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Abstract: In this study, we present a multifunctional hybrid hydrogel (MFHH) for the prevention of postoperative tumor 
recurrence. MFHH consists of two components; component A - containing a gelatin-based cisplatin, which destroys 
the residual cancer after surgery, and component B - containing macroporous gelatin microcarriers (CultiSpher) 
loaded with freeze-dried bone marrow stem cells (BMSCs), which activates the wound healing process. We also 
evaluated the effects of MFHH in a subcutaneous Ehrlich tumor mouse model. MFHH acted as a local delivery sys-
tem by directly supplying cisplatin to the tumor environment, resulting in excellent anti-cancer effects and minimal 
side effects. MFHH released cisplatin gradually to destroy the residual tumors, thereby preventing loco-regional 
recurrence. We have also demonstrated that BMSCs are able to inhibit residual tumor growth. Moreover, CultiSpher 
loaded with BMSCs acted as an injection 3D scaffold and easily filled the wound defect formed by tumor removal, 
and the paracrine factors of the freeze-dried BMSCs accelerated the wound healing process. The components of 
the MFHH can be used both separately and together. However, for the successful application of MFHH in clinical 
practice, it is necessary to study in more detail the role of paracrine factors of freeze-dried BMSCs in the inhibition 
or proliferation of residual cancer. These questions will be the focus of our future research. 

Keywords: Multifunctional hybrid hydrogel, local drug delivery systems, cisplatin mechanism of action, macropo-
rous gelatin microcarriers (CultiSpher), Ehrlich solid tumor, bone marrow stem cells

Introduction

Currently, surgery, chemotherapy, radiation 
therapy, immunotherapy, targeted therapy, and 
their combinations are widely used to treat can-
cer. Surgery is the major treatment option for 
various cancer types. However, despite radical 
tumor resection, loco-regional recurrence is 
often observed after surgery, which may be 
associated with residual cancer [1]. Surgical 
margins also are associated with the risk of 
local recurrence [2]. Frozen sections are the 
standard method for determining the resection 
margins [3]. Magnetic resonance and nuclear, 
micro-computed, positron emission, and pho-
toacoustic tomography are used for intraopera-
tive determination of residual tumor sizes [4-7]. 
Intraoperative near-infrared fluorescent imag-
ing and intraoperative flow cytometry have also 
been proposed to detect residual tumor cells 
[8, 9]. Despite all the available detection and 
treatment methods, the incidence of loco-
regional tumor recurrence remains high in 

patients with cancer. For example, local recur-
rence is observed in 67% of patients after glio-
blastoma surgery [10]. Local recurrence is also 
observed in 71.8% of patients after radical 
resection of pancreatic cancer [11]. Moreover, 
local and hepatic recurrences were observed in 
71.8 and 61.5% of patients, respectively, after 
resection of pancreatic ductal adenocarcino-
ma, both accounting for 97% of the total recur-
rence rate [12]. Local recurrence also occurs in 
51.5% of patients after resection of distal chol-
angiocarcinoma [13-15]. Postoperative radia-
tion therapy, chemotherapy, or a combination of 
both is recommended to prevent recurrence 
after radical resection of the tumor. Although 
these methods significantly reduce the inci-
dence of local relapses, their use is associated 
with the risk of side effects [16-20]. In recent 
years, intratumoral cisplatin/epinephrine-injec- 
table gel and Cisplatin gel have been used for 
the treatment of liver cancer, gastric cancer 
and others [21-25]. Our attention was attracted 
to the gelatin-based hydrogels because they 
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are highly soluble in water and can easily bind 
to drug molecules [26]. In addition, gelatin is 
able to form polymeric vesicles or micelles 
through self-assembly and drug release [27]. 
Reports on exploiting gelatin nanocarriers in 
the pulmonary delivery of methotrexate for lung 
cancer therapy have also been made [28]. The 
authors have noted that gelatin has many 
advantages that allow it to be used for deliver-
ing anticancer drugs to the lungs. Redox- and 
MMP-2-sensitive drug delivery nanoparticles 
based on gelatin and albumin have been used 
for tumor-targeted delivery of paclitaxel [29]. 
Bovine serum albumin as a targeting ligand, 
and gelatin as a hydrophilic carrier and MMP-2 
sensitive reagent were used for constructing 
the nanoparticles. In another study, spatial 
controlled multistage nanocarriers that are cre-
ated through hybridization of dendrimers and 
gelatin nanoparticles for deep penetration and 
therapy into tumor tissue are also presented 
[30]. The authors have noted that in response 
to the high matrix metalloproteinase-2 (MMP-2) 
enzymes in the tumor microenvironment, multi-
stage nanocarrier releases polyamidoamine 
(PAMAM) dendrimers and furtherly transports 
them into tumor cells. Collagen-hydroxyapatite 
[31], alginic acid [32], hyaluronic acid [33], PLA 
or PGA copolymers [34], Nucleoside-lipid [35], 
and others are currently used as carriers for the 
sustained release of cisplatin. Each of these 
carriers has its own advantages and disadvan-
tages. However, most drug carriers have poor 
biodegradability, low bioavailability, inadequate 
tissue distribution, and potential toxicity, espe-
cially with long-term administration [36].

