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3D sponge loaded with cisplatin—CS—calcium
alginate MPs utilized as a void-filling prosthesis for

the efficient postoperative prevention of tumor
recurrence and metastasis
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Intraoperative bleeding is a pivotal factor in the initiation of early recurrence and tumor metastasis following

breast cancer excision. Distinct advantages are conferred upon postoperative breast cancer treatment

through the utilization of locally administered implant therapies. This study devised a novel 3D sponge

implant containing cisplatin-loaded chitosan—calcium alginate MPs capable of exerting combined

chemotherapy and hemostasis effects. This innovative local drug-delivery implant absorbed blood and
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residual tumor cells post-tumor resection. Furthermore, the cisplatin-loaded chitosan—calcium alginate

MPs sustainably targeted and eliminated cancer cells, thereby diminishing the risk of local recurrence

DOI: 10.1039/d3ra07516h
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1. Introduction

Breast cancer has emerged as the most frequently diagnosed
cancer and is a leading cause of high mortality among women
worldwide. This disease accounts for 23% of the total cancer
cases and 14% of cancer-related deaths.” Currently, the
common modalities for breast cancer management are surgical
resection, radiation therapy, chemotherapy, and targeted ther-
apies.*®> Among them, surgical resection remains the corner-
stone of early-stage breast cancer treatment and control.®
However, the incidence of recurrence and metastasis following
breast cancer surgery is high, resulting in less-than-ideal long-
term prognosis and contributing to elevated postoperative
mortality rates.” Even in cases of local recurrence, additional
surgical interventions are often unfeasible, with tumor
recurrence/metastasis accounting for over 90% of all cancer-
related deaths.”® Moreover, patient demand is growing for
postoperative breast aesthetics.”™* Thus, effective strategies for
preventing breast cancer recurrence and metastasis, as well as
breast reconstruction, play pivotal roles in post-mastectomy
survival and recovery.

To mitigate the risk of postoperative recurrence and metas-
tasis, several studies have predominantly focused on radiation
therapy, chemotherapy, or targeted treatments. However, these
methods exert considerable destructive effects on normal
organs and cells, resulting in less-than-ideal treatment
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and distant metastasis. This hydrogel material can also contribute to breast reconstruction, indicating the
potential application of the 3D sponge in drug delivery for breast cancer treatment.

outcomes.”" To address these challenges, researchers have
proposed strategies involving localized drug-delivery systems,
such as drug-loaded microparticles (MPs), gels, films, or
fibers.** On one hand, these approaches enhance the thera-
peutic efficacy of chemotherapeutic agents. On the other hand,
they reduce the toxic side effects.

However, emerging evidence suggests that inevitable intra-
operative bleeding, stemming from damage to patients’ tissues
and vasculature during tumor resection, could lead to the
dissemination of tumor cells into the bloodstream.*® This
dissemination elevates the levels of circulating tumor cells
(CTCs), thereby heightening the risk of both local recurrence
and distant metastasis.”* Despite the remarkable effects of
strategies aimed at minimizing intraoperative bleeding, their
full potential in investigating the recurrence and metastasis
induced by intraoperative bleeding has not yet been fully
recognized. In clinical practice, conventional mechanical and
thermal methods are employed to mitigate intraoperative blood
loss, but their effectiveness is limited in controlling bleeding
from challenging-to-access regions.** Accordingly, a localized
drug-delivery implant with chemotherapeutic antitumor capa-
bilities and the capacity to absorb postoperative bleeding is
needed.

Hydrogels are extensively used in the fields of tissue-
engineering repair and drug delivery due to their excellent
biocompatibility, porous three-dimensional structure, and
straightforward manufacturing techniques.”*?®* Among them,
methacrylated gelatin (gel-MA) stands out because of its highly
absorbable and hemostatic properties, as well as the
methacrylation-generated crosslinking structures that enhance
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the mechanical strength of the hydrogel."**” This feature makes
it particularly well-suited as a drug carrier for facilitating tissue
reconstruction and controlling postoperative bleeding.

Cisplatin is the oldest platinum-based anticancer drug in
current use despite its well-documented dose-dependent
toxicity."*** Thus, the targeted delivery of cisplatin to cancer
cells is necessary.*® In the present study, cisplatin—chitosan
(CS)-calcium alginate MPs were constructed. Cisplatin was
encapsulated within the MPs through crosslinking interactions
with the positively charged polymer CS and the negatively
charged polymer sodium alginate. This encapsulation method
effectively reduced the rate of cisplatin release from the MPs.
The crosslinking reaction between alginate, CS, and the
respective crosslinkers is illustrated in Fig. 1.

