of Immunology Research



[4] E. Dekker, P. J. Tanis, J. L. A. Vleugels, P. M. Kasi, and M. B.
Wallace, “Colorectal cancer,” The Lancet, vol. 394, no. 10207,
pp. 1467–1480, 2019.

[5] P. Gao, X. Z. Huang, Y. X. Song et al., “Impact of timing of
adjuvant chemotherapy on survival in stage III colon cancer:
a population-based study,” BMC Cancer, vol. 18, no. 1,
p. 234, 2018.

[6] X. Wan, C. Wang, Z. Huang et al., “Cisplatin inhibits SIRT3-
deacetylation MTHFD2 to disturb cellular redox balance in
colorectal cancer cell,” Cell Death & Disease, vol. 11, no. 8,
p. 649, 2020.

[7] S. Ghosh, “Cisplatin: the first metal based anticancer drug,”
Bioorganic Chemistry, vol. 88, article 102925, 2019.

[8] A. Herland, B. M. Maoz, D. das et al., “Quantitative prediction
of human pharmacokinetic responses to drugs via fluidically
coupled vascularized organ chips,” Nature Biomedical Engi-
neering, vol. 4, no. 4, pp. 421–436, 2020.

[9] M. Wang, J. Zhao, L. Zhang et al., “Role of tumor microenvi-
ronment in tumorigenesis,” Journal of Cancer, vol. 8, no. 5,
pp. 761–773, 2017.

[10] M. Schmitt and F. R. Greten, “The inflammatory pathogenesis
of colorectal cancer,” Nature Reviews Immunology, vol. 21,
no. 10, pp. 653–667, 2021.

[11] P. Vaupel and G. Multhoff, “Hypoxia-/HIF-1α-driven factors
of the tumor microenvironment impeding antitumor immune
responses and promoting malignant progression,” Advances in
Experimental Medicine and Biology, vol. 1072, pp. 171–175,
2018.

[12] D. Zhang, Z. Tang, H. Huang et al., “Metabolic regulation of
gene expression by histone lactylation,” Nature, vol. 574,
no. 7779, pp. 575–580, 2019.

[13] I. Marchiq and J. Pouysségur, “Hypoxia, cancer metabolism
and the therapeutic benefit of targeting lactate/H(+) sympor-
ters,” Journal of Molecular Medicine, vol. 94, no. 2, pp. 155–
171, 2016.

[14] H. S. El-Sawy, A. M. Al-Abd, T. A. Ahmed, K. M. El-Say, and
V. P. Torchilin, “Stimuli-responsive nano-architecture drug-
delivery systems to solid tumor micromilieu: past, present,
and future perspectives,” ACS Nano, vol. 12, no. 11,
pp. 10636–10664, 2018.

[15] L. Wang, X. You, Q. Lou et al., “Cysteine-based redox-
responsive nanoparticles for small-molecule agent delivery,”
Biomaterials Science, vol. 7, no. 10, pp. 4218–4229, 2019.

[16] W. J. Kelley, C. A. Fromen, G. Lopez-Cazares, and
O. Eniola-Adefeso, “PEGylation of model drug carriers
enhances phagocytosis by primary human neutrophils,”
Acta Biomaterialia, vol. 79, pp. 283–293, 2018.

[17] M. Hadjidemetriou, S. McAdam, G. Garner et al., “The human
in vivo biomolecule corona onto PEGylated liposomes: a
proof-of-concept clinical study,” Advanced Materials, vol. 31,
no. 4, article e1803335, 2019.

[18] H. Kim, Y. Park, M. M. Stevens, W. Kwon, and S. K. Hahn,
“Multifunctional hyaluronate - nanoparticle hybrid systems
for diagnostic, therapeutic and theranostic applications,” Jour-
nal of Controlled Release: official journal of the Controlled
Release Society, vol. 303, pp. 55–66, 2019.