In this study, we present a multifunctional 
hybrid hydrogel (MFHH) for the prevention of 
postoperative tumor recurrence. MFHH con-
sists of two components; component A - con-
taining a gelatin-based cisplatin, which destroys 
the residual cancer after surgery, and compo-
nent B - containing macroporous gelatin micro-
carriers (CultiSpher) loaded with freeze-dried 
BMSCs.

Material and methods

Tumor cells

Tumor cells were obtained from host mice with 
Ehrlich ascites carcinoma. First, ascitic fluid 
was aspirated by puncturing the abdominal 
cavity, cells were washed with phosphate-buff-

ered saline (pH 7.4), and centrifuged at 200×g 
for 10 min. Cell viability was determined after 
trypan blue staining in a Neubauer chamber. 
Tumor cells were also stained with Giemsa. 

Animals 

Seventy outbred white male mice (six or eight-
week-old) were purchased from the vivarium of 
Tbilisi State Medical University (Tbilisi, Georgia). 
Animals were kept 10 per cage under 12/12 h 
day/night cycles and provided pelleted rodent 
diet and water ad libitum. Six laboratory Lewis 
rats (eight-week-old; approximately 250 g) were 
used as donors to obtain the bone marrow 
stem cells (BMSCs).

All experimental procedures were performed in 
accordance with the EU Directive 2010/63/EU 
for animal experiments and the guidelines of 
the Animal Care and Use Committee of Tbilisi 
State Medical University. 

Study design

All animals were divided into seven groups. 
After one week of acclimatization, mice of six 
groups were subcutaneously injected with 
2.5×106 tumor cells in the dorsal region. 
Animals of the seventh group served as con-
trols, which received a subcutaneous injection 
of saline into the dorsal region.

The treatment of animals was initiated 20 days 
from the injection when the tumor volume 
reached 200 ± 8 mm3: Group I - tumor model 
(TM) + resection of 90% of the tumor (TR) + 
MFHH; Group II - TM + TR + gelatin hydrogel 
incorporating cisplatin (GHC); Group III - TM + 
TR + Cultispher loaded with BMSCs (CS-BMSCs) 
which filled the wound and covered the residual 
tumor tissue that remained after tumor resec-
tion; Group IV - TM + TR + BMSCs. The freeze-
dried BMSCs were hydrated in 0.9% NaCl solu-
tion for 30 minutes. Afterwards, single injec-
tions of 5×105 BMSCs were made into the tail 
vein of the animals with a 30G; Group V - TM + 
TR; Group VI - TM + observation of animals with-
out any treatment; Group VII - control group. 
Animals were injected with physiological saline 
subcutaneously in the dorsal region.

Surgical procedures were performed under 
anesthesia via intraperitoneal injections of ket-
amine (100 mg/kg) and xylazine (7 mg/kg).
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Fabrication of MFHH

MFHH comprises two components, A and B. 
Component A was used to eliminate minimal 
residual cancer after surgery, and component  
B was used to activate the wound-healing 
process.

Fabrication of component A: Component A rep-
resents gelatin hydrogels incorporating cisplat-
in. To fabricate component A, we used the 
method proposed by Suzuki T, et al. (2022) 
[37]. Briefly, 1 g of commercially purchased 
gelatin was placed in 10 mL of distilled water at 
room temperature for 30 min and dissolved for 
1 h at 40°C. To the dissolved gelatin solution, 
30 mL of aqueous cisplatin solution (3 mg/mL) 
was added under constant magnetic stirring at 
room temperature for 1 h. Cisplatin was also 
used as a cross-linking agent for gelatin. The 
mixed aqueous solution was poured into a 
Dynalon polystyrene container (Spectrum) and 
kept at 4°C for 24 h. The resulting hydrogel was 
passed through fine test sieves with a pore  
size of 150 μm (Sigma Aldrich). Ethanol was 
used to dehydrate the granules. The granules 
were degassed in a desiccator for 10 h to 
remove ethanol. According to the method of 
O’Connell et al. (2019), sterilization was carried 
out with ethylene oxide in an Anprolene EtO 
sterilizer (Anderson Sterilizers Inc., USA) at 
room temperature (23°C) for a 12/12 h day/
night cycle, followed by a 12-h purge to wash 
off the remaining ethylene oxide [38]. Cisplatin 
gel was stored under sterile conditions at  
-20°C until use.