We used ion crosslinking gelation technology to prepare
a cryogel composite sustained-release system loaded with
cisplatin-CS-calcium alginate MPs. This system, upon contact
with blood, exhibited sponge-like characteristics, absorbing
and expanding upon blood contact. It also possessed adhesive
properties, enabling it to adhere onto bleeding sites, absorb
blood, and induce platelet aggregation for clot formation.
Simultaneously, circulating tumor cells dispersed in the blood
accumulate within this sponge. Through interactions with
cisplatin-loaded CS-calcium alginate MPs, the MPs released
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cisplatin to effectively target and eliminate residual cancer cells
within the sponge and the circulating tumor cells present in the
bloodstream. Therefore, this approach reduced the risk of
tumor recurrence and metastasis.

Additionally, the MPs were loaded into the gel-MA help
increase the strength of gel-MA and realize a long-term in situ
function. We examined the characteristics and performance of
the constructed composite sustained-release system, its impact
on the proliferation and apoptosis of MDA-MB-231-luc cells in
vitro and in vivo, and the in vitro coagulation and in vivo
hemostasis abilities of the composite sustained-release system.
The effectiveness of the composite sustained-release system in
preventing postoperative tumor recurrence and metastasis was
further explored in an animal model. The 3D sponge loaded
with cisplatin-CS-calcium alginate MPs was utilized as
a promising void-filling prosthesis for the efficient post-
operative prevention of tumor recurrence and metastasis.

2. Materials and methods

2.1. Reagents and materials

Cisplatin was purchased from Meryer (Shanghai) Chemical
Technology Co., Ltd. CS and sodium alginate were purchased
from Shanghai Macklin Inc. CaCl, was purchased from Sun
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Fig. 1
postoperative prevention of tumor recurrence and metastasis.
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Illustration of 3D sponge loaded with cisplatin—CS—calcium alginate MPs combining chemotherapy and hemostasis for the efficient
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Chemical Technology (Shanghai) Co., Ltd. Gelatin was
purchased from Shanghai Haohong Scientific Co., Ltd. Meth-
acrylic anhydride, glacial acetic acid, and tetramethylenedi-
amine were purchased from Meryer (Shanghai) Chemical
Technology Co., Ltd. APS was purchased from Guangzhou
Chemical Reagent Factory. Phosphate buffer and Duchenne
phosphate buffer were purchased from Beijing Solarbio Science
& Technology Co., Ltd. PEGDA was purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. Rabbit anti-yH2AX
antibody was purchased from Abcam Plc. 4',6-Diamidino-2-
phenylindole was bought from Sigma. Horseradish
peroxidase-labeled goat anti-rabbit IgG antibody and Live &
Dead Viability/Cytotoxicity Assay Kit was bought from Invi-
trogen Trading (Shanghai) Co., Ltd. Cell-CountingCCK-8 was
bought from Dojindo Molecular Technologies (Japan). TUNEL
apoptosis detection kit was bought from Promega (Beijing)
Biotech Co., Ltd. Dulbecco’'s modified Eagle medium (DMEM),
fetal bovine serum, and penicillin-streptomycin mix were
purchased from Thermo Fisher Scientific Inc. All the other
reagents and materials were used as received.

2.2. Preparation and characterization of cisplatin—CS-
calcium alginate MPs

Cisplatin-CS-calcium alginate MPs were prepared by electro-
spinning. Initially, a solution was prepared by mixing 5 mL of
2 mM cisplatin and 5 mL of 1% CS, and this mixture was
allowed to stand overnight. This solution was then combined
with a 1% sodium alginate solution and thoroughly stirred to
create a homogenous mixed solution.

For electrospinning, the mixed solution from the previous step
was loaded into a plastic syringe equipped with a 21 G metal
spinneret. The syringe was connected to a high-voltage power
supply (Beijing Vealery Technology Development Company) with an
applied voltage of 15 kV. The distance between the needle and the
collector was maintained at 16 cm, and the flow rate was set to 2 mL
h™™. The collector comprised a 10% calcium chloride solution.

The resulting MPs were then subjected to a series of post-
processing steps. First, they were washed three times with
deionized water and subsequently centrifuged at 900
rpm min " for 5 min. After centrifugation, the MPs were freeze
dried for a period of 2 days in a freeze-drying machine and then
stored in a desiccator for use in subsequent experiments.

To evaluate their physical characteristics, the appearance of
the MPs was examined using a standard optical microscope and
a scanning electron microscope.