[19] Y. Zhong, K. Goltsche, L. Cheng et al., “Hyaluronic acid-
shelled acid-activatable paclitaxel prodrug micelles effec-
tively target and treat CD44-overexpressing human breast
tumor xenografts in vivo,” Biomaterials, vol. 84, pp. 250–
261, 2016.

[20] K. Y. Choi, H. S. Han, E. S. Lee et al., “Hyaluronic acid-
based activatable nanomaterials for stimuli-responsive imag-
ing and therapeutics: beyond CD44-mediated drug delivery,”
Advanced Materials, vol. 31, no. 34, article e1803549, 2019.

[21] X. Zhang, M. Zhao, N. Cao et al., “Construction of a tumor
microenvironment pH-responsive cleavable PEGylated hyal-
uronic acid nano-drug delivery system for colorectal cancer
treatment,” Biomaterials Science, vol. 8, no. 7, pp. 1885–1896,
2020.

[22] H. Cai, R. Wang, X. Guo et al., “Combining gemcitabine-
loaded macrophage-like nanoparticles and erlotinib for pan-
creatic cancer therapy,” Molecular Pharmaceutics, vol. 18,
no. 7, pp. 2495–2506, 2021.

[23] B. W. Wang, Y. Jiang, Z. L. Yao, P. S. Chen, B. Yu, and S. N.
Wang, “Aucubin protects chondrocytes against IL-1β-induced
apoptosis in vitro and inhibits osteoarthritis in mice model,”
Drug Design, Development and Therapy, vol. Volume 13,
pp. 3529–3538, 2019.

[24] H. Cai, X. Dai, X. Guo et al., “Ataxia telangiectasia mutated
inhibitor-loaded copper sulfide nanoparticles for low-
temperature photothermal therapy of hepatocellular carci-
noma,” Acta Biomaterialia, vol. 127, pp. 276–286, 2021.

[25] H. Liu, Z. Zhao, L. Zhang et al., “Discovery of low-molecular
weight anti-PD-L1 peptides for cancer immunotherapy,” Jour-
nal for Immunotherapy of Cancer, vol. 7, no. 1, p. 270, 2019.

[26] J. Wu, “The enhanced permeability and retention (EPR) effect:
the significance of the concept and methods to enhance its
application,” Journal of Personalized Medicine, vol. 11, no. 8,
p. 771, 2021.

[27] D. Huang, L. Sun, L. Huang, and Y. Chen, “Nanodrug delivery
systems modulate tumor vessels to increase the enhanced per-
meability and retention effect,” Journal of Personalized Medi-
cine, vol. 11, no. 2, p. 124, 2021.

[28] Z. Yue and Z. Cao, “Current strategy for cisplatin delivery,”
Current Cancer Drug Targets, vol. 16, no. 6, pp. 480–488, 2016.

[29] S. Abbina, L. E. Takeuchi, P. Anilkumar et al., “Blood circula-
tion of soft nanomaterials is governed by dynamic remodeling
of protein opsonins at nano-biointerface,” Nature Communi-
cations, vol. 11, no. 1, p. 3048, 2020.

[30] Y. Zhang, F. Wang, M. Li et al., “Self-stabilized hyaluronate
nanogel for intracellular codelivery of doxorubicin and cis-
platin to osteosarcoma,” Advanced Science, vol. 5, no. 5, article
1700821, 2018.

[31] S. O. Pereira, T. Trindade, and A. Barros-Timmons,
“Impact of critical micelle concentration of macroRAFT
agents on the encapsulation of colloidal Au nanoparticles,”
Journal of Colloid and Interface Science., vol. 545, pp. 251–
258, 2019.

[32] W. Jiang, X. Zhao, andW. Yang, “miR-647 promotes cisplatin-
induced cell apoptosis via downregulating IGF2 in non-small
cell lung cancer,” Minerva Medica, vol. 112, no. 2, pp. 312-
313, 2021.

[33] F. Hassanvand, T. Mohammadi, N. Ayoubzadeh et al., “Silden-
afil enhances cisplatin-induced apoptosis in human breast ade-
nocarcinoma cells,” Journal of Cancer Research and
Therapeutics, vol. 16, no. 6, pp. 1412–1418, 2020.