Fabrication of component В: Component B is 
an injectable 3D scaffold consisting of macro-
porous gelatin microcarriers (CultiSpher) load-
ed with freeze-dried rat BMSCs and a fibrino-
gen gel with thrombin. 

Isolation of rat BMSCs and subsequent load-
ing on CultiSpher 

BMSCs were isolated via density gradient cen-
trifugation at 400×g for 30 min at room tem-
perature using Ficoll Paque Plus (GE Healthcare 
Bio-Sciences, Pittsburgh, PA, USA), as previ-
ously described [39]. Then, 0.3 g rehydrated 
CultiSpher and rat BMSCs (7.0×106) were 
placed in a 24-well Companion Plate (Falcon; 
Corning Life Sciences) and incubated at 37°C 
with 5% CO2 and 90% humidity. Dulbecco’s 
modified Eagle’s medium containing 10% fetal 

bovine serum (Millipore Sigma), 50 U/mL peni-
cillin, and 0.05 mg/mL streptomycin was used 
as the cell culture medium. BMSCs were co-
cultured with CultiSpher for seven days and the 
culture medium was changed every three days. 
After culture, CultiSpher loaded with stem cells 
was freeze-dried with a lyophilizer (Heto Power 
Dry PL6000 Freeze Dryer; Sjia Lab, Shenzhen, 
China). 

To construct the fibrinogen gel, we used the 
protocol of Yuan et al. (2011) [40], with modifi-
cations. Briefly, the original solution of fibrino-
gen with a concentration of 33 mg/mL was 
placed in 20 mM HEPES buffer in 0.9% saline 
and slowly mixed for 3 h at 37°C. Next, 0.1 g of 
rehydrated CultiSpher, which was loaded with 
freeze-dried BMSCs, was placed into the fibrin-
ogen gel. Then, the fibrinogen solution together 
with CultiSpher was poured into aliquots of 1 
mL and stored at -20°C until use. 

Thrombin solution was prepared by adding 18 
mL of 0.9% saline and 2 mL of sterile deionized 
water to 500 U of thrombin. The solution was 
then filtered through a 0.2-µm filter, placed in 
aliquots of 250 µL each, and stored at -80°C 
until use.

All animals were euthanized at the predeter-
mined time point via intraperitoneal injections 
of ketamine and xylazine, followed by laparoto-
my, aortic rupture, and exsanguination. 

In vitro release of cisplatin from the MFHH

To assess the rate of cisplatin release, 5.0 mg 
of MFHH was placed in 10 ml of phosphate-
buffered saline (PBS, 0.01 M, pH 7.4). Addi- 
tionally, 5.0 mg of MFHH was placed in 10 ml of 
phosphate-buffered saline (PBS, 0.01 M, pH 
6.5). Both solutions were left at 37°C for 96 h. 
The concentration of cisplatin in the solutions 
was determined at regular intervals with a 
Zeeman Z-8000 atomic absorption spectro-
photometer (Hitachi, Ltd., Tokyo, Japan).

Tumor volume determination

After constructing the subcutaneous Ehrlich 
tumor mouse model, the tumor volume was 
measured at autopsy after sampling for histo-
pathological analysis at various time points. 
Tumor volume was calculated using the formu-
la: volume = length × width × height × (π/6).
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Cytological and histological examination

Cytological evaluation: Slides with imprints of 
tumor tissue were fixed with 95% ethanol, and 
stained by the Papanicolaou method. The  
cytological features of tumor tissue samples 
were assessed based on the shape of the 
nuclei, the increase in nucleoli, the density of 
the nucleus and necrotic background at vari-
ous times after modeling and at the initiation of 
the treatment.