2.3. Preparation and characterization of hydrogel 3D sponge

Cryogels containing varying concentrations (6, 12, 18, and 24
mg) of MPs were synthesized through ion crosslinking. The MPs
were dispersed in 100 pL of a 10% gel-MA distilled water solu-
tion. Subsequently, 100 pL of 8.33% PEGDA was added to the
mixture, followed by the addition of 400 uL of distilled water. To
initiate the catalytic reaction, 9 uL of 20% APS and 3 pL of tet-
ramethylethylenediamine were added to the mixture, ensuring
immediate and thorough mixing. The resulting mixture was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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then poured into molds and placed in a refrigerator at —20 °C
overnight to induce gelation, forming the frozen hydrogel.

The formation of hydrogen bonds within the cryogel was
analyzed by nuclear NMR. ATR-FTIR spectroscopy (Thermo
Scientific IR6700) was used to investigate the chemical bonds
present within the cryogel. The surface structure and the
distribution of internal MPs within the cryogel were visualized
using a field-emission scanning electron microscope.

To conduct mechanical testing, the cryogels containing
varying concentrations of cisplatin-CS-calcium alginate MPs
were uniformly cut into rectangular samples measuring 5 cm X
1 cm. Stress-strain experiments were conducted on each
sample, with each test being repeated three times, by using
a Universal Testing Machine at a constant speed of 50
mm min ' to generate stress—strain curves.

2.4. In vitro hemostasis capability

To assess the extent of lyophilized hydrogel swelling, the hydrogel
samples were immersed in a predetermined volume of PBS at 37 ©
C. At specified intervals, the swollen hydrogel was weighed after
gently blotting away excess water with tissue paper. The experi-
ment continued until no further change in the swelling ratio was
observed. The swelling percentage was calculated using the
following equation: degree of swelling (%) = (W — Wa/Wq) X 100,
where W and Wy represent the weights of the hydrogel sample in
the swollen and lyophilized states, respectively. Quantitative
values are presented as means =+ standard deviation, with
a sample size of n = 3.

Mouse-blood sample collection was retro-orbital blood
collection. The absorbance of distilled water (50 mL) and
whole blood (100 pL) solutions at 540 nm was set to 100 as
a reference value. The BCI of different materials was calcu-
lated as follows: BCI = blood absorption in contact with the
material at 540 nm/whole blood absorption in water at
540 nm. The material was placed in a beaker, and 100 pL of
whole blood droplets containing EDTAK2 was added onto the
surface of the material. After incubation at 37 °C for 5 min,
50 mL of distilled water was added slowly. For the control
group, we placed 100 uL of whole blood droplets on a culture
dish. The coagulation index was measured using a microplate
reader (Thermo Scientific).

2.5. Invitro cytotoxicity of hydrogel assay

The in vitro cytotoxicity assessment of cryogel and cryogel
composite MPs with varying concentrations toward MDA-MB-
231-luc cells was conducted by the CCK-8 assay.

MDA-MB-231-luc was purchased from Shanghai Zhongqiao
Xinzhou Biological Technology Co., Ltd. MDA-MB-231-luc was
added to high-glucose DMEM with 10% fetal bovine serum
(GIBCO), 100 U mL ™" penicillin, and 100 pg mL™" streptomycin.
The cells were cultivated separately in a 37 °C, 5% CO, incu-
bator, with the culture medium replaced every 2 days.

To initiate the assay, a cell suspension was prepared at
a concentration of 10 000 cells per well and subsequently seeded
onto 96-well plates. These plates were then incubated at 37 °C
for 24 h to allow the cells to adhere and establish. The respective

RSC Adv., 2024, 14, 7517-7527 | 7519


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07516h

Open Access Article. Published on 04 March 2024. Downloaded on 2/11/2026 3:28:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

cryogel and cryogel composite MPs were then introduced into
the wells, and the cells were subjected to an additional 24 h
incubation.

In the final step of the assay, the CCK-8 stock solution was
diluted at a 1:9 ratio using the basic culture medium DMEM.
Subsequently, 100 pL of this diluted culture medium was added
to each well, and the cells were incubated for an additional 1 h.
The absorbance of the samples was measured at 450 nm by
using a microplate reader (Thermo Scientific).

2.6. In vivo hemostatic capability assay

Nude mice (female, 4-6 weeks) and BALB/c mice (female, 6-8
weeks) were purchased from the animal experimental center of
Southern Medical University. All animals were housed under
pathogen-free conditions in 12 h light-dark cycles with relative
humidity of 50-60% and constant room temperature (20 £ 1 °C).
All mice were adapted for 7 days before treatment.

