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A B S T R A C T   

Cancer recurrence following surgery is a serious and worrying problem for the patient. Common 
treatment strategies, such as chemotherapy, radiotherapy, and surgery, are restricted because of 
low uptake of the drugs, poor pharmacokinetic properties, and toxicity issues for healthy tissues. 
The development of engineering platforms for improving the postoperative treatment of cancer 
can help solve this problem. In this study, the ceria-tannic acid nanoparticles (CeTA-NPs) were 
successfully synthesized and characterized. Chitosan-polyvinyl/alcohol (CS-PVA) hydrogels 
containing CeTA NPs (CS-PVA/CeTA) and amygdalin as an anticancer substance were fabricated 
using freeze-thaw and immersion-drying techniques. The swelling and degradation behaviors, 
antibacterial activity, and biocompatibility of as-prepared hydrogel were done. The apoptotic 
effects of amygdalin/CS-PVA/CeTA hydrogel were evaluated by flow cytometry technique on a 
human colorectal cancer (SW-480) cell line. The CeTA-NPs were investigated as antibacterial and 
cross-linker agents for greater stability of the hydrogel network. The CS-PVA/CeTA hydrogel 
demonstrated good safety and antibacterial activity. The results of swelling and biodegradation 
suggest that CS-PVA/CeTA hydrogels can inspire long-time application. The anticancer effects of 
the amygdalin/CS-PVA/CeTA hydrogel were confirmed by apoptosis results. Hence, amygdalin/ 
CS-PVA/CeTA hydrogel can be a promising candidate for long-time biomedical application.   

1. Introduction 

As a complex and challenging disease, cancer is one of the most important causes of mortality worldwide [1,2]. Recent scientific 
advances have shown that this disease can be treated and controlled despite its high mortality rate. Nevertheless, statistics show that 
tumor recurrence will still exist in patients several years later, posing a critical challenge in the treatment of cancer [3]. Therefore, 
many studies are attempting to prevent the recurrence of cancer. Surgery to remove tumor cells is often used as the initial treatment, 
but the risk of disease comeback because of tumor cells remaining after surgery still exists. Chemotherapy, for reasons including low 
levels of systemic drug delivery to the primary tumor site, side effects, and the need for frequent injections, is not effective in 
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preventing cancer recurrence [4–6]. With the rapid development of new technology such as nanomaterials in recent years, various 
biomaterials with anticancer activity have been fabricated and studied in vitro and in vivo models. To this aim, the microsphere and 
nanoparticle-based systems were first proposed, the most critical challenges of which are rapid drug release and tumor vessel 
permeability. Indeed, various nanoparticles can be incorporated with adequate drug molecules to increase stability and enhance 
pharmacokinetic properties [7–9]. Among various nano-systems, hydrogels are suitable candidates for preparing biodegradable im
plants because of their unique properties, such as elastic chemical and physical properties, high safety, the controllable release of 
drugs, and because they mimic biological function [10]. Hence, a hydrogel consisting of chitosan-polyvinyl/alcohol (CS-PVA) and 
ceria-tannic acid nanoparticles (CeTA-NPs) incorporated with amygdalin as an anticancer drug were proposed and fabricated in this 
study. However, the usage of hydrogels faces some challenges, including poor mechanical and stability features, especially for 
long-term applications. Some strategies can overcome this problem, such as hydrogel modification by cross-linker agents. Various NPs 
have been reported to modify hydrogels. For example, metal-organic cross-linking in the polymeric network can improve hydrogen 
bonding [11,12]. Several studies have also reported that polyphenol compounds such as tannic acid (TA) can interact with bio
molecules and polymers based on different non-covalent and covalent interactions, including hydrogen, electrostatic and hydrophobic 
interactions [13,14]. TA is a natural organic compound with broad applicability because of its excellent features, including metal ion 
chelation, antioxidant and antibacterial activity, and others. Several studies have investigated TA-metal hybrid NPs to prepare drug 
delivery carriers. Generally, the combination of tannic acid and metal ions has been proposed for biomedicine applications [15–18]. 
Among the various metals, NPs based on cerium (Ce) metal has demonstrated antibacterial, antioxidant, and anticancer activities in 
the biomedical field [19,20]. In the current study, CeTA-NPs were investigated as a crosslinker and antibacterial agent to improve the 
interaction between CS and PVA through hydrogen bonding and ion cross-linking. CS and PVA polymers have many beneficial 
properties, such as biocompatibility, biodegradability, abundance, immune cell activation, and antimicrobial properties. Reports 
indicate the wide use of these polymers in tissue engineering, wound dressings, and drug delivery systems [21–24]. 