For histopathological examination, tumor tis-
sues, together with the surrounding tissues, 
were fixed with 10% neutral buffered formalin, 
embedded in paraffin, and cut into 5-μm thick 
sections. Sections were stained with H&E, 
6-diamidino-2-phenylindole (DAPI), and Mas- 
son’s trichrome, according to the manufactur-
er’s protocol. Cells were then immunostained 
with anti-Ki67 (incubation time, 20 min; clone 
MM1; dilution, 1:200; cat. no. PA0118; Leica 
Biosystems Newcastle Ltd.), and BSL-2 (incuba-
tion time, 20 min; Clone bcl-2/100/D5; dilution 
1:100 for 30 min at 25°C; Leica Biosystems 
Newcastle Ltd.), anti-cytokeratin 19 (RCK108; 
ab9221; dilution 1:200) antibodies using the 
Novolink DAB Polymer Detection system (incu-
bation time, 20 min; cat no. RE7260-CE; Leica 
Biosystems Newcastle Ltd.), according to the 
manufacturer’s protocol. Endogenous peroxi-
dase activity was neutralized using a Peroxi- 
dase Block reagent (3-4% [v/v] hydrogen perox-
ide; Novolink DAB Polymer Detection system; 
cat. no. RE7260-CE; Leica Biosystems New- 
castle Ltd.). Subsequently, the cells were incu-
bated with the rabbit anti-mouse IgG (<10 µg/
mL) antibodies in 10% (v/v) animal serum in 
Tris-buffered saline/0.1% ProClin 950 (Novolink 
DAB Polymer Detection system). All immunohis-
tochemical reactions were performed at room 
temperature. Images were acquired using a 
Leica DMLB microscope (Leica Application 
Suite v.3.6.0; Wetzlar, Germany).

Scanning electron microscopy

Collected tumor tissues and cisplatin gel 
together with the surrounding tissues were 
immersed in a fixative solution containing 2.5% 
glutaraldehyde and 4% paraformaldehyde in 
0.1 M phosphate buffer. After fixation, the sam-
ples were dehydrated with various concentra-
tions of ethanol, immersed in a mixture of 95% 
ethanol and isoamyl acetate (1:1) for 10 min, 

and in pure isoamyl acetate for 15 min. After 
removing isoamyl acetate, the samples were 
dried using a Tousimis Samdri-780 critical-point 
dryer (Tousimis Research Corporation). Then, 
the tissues were sputter-coated with gold and 
visualized using a JEOL JSM-65 10 LW scan-
ning electron microscope (JEOL, Ltd.).

Energy dispersive spectroscopy

Energy dispersive spectroscopy was used to 
determine the amount of Pt nanoparticles in 
the gel before and after application to the 
wound. Analytical AztecEnergy-EDS software 
(Oxford Instruments, Inc.) and X-MaxN SDD 
detector (Oxford Instruments, Inc.) were used 
for the energy dispersive analysis of scanning 
electron microscopy results.

Statistical analysis

GraphPad Prism 9.0 (GraphPad Software, Inc.) 
was used to process statistical data. At each 
time point, the destruction of tumor cells was 
assessed and compared between groups. 
Tukey’s post-hoc tests and one-way analysis of 
variance were used to compare differences 
between several groups. P<0.05 was con- 
sidered to indicate a statistically significant 
difference.

Results

In vitro studies showed that MFHH that was 
placed in PBS (pH 6.5) at 37°C degraded faster 
during the first two days than MFHH placed in 
PBS (pH 7.4). Figure 1 showing the in vitro deg-
radation profiles of MFHH, demonstrates that a 
burst of MFHH degradation occurs in the first 
hours after being placed in PBS solutions. 
Afterwards, the degradation of MFHH in solu-
tions slightly decreased and continued to 
decrease in the following hours. If we consider 
the fact that the pH values in normal tissues 
are in the range of 7.2-7.5, and the pH of tumor 
cells is in the range of 6.4-7.0 [41], then we can 
conclude that the pH of the tumor tissue can 
enhance the degradation of MFHH. Figure 2 
also shows the rate of tumor growth in all 
groups of animals.

In our study, a solid oval-shaped tumor with a 
volume of 200 ± 8 mm3 was detected in the 
skin of all animals 20 days after inoculation. 
The color of the fur and skin around the tumor 
remained unchanged.
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Figure 1. In vitro degradation profiles of MFHH.

Figure 2. Tumor growth rate in all groups of animals.

In animals of the fifth group, 
6-8 days after tumor resec-
tion, the sutures were opened, 
and residual tumor tissue  
and purulent exudate were 
observed in the wound. Within 
a week, the residual tumor 
had no signs of progression. 
However, on days 10-12, a 
sharp increase in tumor 
growth was observed, and  
the wound itself took on a 
chronic course. The histo-
pathological response to each 
treatment was determined 
(Figure 3) according to the 
Evans classification scheme 
[42, 43]. The percentage of 
destructed cancer cells was 
calculated and compared be- 
tween groups over the ex- 
perimental period. ****P< 
0.0001; Statistically signifi-
cant difference between gr- 
oups using one-way ANOVA, 
post-hoc Tukey test. Two 
weeks after tumor resection, 
histopathological studies of 
animals of the fifth group 
(Figure 4) have revealed the 
presence of tumor cells with 
cytoplasmic vacuolization and 
signs of karyolysis along the 
periphery of the residual 
tumor. Inflammatory lympho-
cytic infiltration around the 
residual tumor was mild. 
Tumor cells with anaplastic 
characteristics and nuclear 
pleomorphism were observed 
in the central part of the re- 
sidual tumor. Several mitotic 
cells have also been identi-
fied. DAPI staining has re- 
vealed an increased lumines-
cence in the nuclei of tumor 
cells. Tumor cells penetrated 
the muscles 20 days from  
the resection. A similar histo-
pathological observation was 
found in animals of the sixth 
group, in which the animals 
did not receive any treatment. 
Immunohistochemical studi- 