By exposing the liver on the left abdominal wall of anes-
thetized mice, a transverse incision was made on the liver until
bleeding occurred. Different materials were placed on the
bleeding liver and pressed for 5 min. The BALB/c mice were
randomly divided into three groups with specific treatments. (1)
The control group received no treatment. (2) Cryogel was placed
on the bleeding liver and held in position for 5 min. (3) Cryogel-
M-1, of equivalent dimensions, was applied to the bleeding liver
and pressed for 5 min. (4) Cryogel-M-2, also of comparable
dimensions, was placed on the bleeding liver and compressed
for 5 min. (5) Cryogel-M-3, with the same size as the previous
samples, was positioned on the bleeding liver and compressed
for 5 min. (6) Cryogel-M-4, identical in size to the other mate-
rials, was situated on the bleeding liver and compressed for
5 min.

The assessment of hemostatic efficacy involved the direct
observation and recording of liver bleeding in mice subjected to
gelatin sponge and various other materials. Additionally, the
survival rates of mice treated with different materials were
evaluated on day 7.

2.7. Immunofluorescence assay

The expression of y-H2AX was measured when MDA-MB-231-
luc was co-cultured with different composite materials for
24 h. The sample slices was fixed with 4% paraformaldehyde at
room temperature for 20 min. Slices with antibody y-H2AX (1:
800 diluted in 2% BSA) were placed in a wet box at 37 °C for 1 h
and then placed in darkness with the secondary antibody in 2%
BSA at 37 °C for 1 h. The sample was observed under an inverted
laser confocal microscope (CLSM) system. The percentage of
fluorescence in the image from three different positions was
measured, and the images of each sample were obtained using
Image-J software.

2.8. Establishment of breast cancer recurrence model and
efficacy evaluation

To assess the anti-recurrence and anti-metastasis effects of
various materials in mice, we established a subcutaneous breast
cancer recurrence and metastasis model in nude mice. MDA-
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MB-231-luc cells were subcutaneously injected at a concentra-
tion of 5 x 10° cells per 100 pL of PBS. The mice were randomly
divided into three groups (n = 5). When the mouse's tumor
volume reached approximately 100 mm?®, 90% of the tumor was
surgically removed, leaving the remaining 10%, and then the
following materials were implanted: (1) cryogel, (2) cryogel-M-1,
(3) cryogel-M-2, (4) cryogel-M-3, and (5) cryogel-M-4. After
a period of 30 days, all mice were euthanized.

The tumors removed from recurrent mice were fixed in a 4%
paraformaldehyde solution and embed in paraffin. The thick-
ness of the tumor and organ embedded in paraffin was 2 um.
Slices with antibody y-H2AX (1 : 800 diluted in 2% BSA and PBS)
were placed in a wet box at 37 °C for 1 h and then placed in
darkness with the secondary antibody in 2% BSA at 37 °C for
1 h. The tissue slices were used for in situ nick-end labeling to
detect nuclear DNA fragments with TUNEL cell apoptosis. The
sample was observed in an inverted CLSM system. The
percentage of fluorescence in the image from three different
positions was measured, and the images of each sample were
obtained using Image-J software.

2.9. Statistical analysis

Statistical analysis was performed by one-way ANOVA for
multiple-group comparisons using SPSS 20.0 software (Chicago,
IL, USA). Data are expressed as the mean + standard deviation,
wherein significance was indicated by P value. P < 0.05 (*), P <
0.01 (**), P < 0.001 (***). P < 0.05 was considered to indicate
statistical significance.

3. Results and discussion

3.1. Characterization of hydrogel loaded with cisplatin-CS-
calcium alginate MPs

Two main methods are used to load drugs into a drug carrier. In
the first one, monomers are mixed with the drug, initiator and
crosslinker followed by polymerization, which trapped the drug
within the matrix.?"3? In the second method, MPs are allowed to
swell in a known concentration of drug solution. The drug-
loaded MPs are dried to obtain the device. In this work, the
former method was used. Under the influence of a high-voltage
electrostatic field, the cisplatin-CS-sodium alginate solution
was atomized into droplets through a stainless-steel nozzle,
which was then deposited into a stirring receiving solution. This
step led to the formation of cisplatin-CS—-calcium alginate MPs.