[34] S. Magnano, P. Hannon Barroeta, R. Duffy, J. O'Sullivan, and
D. M. Zisterer, “Cisplatin induces autophagy-associated apo-
ptosis in human oral squamous cell carcinoma (OSCC) medi-
ated in part through reactive oxygen species,” Toxicology and
Applied Pharmacology, vol. 427, article 115646, 2021.

10 Journal of Immunology Research



[35] G. P. Kaushal, V. Kaushal, C. Herzog, and C. Yang, “Autoph-
agy delays apoptosis in renal tubular epithelial cells in cisplatin
cytotoxicity,” Autophagy, vol. 4, no. 5, pp. 710–712, 2008.

[36] A. Narayanankutty, “PI3K/Akt/mTOR pathway as a therapeu-
tic target for colorectal cancer: a review of preclinical and clin-
ical evidence,” Current Drug Targets, vol. 20, no. 12, pp. 1217–
1226, 2019.

[37] Z. Ma, S. Lou, and Z. Jiang, “PHLDA2 regulates EMT and
autophagy in colorectal cancer via the PI3K/AKT signaling
pathway,” Aging, vol. 12, no. 9, pp. 7985–8000, 2020.

[38] P. Zhang, S. Zhao, X. Lu, Z. Shi, H. Liu, and B. Zhu, “Metfor-
min enhances the sensitivity of colorectal cancer cells to cis-
platin through ROS-mediated PI3K/Akt signaling pathway,”
Gene, vol. 745, article 144623, 2020.

[39] M. M. Saber, A. M. Al-Mahallawi, N. N. Nassar, and B. Stork,
“Targeting colorectal cancer cell metabolism through develop-
ment of cisplatin and metformin nano-cubosomes,” BMC
Cancer, vol. 18, no. 1, p. 822, 2018.

[40] L. P. Rybak, D. Mukherjea, and V. Ramkumar, “Mechanisms
of cisplatin-induced ototoxicity and prevention,” Seminars in
Hearing, vol. 40, no. 2, pp. 197–204, 2019.

[41] L. Qi, Q. Luo, Y. Zhang, F. Jia, Y. Zhao, and F. Wang, “Advances
in toxicological research of the anticancer drug cisplatin,” Chem-
ical Research in Toxicology, vol. 32, no. 8, pp. 1469–1486, 2019.

[42] H. Uchino, Y. Matsumura, T. Negishi et al., “Cisplatin-incorpo-
rating polymeric micelles (NC-6004) can reduce nephrotoxicity
and neurotoxicity of cisplatin in rats,” British Journal of Cancer,
vol. 93, no. 6, pp. 678–687, 2005.

11Journal of Immunology Research


	PEGylated Cisplatin Nanoparticles for Treating Colorectal Cancer in a pH-Responsive Manner
	1. Introduction
	2. Methods
	2.1. Synthesis of Oxidized Sodium Hyaluronate
	2.2. Synthesis of HA-Cis and HA-mPEG-Cis
	2.3. Characterization of HA-Cis and HA-mPEG-Cis
	2.4. In Vitro Cisplatin Release
	2.5. Cell Culture
	2.6. In Vitro Cellular Uptake
	2.7. In Vitro Cytotoxicity
	2.8. Cell Apoptosis
	2.9. Western Blot
	2.10. Establishment of Animal Model
	2.11. In Vivo Antitumor Efficiency
	2.12. Statistical Analysis

	3. Results and Discussion
	3.1. Synthesis and Characterization of HA-Cis and HA-mPEG-Cis NPs
	3.2. In Vitro Cisplatin Release
	3.3. In Vitro Cellular Uptake
	3.4. In Vitro Cytotoxicity
	3.5. In Vitro Cell Apoptosis
	3.6. The PI3K/AKT/mTOR Signaling Pathway
	3.7. In Vivo Antitumor Therapeutic Effect

	4. Conclusion
	Data Availability
	Conflicts of Interest