Figure 3. Histopathological response to treatment according to the Evans 
classification scheme. Degree I (<10%) of destruction of cancer cells or its 
complete absence; IIa degree, destruction of 10-50% of cancer cells; IIb 
degree, destruction of 51-90% of cancer cells; Grade III, few (<10%) viable 
cancer cells are present; Grade IV, viable cancer cells are completely absent. 
(TM) - tumor model, (TR) - resection of 90% of the tumor, (MFHH) - multi-
functional hybrid hydrogel, (GHC) - gelatin hydrogels incorporating cisplatin, 
(CS-BMSCs) - CultiSpher loaded with BMSCs.
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es revealed high expression levels of Ki-67 and 
Bcl-2. All animals of the 5th and 6th groups 
have died within 1.5-2 months of observation, 
mainly due to tumor progression.

All animals in the first group survived and were 
observed for five months after treatment. The 
wound healed without any complications. Loco-
regional recurrence and distant metastases 
were not observed. Histopathological studies 
(Figure 5) revealed that MFHH treated animals 
exhibited extensive areas of necrosis, edema, 
and destructive changes in the tumor tissue 
along the periphery of the residual tumor. Most 
tumor cells showed karyorrhexis and karyolysis 
due to the damaging effects of MFHH. Along 

the edge of the necrotic zone of the residual 
tumor, inflammatory leukocyte infiltration was 
visible, which may be associated with a strong 
immune response. Notably, DAPI staining of 
residual tumor fragments revealed a significant 
decrease in the number of tumor cell nuclei 
after MFHH treatment. After 20 d, no lumines-
cence was detected in the tumor cell nuclei. 
H&E and Masson’s trichrome staining revealed 
the formation of connective tissues with new 
vessels around the CultiSpher during the first 
week. One-month later, well-formed tissues 
were observed around the CultiSpher, which 
started undergoing resorption. Masson’s tri-
chrome staining revealed the presence of col-
lagen fibers around the CultiSpher. Immuno- 

Figure 4. Ehrlich subcutaneous tumor model before and after the treatment with gelatin hydrogels incorporating 
cisplatin (GHC). А. Ehrlich subcutaneous tumor model. Observation period is 20 days; В. Gross section of subcuta-
neous Ehrlich tumor; С, D. Structural heterogeneity of the tumor, where viable areas are interspersed with necrotic 
zones. The well-defined tumor capsule, mainly composed by connective tissue. H&E staining, X200, 400; E. The 
animals of group VI with a tumor model without treatment. Observation period is 20 days; F, G. Anaplastic cells 
with anarchic progression, and invasion of tumor cells into muscle tissue. H&E staining, X400; H. Staining for DAPI 
revealed enhanced luminescence in the nuclei of tumor cells. X200; I. The wound suture failure. Observation period 
is 5 days; J. Layers of tumor cells with necrotic and hemorrhagic areas. H&E staining, X400; K, L. Immunohisto-
chemical studies revealed a high level of expression of Ki-67 and BCL-2 markers; M. In most GHC-treated animals, 
the wound healed without complications. Observation period is 45 days; N. Destruction of 50% of cancer cells after 
GHC treatment. H&E staining, X400. Observation period is 30 days; O. Immunohistochemical studies revealed a low 
level of expression of Ki-67 markers; P. Staining for DAPI revealed a slight increase in luminescence in the nuclei of 
tumor cells. X200.
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histochemical studies revealed low expression 
levels of Ki-67 markers. Scanning electron 
microscopy confirmed the diffuse distribution 
of CultiSpher in the wound. On the 20-25th day, 
wound healing was observed without complica-
tions. It should be noted, that the CultiSphers 
were gradually subjected to resorption. 