The bright-field image of MPs in solution is depicted in
Fig. 2A and B, revealing predominantly spherical particles
within a size range of 150-350 um. The average particle size
measures 248 pm, and due to the expansive effects in the
solution, the particle size distribution exhibits a broader width
and non-uniform shape. The particle size distribution of MPs
after freeze-drying was characterized using scanning electron
microscopy (SEM), as illustrated in Fig. 2C-G. The particles
exhibit near-spherical shapes with a smooth and uniform
surface, featuring minor protrusions. The particle size range
falls within 100-180 pm, with an average size of 132 pm. As
depicted in Fig. 2H, in comparison to MPs in solution, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterization of cisplatin—CS—calcium alginate MPs. (A) Bright-field (BF) view of cisplatin—CS—calcium alginate MPs. Scale bar = 200
um. (B) Size of cisplatin—-CS—calcium alginate MPs in bright-field view. (C) Representative SEM images of cisplatin—CS—calcium alginate MPs.
Scale bar = 100 um. (D) Magnified portion of (C). Scale bar = 20 um. (E) Magnified portion of (D). Scale bar = 10 um. (F) Magnified portion of (E).
Scale bar = 1 um. (G) Size of cisplatin—CS—calcium alginate MPs in SEM view. (H) Diameter distribution of cisplatin—CS—calcium alginate MPs. (1)
FT-IR spectra of the cisplatin, alginate, CS, and CS—-Pt-Ca-Ag composite MPs.

freeze-dried particles demonstrate a relatively uniform particle
size distribution. The cumulative distribution analysis indicates
that 90.37% of particles have sizes below 145 pm. These
observations underscore the consistency in the particle size
characteristics of MPs, particularly after the freeze-drying
process.

Fourier transform infrared (FTIR) spectroscopy was adopted to
characterize the existing potential interactions in the MPs. The
observed spectra of cisplatin, alginate, CS, and cisplatin-CS-
calcium alginate MPs are shown in Fig. 2I. The peak of the
stretching vibration of the N-H bond of cisplatin was at
3500 cm ™. The wave peaks of sodium alginate near 3300-3500
and 1720 cm ™' indicated that the system contained numerous -
OH, -NH, and C=O0 groups. These characteristic absorption
peaks suggested the presence of sodium alginate. CS also contains
a large amount of -OH, -NH, and C=O0 groups, characteristic
absorption peaks were found at around 3300-3500 and
1720 cm ™. Finally cisplatin—-CS-calcium alginate MPs showed an
enhanced peak area due to the characteristic peaks of cisplatin,
CS, and sodium alginate at 3300-3500 cm . These results indi-
cated that the carboxylic groups of alginate were associated with
the ammonium groups of CS through electrostatic interactions to
form the polyelectrolyte complex.

Researchers have reported the successful synthesis of gel-
MA."*3* Gel-MA has many large pore structures, as indicated in
Fig. 3A and B. The pore size of gel-MA was determined using
Image] software, revealing an average diameter of 38.86 + 8.92

© 2024 The Author(s). Published by the Royal Society of Chemistry

um for its porous structure. The size of hydrogel pores directly
affected the blood absorption capacity, and a porous structure
in the hydrogel was more conducive to cell proliferation and
differentiation. The 'H nuclear magnetic resonance (NMR)
spectrum of gel-MA indicated that the methacryloyl modifica-
tion of gelatin was achieved, as shown in Fig. 3C. The peaks at
5.4 and 5.6 ppm were due to the hydrogen of the methacrylic
acid double bond, and the peaks at approximately 1.87 ppm
were related to the methacrylic acid group of methacrylic acid.
These results proved that we successfully synthesized gel-MA.
The MPs were then catalyzed with methacrylic anhydride
gelatin (gel-MA) through poly(ethylene glycol) diacrylate
(PEGDA) and ammonium persulfate (APS) at low temperature
(—20 °C) to form a cryogel composite material loaded with
cisplatin—CS-calcium alginate MPs. To further investigate the
influence of adding cisplatin-CS-calcium alginate MPs on the
structure and antitumor effects of the gel composite material,
we prepared gel composites loaded with MPs at different
concentrations. The samples were denoted as cryogel-M-1
(10 mg mL™"), cryogel-M-2 (20 mg mL '), cryogel-M-3 (30 mg
mL ™), and cryogel-M-4(40 mg mL™"). As shown in Fig. 3D,
according to the SEM image of the loaded cisplatin-CS-calcium
alginate MP hydrogel composite, the cisplatin-CS-calcium
alginate MPs of cryogel-M-1 group were more dispersed in the
cryogel, and the particle size was consistent with the particle
size measured before the cryogel was added. The greater the
quantity of cisplatin-CS-calcium alginate MPs added, the more

RSC Adv, 2024, 14, 7517-7527 | 7521
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Fig.3 Characterization of gel-MA. (A) SEM image of gel-MA. Scale bar = 20 pm. (B) Pore size of gel-MA. (C) *H NMR spectra of gel-MA. The peaks
at 5.4 and 5.6 ppm were assigned to two H methacrylic double bonds, and the peak around 1.87 ppm was related to the methacrylate groups of
methacrylic acid. (D) Characterization of hydrogel loaded with cisplatin—CS—calcium alginate MPs. (i—iv) SEM images of 3D sponge loaded with
cisplatin—CS—calcium alginate MPs and partial magnified SEM images of 3D sponge loaded with cisplatin—CS—calcium alginate MPs. (E) Stress—
strain curves of the different materials. (F) Young's modulus of different materials (n = 3).