In animals of the second group, >50% of cancer 
cells were destroyed within a month from the 
initiation of treatment. In the tissue of the 
residual tumor, numerous necrotic wounds 
were detected both in the center and along the 
periphery of the tumor. Notably, DAPI staining 
of residual tumor fragments revealed a signifi-

Figure 5. Subcutaneous Ehrlich tumor after MFHH and BMSCs treatment. А. Residual tumor after the removal of 
90% of the tumor mass; B. The wound is covered with MFHH; C. Scanning electron microscopy confirmed the diffuse 
distribution of CultiSpher in the wound; D. Staining for DAPI revealed no luminescence. X200; E, F. The platinum 
nanoparticles are evenly distributed both on the surface of the MFHH and inside the tumor cells; G. Сancer cells 
destruction after MFHH treatment. H&E staining, X400. Observation period is 30 days; H. Immunohistochemical 
studies revealed a low level of expression of Ki-67 markers. X200; I. MFHH contains 40 wt% of platinum nanopar-
ticles in different spectra; J. The wound healed without complications after MFHH treatment. H&E staining, X200. 
Observation period is 30 days; K. The process of resorption of Cultispheres. H&E staining, X800. Observation period 
is 40 days; L. Collagen fibers around CultiSpheres. Masson’s trichrome stain, X800; M. Connective tissue with new 
vessels around the CultiSpher. H&E staining, X800; N. After the injection of Cultispheres loaded with BMSCs into 
the wound, >50% of the cancer cells were destroyed. H&E staining, X800. Observation period is 30 days; O. After iv 
injection of BMSCs, <50% of the cancer cells were destroyed. H&E staining, X800. Observation period is 30 days; 
P, Q. Staining for DAPI showed weak luminescence of tumor cell nuclei. X200; R, S. Immunohistochemical studies 
revealed a low level of expression of Ki-67 and BCL-2 markers. X200.
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cant decrease in the number of tumor cell 
nuclei. Immunohistochemical studies revealed 
a low level expression of Ki-67 markers. Out of 
ten animals of this group, three (30%) have 
died. In two dead animals, the failure of the 
wound sutures with abundant purulent exudate 
has developed on the 5th-7th day. Another ani-
mal of this group has died due to unknown rea-
sons on the 28th day from the initiation of the 
treatment. At the same time, after the introduc-
tion of CS-BMSCs, destruction of <50% of can-
cer cells was observed in the remaining tumor 
tissue. Extensive areas of necrosis, edema and 
destructive changes in the tumor tissue were 
detected. Mainly, these changes were observed 
along the periphery of the residual tumor. 
Karyorrhexis and karyolysis of most of the 
tumor cells were detected in the central part. A 
similar picture was observed in animals of the 
fourth group after a single intravenous in- 
jection of BMSCs. Histopathological studies 
revealed the presence of tumor cells with cyto-
plasmic vacuolization and signs of karyolysis. 
There was a strong inflammatory lymphocytic 
infiltration around the residual tumor. Immuno- 
histochemical studies revealed low expression 
levels of Ki-67 and Bcl-2. It should be noted 
that intravenous administration of BMSCs and 
administration of Cultispheres loaded with 
BMSCs into the tumor bed promoted inhibition 
of residual tumor growth, which was confirmed 
by residual tumor volume calculation with histo-
pathological methods, and animal survival. 
However, the survival of animals after the injec-
tion of Cultispheres loaded with BMSCs in the 
tumor bed was higher (60% survivors) com-
pared to animals who received an intravenous 
injection of BMSCs (30% survivors). We associ-
ated this to the direct effect of CS-BMSCs on 
both the remaining tumor tissue and surround-
ing tissues.

Discussion

MFHH that was developed in this study is  
useful for the local delivery of cisplatin to 
tumors, with excellent anti-cancer efficacy and 
minimal side effects. Notably, MFHH is easy to 
manufacture and does not require expensive 
reagents, complex protocols, or specialized 
equipment. Component A of MFHH, which con-
sists of a cross-linked hydrogel, can be obtained 
by simply mixing gelatin with cisplatin. Similarly, 
the gel used for component B can be easily 

formed by mixing fibrinogen and thrombin. 
Allogeneic freeze-dried stem cells used to load 
CultiSpher can be obtained from various sourc-
es, including bone marrow, adipose tissue, 
human placenta, and umbilical cord blood. 
CultiSpher loaded with stem cells can be stored 
at the room temperature for long periods before 
use. Both components of MFHH can be inject-
ed into a wound using conventional syringes. 
Here, MFHH did not aggregate or block the 20 
or 22 gauge needles and completely covered 
the bottom of the wound along with the residu-
al tumor, enveloping it from all sides with a 
gradual release of platinum cisplatin nanopar-
ticles. Nanoparticles with an optimal size of 
80-160 nm preferentially enter tumors because 
of the enhanced permeability and retention 
(EPR) effect [44]. We hypothesized that MFHH, 
owing to the EPR effect, can carry out intratu-
moral delivery of the required amount of cispla-
tin to effectively eliminate the tumor cells with 
limited side effects. Cisplatin entering the 
tumor cell via passive diffusion or endocytosis 
kills the cancer cells by damaging their DNA, 
mainly by forming Pt-d (GpG) and, to a lesser 
extent, Pt-d (ApG) and Pt-d (GpXpG) intrastrand 
diadducts and Pt-G-G interstrand cross-links at 
low frequencies [45]. Scanning electron micros-
copy revealed that the platinum nanoparticles 
were evenly distributed on both the MFHH sur-
face and inside the tumor cells. Energy disper-
sive spectroscopy revealed that MFHH con-
tained 40-43 wt% platinum nanoparticles in 
various spectra. After being placed into the 
wound, the amount of platinum nanoparticles 
in the spectra did not change for three months, 
indicating their gradual long-term effect on 
residual tumor cells. Moreover, cancer cell 
death and tumor regression contributed to 
wound healing without any complications. 
Wound healing is a dynamic process that 
involves highly organized cellular, humoral, and 
molecular mechanisms. It consists of overlap-
ping steps, such as hemostasis, inflammation, 
proliferation, and maturation (remodeling). At 
each stage, the wound microenvironment and 
various cells, including fibroblasts, leukocytes, 
neutrophils, macrophages, and lymphocytes, 
play active roles in the wound healing process. 
Molecular mechanisms of wound healing have 
been described in previous studies [46]. 
Disturbance at any stage in the residual tumor 
tissue can cause chronic inflammation, further 
contributing to tumor progression [47].
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In most animals in the second group, the 
sutures failed in the presence of abundant 
purulent exudate two weeks after the resection 
of 90% of tumor mass. Of course, the reader 
may wonder why we did not remove 100% of 
the tumor mass as in the clinical setting. We 
made it harder for ourselves because we 
assumed that MFHH could be used for inoper-
able cancer. Our next study will focus on this 
issue.

Histopathological studies of the residual tumor 
in the animals of the second group revealed the 
presence of a distinct capsule of connective tis-
sue infiltrated with polymorphonuclear lympho-
cytes and tumor cells around the residual 
tumor. Necrotic areas with inflammatory cells 
and many mitotic and anaplastic cells were 
observed in the tumor tissues. All animals in 
this group died from suture failure, chronic 
inflammation, and tumor progression within a 
month of surgery. 

We have demonstrated that, treatment with 
MFHH led to complete wound healing without 
any complications, which was facilitated by the 
both components of MFHH. Component A 
actively eliminated the residual cancer cells, 
and component B, containing CultiSpher load-
ed with freeze-dried BMSCs accelerated the 
wound healing process. Scanning electron 
microscopy revealed that CultiSpher has a 
porous structure, and the attached cells can 
grow on its inner and outer surfaces. These 
results indicate that both cisplatin and freeze-
dried BMSCs, especially their paracrine fac-
tors, play key roles in wound healing.

Over the years, use of BMSCs for the treatment 
of non-healing wounds has gained increasing 
attention. After direct injection into a wound, 
MSCs can regulate the wound healing process 
via early activation of matrix metalloprotein-
ase-9 and vascular endothelial growth factor 
[48, 49]. In addition, MSCs can support tissue 
regeneration in the proliferation phase and pro-
mote the production of extracellular matrix [50, 
51]. An animal experiment revealed that sys-
temic administration of allogeneic and synge-
neic BMSCs causes rapid resolution of the 
acute inflammatory phase and early formation 
of granulation tissue, facilitating wound healing 
[52].

Effects of MSCs on tumor pathogenesis are 
controversial [53]. Some authors suggest that, 
MSCs promote tumor proliferation and metas-
tasis [54, 55]. On the contrary, others report 
that human mesenchymal stem cells exert 
potent antitumorigenic effects in a model of 
Kaposi’s sarcoma [56]. The authors have dem-
onstrated the molecular mechanism of inhibi-
tory effect of human mesenchymal stem cells 
(hMSCs) on the growth of human MCF-7 breast 
cancer cells [57]. It is also reported that in large 
numbers, MSCs are potentially cytotoxic and 
when injected locally in the tumor tissue they 
might be effective antiangiogenesis agents 
suitable for cancer therapy [58]. There are 
reports that downregulation of X-linked inhibi-
tor of apoptosis protein (XIAP) with human 
umbilical cord blood mesenchymal stem cell 
(hUCBSC) treatment has induced apoptosis, 
which led to the death of the glioma cells and 
xenograft cells [59]. An experimental study has 
demonstrated that MSCs had potential inhibi-
tory effects on tumor cell growth in vitro and in 
vivo without host immunosuppression by in- 
ducing apoptotic cell death and G (0)/G (1) 
phase arrest of cancer cells [60]. 