MPs were present in the gel composite material. Furthermore,
the microstructure retained a significant number of porous
structures without adversely affecting the blood-absorption
capability of the composite material.

To verify the difference in mechanical properties between our
synthesized 3D cryogel and those of human breast tissue,
compression experiments were performed to test the stress—
strain curves of different materials, characterizing the Young's
modulus and elasticity of the frozen adhesive. As displayed in
Fig. 3E and F, the stress-strain data showed that the elastic
coefficients of the frozen adhesive, cryogel-M-1, cryogel-M-2,

7522 | RSC Adv, 2024, 14, 7517-7527

cryogel-M-3, and cryogel-M-4 were 10.55 £+ 1.25, 53.89 + 4.26,
70.67 + 5.78, 114.29 £ 10.59, and 20.92 + 3.47 kPa, respectively.
With increased MP amount, the strength of the composite gel
system initially increased and then decreased. The main prin-
ciple behind this phenomenon was that the MPs can initially
form crosslinking interactions with the gel. However, increased
quantity disrupted these crosslinking interactions, leading to
reduced strength. Thus, the addition of MPs to a certain extent
affected the mechanical properties of the cryogel. Previous
studies have shown that human breast tissue has a certain degree
of elasticity. After verification, the mechanical properties of

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07516h

Open Access Article. Published on 04 March 2024. Downloaded on 2/11/2026 3:28:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

cryogel + M-4 were closer to those of human breast tissue.** These
results indicated that our synthesized 3D cryogel loaded with
cisplatin-CS-calcium alginate MPs can achieve filling effects in
vivo, especially after surgery. Thus, it can be expected to replace
human breast tissue. Moreover, MPs can help increase the gel
strength to realize a long-term in situ function in vivo.

3.2. Invitro and vivo hemostatic capability

The 3D cryogel we synthesized had a dual mechanism for
promoting blood clotting. On one hand, its porous structure
enabled the absorption of blood, facilitating platelet aggrega-
tion to achieve hemostasis.

We characterized the absorption capacity of the 3D cryogel
through a swelling experiment, and the results are depicted in
Fig. 4B. The swelling percentages were as follows: freeze-dried
gel, 9.39 £ 1.37%; cryogel-M-1, 10.36 + 1.40%; cryogel-M-2,
9.24 + 2.61%; cryogel-M-3, 12.83 £ 0.33%; and cryogel-M-4,
9.61 £ 2.59%. These values represent the extent of expansion,
indicating the ability of the cryogel to absorb blood.

The coagulation effect of the different materials and medical
gelatin sponge on blood in water was studied, as shown in
Fig. 4A. An equal amount of whole blood was set as the control
group, with a blood coagulation index (BCI) of 100%. The BCI is
shown in Fig. 4C. The average BCIs were as follows: gelatin
sponge, 56.71 + 5.81%; freeze-dried gel, 57 £ 5.82%; cryogel-M-
1, 56.38 £ 5.5%; cryogel-M-2, 47.05 =+ 6.22%; cryogel-M-3, 46.41
=+ 4.72%; and cryogel-M-4, 46.45 £ 4.74%. The BCISs of cryogel-
M-2 and cryogel-M-1 were equivalent to that of the market
gelatin sponge and lower than that of the whole blood control
group. The BCISs of cryogel-M-3 and cryogel-M-4 were lower than
those of the market sponge, cryogel-M-2, and cryogel-M-1. The
lower the BCI, the better the coagulation effect, indicating that
the freeze-dried gel loaded with cisplatin-CS—calcium alginate
MPs can achieve rapid coagulation in vitro.

Gelatin and CS, as integral components of the composite,
offer exceptional hemostatic properties and promote wound
healing.*® As shown in Fig. 4D, the composite's capacity for
hemocyte adsorption and platelet activation enabled it to
demonstrate outstanding hemostatic efficacy in a liver injury
model. Control mice had a 7 days postoperative survival rate of
only 60%, whereas the group treated with freeze-dried hemo-
static gel loaded with cisplatin-CS-calcium alginate MPs ach-
ieved a 7 days survival rate of 100%. It is noteworthy that all
mice in the experimental group survived, presenting a stark
contrast to the control group. In vivo hemostasis experiments
conclusively demonstrated the excellent hemostatic effects of
the freeze-dried gel incorporated with composite MPs, high-
lighting its promising application prospects.

3.3. Invitro cell viability experiments

To assess the anticancer efficacy of the hydrogel platform on
breast cancer cell viability, cell activity was evaluated with a Cell-
Counting Kit-8 (CCK-8).

Fig. 4E shows that after co-culture with breast cancer cells,
cryogel-M-1, cryogel-M-2, cryogel-M-3, and cryogel-M-4 loaded
with different cisplatin-CS-calcium alginate MPs were set as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the control group. The activity percentages of cryogel-M-1,
cryogel-M-2, cryogel-M-3, and cryogel-M-4 were 49.43 £ 1.96%,
39.85 + 6.37%, 33.05 + 12.78%, and 24.78 + 3.84%, respec-
tively. As the concentration of MPs in the cryogel increased, the
composite material loaded with cisplatin-CS-calcium alginate
MPs had greater toxicity to cells. In vitro cell viability test
showed that the composite materials loaded with different
cisplatin—CS-calcium alginate MPs better inhibited the prolif-
eration of breast cancer cells. This finding was attributed to the
successful encapsulation of cisplatin drugs within the MPs,
which subsequently led to a gradual release of the drug during
co-cultivation with breast cancer cells, resulting in the death of
a portion of the breast cancer cells. In this study, a well-
established drug-loaded microsphere system was employed,
the sustained-release efficacy of which has been validated in
numerous research investigations. Harpal et al. utilized iono-
tropic gelation techniques to fabricate -cisplatin-loaded
chitosan-coated spray-dried particles.*® In comparison to ordi-
nary drug particles, uncoated, and coated particles, cisplatin
exhibited an extended release duration by 24 hours. Motasem
et al. assessed microspherical particles based on alginate-chi-
tosan without conventional cross-linking agents for the targeted
delivery of cisplatin through intratracheal administration.*” The
continuous release of cisplatin surpassed 6 hours in this
particular context. Therefore, based on this system the MPs can
play a role in padding the breast, and their degradation and
slow metabolism can help in breast reconstruction.

Cisplatin exerts its inhibitory effect on cell proliferation by
interacting with DNA.*** To investigate the mechanism of
action of this composite material on tumor cells, MDA-MB-231-
luc cells cultured in the presence of these materials were sub-
jected to immunofluorescence assay. y-H2AX serves as a vital
marker for DNA breaks.”® DNA double-strand breaks trigger the
phosphorylation of H2AX at the serine 139 position, forming -
H2AX.** Histone H2AX plays a crucial role in DNA damage
repair, regulation of cell-cycle checkpoints, maintenance of
genomic stability, and tumor suppression.**

As illustrated in Fig. 4F, the green fluorescence represents -
H2AX protein, and the blue fluorescence represents the
nucleus. The cryogel group exhibited no y-H2AX expression,
whereas cryogel-M-1, cryogel-M-2, cryogel-M-3, and cryogel-M-4
showed y-H2AX expression. It is noteworthy that the fluores-
cence intensity of y-H2AX immunofluorescence images was
quantified using ImageJ, as shown in Fig. 4G. With the
increasing concentration of MPs in the cryogel, the expression
of y-H2AX also increased. The cryogel-M-4 group exhibited the
highest fluorescence intensity of y-H2AX expression, indicating
that these composites disrupted DNA within cells, leading to
the formation of y-H2AX.

This finding further confirmed that these composites
released cisplatin into cells, where the released cisplatin bound
to cellular DNA, resulting in DNA double-strand breaks.

3.4. Invivo antitumor effect experiment

The antitumor efficiency of the hydrogel platform against breast
cancer was further investigated in vivo. In clinical practice,
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situations of unfeasible complete tumor removal is common,
especially in advanced-stage cancers. Upon treating the tumor
recurrence model with the composite cryogel loaded with
cisplatin-CS-calcium alginate MPs, the following observations
were mad. As depicted in Fig. 5A and B. First, recurrent tumors
in the cryogel group (0.57 £ 0.23 g) exhibited rapid growth, with
no statistically significant difference in inhibiting recurrent
tumors observed in cryogel-M-1 (0.49 + 0.06 g) compared with
the cryogel group. Notably, a statistically significant reduction
occurred in the volume of recurrent tumors in cryogel-M-2 (0.27
=+ 0.10 g) compared with cryogel-M-1 and the cryogel group. A
further significant decrease in recurrent tumor volume was
observed in cryogel-M-3 (0.13 £ 0.05 g) compared with the cry-
ogel group and cryogel-M-1. Cryogel-M-4 (0.06 + 0.01 g)
exhibited the most substantial reduction in recurrent tumor
volume compared with cryogel-M-3, cryogel-M-2, cryogel-M-1,
and the cryogel group, with a statistically significant difference.