As we noted above, paracrine signals of me- 
senchymal stem cells are associated with 
immunomodulatory properties, angiogenesis, 
anti-inflammatory action, cell proliferation, and 
others. At the same time, MSCs to have antitu-
mor activity, and one of the mechanisms by 
which they exert this effect is through parac- 
rine signaling [61]. For example, the paracrine 
effects of mesenchymal stem cells induce 
aging and differentiation of glioblastoma stem 
cells [62]. MSC-derived exosomes may serve 
as a significant mediator of cell-to-cell commu-
nication within the tumor microenvironment 
and suppress angiogenesis by transferring 
anti-angiogenic molecules [63]. MSC-derived 
exosomes also inhibit prostate cancer cell 
migration and invasion by Down-Regulating 
Trefoil Factor 3 (TFF3) [64]. 

Others, on the contrary, believe that MSCs are 
able to secrete angiogenic factors (FGF-2, 
PDGF, VEGF, TGF-β, IL-6, IL-8, and angiopoi-
etin-1) that promote angiogenesis and tumor 
development. In addition, the direct effect of 
MSC paracrine factors on immune cells inhibits 
apoptosis or suppresses T cell proliferation, 
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which leads to a decrease in immunogenic 
activity [61, 65].

Thus, we can conclude that the question of the 
role of paracrine factors in stimulating growth 
or inhibiting tumor cells remains open to date.

We decided to explore the possibility of using 
paracrine factors of lyophilized MSCs to sup-
press tumor growth. Why freeze-dried MSCs? 
Freeze-drying or lyophilization is a process of 
removing water from a biological material, such 
as stem cells, to create a dry and stable prod-
uct that can be stored for long periods at room 
temperature. The authors have noted that after 
lyophilization, the MSCs retain more than 80% 
of paracrine factors [66]. Lyophilization also 
provides a number of advantages over tradi-
tional stem cell therapy, including ease of stor-
age, transport, and administration, as well as 
lower costs and less risk of infection. Our stud-
ies have shown that after the injection of 
CultiSpher loaded with BMSCs, <50% of cancer 
cells were destroyed in the remaining tumor tis-
sue. Immunohistochemical studies have re- 
vealed low expression levels of Ki-67 and Bcl-2. 
It should be mentioned that intravenous ad- 
ministration of BMSCs and administration of 
Cultispheres loaded with BMSCs to the tumor 
bed has contributed to the inhibition of residual 
tumor growth, which was confirmed by residual 
tumor volume calculation with histopathologi-
cal methods. However, the survival rate of ani-
mals that received an injection of Cultispheres 
loaded with BMSCs into the tumor bed was 
higher compared to animals that received intra-
venous injection of BMSCs. We associated this 
to the direct effect of BMSCs on both tumor 
cells and surrounding tissues.

In preclinical studies, freeze-dried MSCs have 
shown promise in the treatment of various 
pathologies. For example, the authors demon-
strated the possibility of using freeze-drying 
strategy to store human bone marrow mesen-
chymal stem/stromal derived extracellular ves-
icles for applications in stroke [67]. Our previ-
ous study has also shown the effectiveness of 
dried stem cells for the treatment of nonhealing 
wound after radiation therapy [68]. While the 
results of preclinical studies are promising, 
more research is needed to determine the  
safety and efficacy of freeze-dried stem cells. 
Additionally, regulatory agencies such as the 

FDA has not yet approved the use of freeze-
dried stem cells for clinical use.

Conclusion

In this study, we fabricated MFHH for the direct 
local delivery of cisplatin to tumor cells and 
demonstrated its excellent anti-cancer efficacy 
with minimal side effects. MFHH gradually 
released the required amount of cisplatin to 
destroy the residual tumor, thereby preventing 
loco-regional tumor recurrence. We have also 
demonstrated that BMSCs are able to inhibit 
residual tumor growth. Moreover, CultiSpher 
built a three-dimensional structure in the 
wound and the paracrine factors of freeze-
dried BMSCs accelerated the wound healing 
process. The components of the MFHH can be 
used both separately and together. However, 
for the successful application of MFHH in clini-
cal practice, it is necessary to study in more 
detail the role of paracrine factors of freeze-
dried BMSCs in the inhibition or proliferation of 
residual cancer. These questions will be the 
focus of our future research. 
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