In summary, in vivo tumor recurrence transplantation
experiments demonstrated that as the concentration of MPs in
the cryogel increased, the volume of recurrent tumors
decreased. Tumor-weight data corroborated this trend, showing
that higher MP concentrations in the composite loaded with
cisplatin-CS-calcium alginate MPs led to smaller recurrent
tumor weights in mice.

To further investigate the mechanism of action of MP-rich
cryogel to inhibit tumor recurrence and metastasis, immunoflu-
orescence was performed on frozen sections of recurrent tumors.
As depicted in Fig. 5C, blue fluorescence labeling is the cell
nucleus, and green fluorescence labeling is y-H2AX protein
expression. Immunofluorescence assay in Fig. 5E results showed
that y-H2AX was a DNA double-strand break marker, and the
cryogel group did not have y-H2AX expression. Meanwhile,
cryogel-M-1, cryogel-M-2, cryogel-M-3, and cryogel-M-4 showed -
H2AX expression. y-H2AX expression increased with increased
concentration of MPs in cryogel. This finding further verified the
conclusion drawn from the in vitro experiments that cryogel
loaded with MPs can slow release cisplatin and play the roles of
tumor killing and proliferation inhibition. Thus, it was an ideal
material for filling and preventing tumor recurrence.

Cisplatin, a platinum-based chemotherapeutic agent, shows
promise in the treatment of breast cancer. Understanding the
mechanisms underlying its cytotoxic effects, particularly
through apoptosis induction, is crucial for optimizing its clin-
ical application.*® Cisplatin induces apoptosis, a programmed-
cell-death process in MDA-MB-231 breast cancer cells.*
According to previous studies, apoptosis is one of the reasons
why cisplatin acts on cells to cause their death.** To further
understand the tumor apoptosis, we used the terminal deoxy-
nucleotidyl transferase dUTP nick-end labeling (TUNEL) assay.
It is a widely used method in molecular biology and pathology
for detecting apoptotic cells within a tissue or cell culture
sample. The assay relies on the principle of labeling exposed 3'-
OH ends of DNA fragments generated during apoptosis. Fig. 5D
and F illustrates the results of the TUNEL analysis, wherein
green fluorescence represents FITC-labeled TUNEL, and blue
fluorescence represents cell nuclei. No TUNEL expression was
observed in the cryogel group. Conversely, TUNEL expression
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was evident in cryogel-M-1, cryogel-M-2, cryogel-M-3, and
cryogel-M-4, with the extent of TUNEL expression directly
correlating with the concentration of MPs within the cryogel.
The rise in TUNEL expression was proportional to the increase
in MP concentration within the cryogel. The presence of
TUNEL-positive cells in the cryogel-M groups indicated an
increase in the number of apoptotic tumor cells with increased
concentration of MPs in the composite cryogel loaded with
cisplatin—CS-calcium alginate MPs. This observation provided
further evidence that cisplatin released from the cryogel exerted
an inhibitory effect on cell replication by acting on DNA, ulti-
mately leading to apoptosis.

Overall, our results suggested that the hydrogel platform can
be used to prevent breast tumor recurrence after surgery. In vivo
anti-recurrence experiments demonstrated a novel strategy as
a potential breast reconstruction material, the hydrogel platform
should be a favorable filler for dissected empty space after surgery,
and had the potential to support the attachment of normal breast
cells and adipose cells for the following tissue repair.

4. Conclusion

We developed hydrogel loaded with cisplatin-CS-calcium algi-
nate MPs. By investigating the differences in microstructure
and mechanical properties of the gel material loaded with MPs
at various concentrations, we demonstrated that this composite
gel material had a porous structure and mechanical strength. It
can be tailored to achieve the desired mechanical performance
by adjusting the concentration of the loaded MPs. We further
examined the impact of gel materials loaded with MPs at
different concentrations on in vitro coagulation and in vivo
hemostatic effects. Results indicated that this composite
material can effectively substitute commercial gelatin sponges,
efficiently treating oozing hemorrhage through its porous
structure, blood absorption capabilities, and enhanced coagu-
lation effects attributed to the CS and gelatin components.
Accordingly, effective hemostasis ensured. Lastly, we investi-
gated the differences in the antitumor effects of gel materials
loaded with MPs at varying concentrations in vitro and in vivo.
The findings revealed that as the concentration of loaded MPs
increased, the antitumor efficacy also increased.

Therefore, this composite material can provide effective
chemotherapy post-breast cancer surgery while reducing the
risk of tumor recurrence and metastasis by absorbing circu-
lating tumor cells from postoperative residues or bleeding. This
study also highlights the potential of this composite material in
breast reconstruction, offering a dual benefit of tumor safety
and aesthetic outcomes in postoperative implants.
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