Amygdalin is known as a natural anticancer drug because of the presence of a cyanogenic group in its structure [25]. To date, few 
studies have investigated the administration of amygdalin via nanocarriers [26,27]. The current study investigated the 
amygdalin/CS-PVA/CeTA hydrogel as an anticancer and antibacterial carrier that induces apoptosis on the SW-480 cell line as well as 
its biodegradation and biocompatibility properties (Fig. 1). The amygdalin/CS-PVA/CeTA hydrogel is proposed for potential appli
cation in cancer recurrence. The current study was approved by the institutional ethical committee of Zanjan University of Medical 
Sciences (Ethical code: IR. ZUMS.REC.1400.341). 

2. Materials and methods 

2.1. Materials 

Chitosan (MW~300–500000 dl), polyvinyl alcohol (Mw~85,000–124,000 dl), cerium nitrate hexahydrate (Ce (NO3)3⋅6H2O),3-(4, 
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) dye, tryptic soy broth (TSB), tryptic soy agar (TSA), and tannic acid 
(TA) amygdalin were purchased from Merck KGaA (Germany). Roswell Park Memorial Institute (RPMI) culture medium, fetal bovine 
serum (FBS), penicillin-streptomycin, and trypsin-EDTA were obtained from Gibco (USA). Microorganism strains, Staphylococcus 
aureus (S. aureus, Gram-positive, ATCC No. 25923) and Escherichia coli (E. coli, Gram-negative, ATCC No. 25922) were used for 
antibacterial assay. HEK-293, and SW-480 cell lines were supplied by the Stem Cell Technology Co. (Iran). An annexin V-FITC/PI 

Fig. 1. Schematic of the CeTA NPs and Amygdalin/CS-PVA/CeTA preparation.  
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apoptosis kit was purchased from Vazyme (Germany). 

2.2. CeTA-NPs synthesis 

In accordance with previous reports, the CeTA-NPs were fabricated by the hydrothermal method [18,28]. Briefly, 500 mg of Ce 
(NO3)3⋅6H2O salt was dissolved in 10 ml distilled water under continuous stirring. The NH3 was added drop by drop in Ce solution to 
adjust of the pH to 10–11 and afterwards, the solution stirred for 1 h. Then, 100 mg of TA powder was added to the solution, which was 
the kept in an oven at 180 ◦C for 12 h. The final precipitation was washed carefully with ethanol, centrifuged at 8000 rpm for 10 min, 
and then dried for 24 h. After drying, the black powder was obtained as CeTA-NPs. 

2.3. Preparation of the amygdalin-loaded hydrogel 

The hydrogel was prepared in accordance with previous studies with slight modification [29,30]. First, an aqueous PVA solution of 
10 % w/w was prepared. Similarly, the CS solution (2 %) was prepared by dissolving the CS powder in acetic acid aqueous solution (70 
% w/w). The CS and PVA solutions were mixed in the weight ratio of 50/50 under a magnetic stirrer. Then, 1 mg of CeTA-NPs powder 
was added to 5 ml of the CS-PVA solution. The mixture was then rapidly stirred with a spatula until homogeneously mixed. Subse
quently, the mixture was transferred to a 12-well plate, freeze-thawed at − 20 ◦C for 24 h, and thawed at 25 ◦C for 1 h. The 
freeze-thawed method was carried out for six cycles to fabricate the final hydrogel. The as-fabricated hydrogel was immersed in an 
aqueous-alcoholic (1:1) solution of amygdalin with final concentrations of 1 %, 5 %, and 10 % w/v for 6 h. Finally, the CS-PVA-CeTA 
and swollen CS-PVA-CeTA hydrogels containing amygdalin drug were dried at 50 ◦C in an oven for further analyses. 

2.4. Hydrogel characterization 

The morphological properties of the fabricated hydrogel were analyzed using a field emission scanning electron microscope (FE- 
SEM, MIRA3, Czech) under 20 kV accelerated voltage. A Fourier transform infrared device (FTIR, Tensor 27, Germany) at 400–4000 
cm− 1 wavelengths studied the physicochemical and structural properties of the samples, and the optical density of the samples was 
recorded on a microplate reader spectrophotometer (Tecan, Infinite 200, USA). Apoptosis was investigated by a flow cytometer (BD 
Biosciences, USA). 

2.5. Swelling and degradation of the hydrogel 

The CS-PVA/CeTA hydrogel was cut into disk shape pieces and weighed (Wi) to perform the swelling and degradation tests which 
were carried out using a phosphate buffered saline (PBS, pH 7.4 and 5.5). Hydrogel samples with the same shape and weight were 
soaked in 2 ml of PBS solution and incubated at 37 ◦C under moderate shaking. For the swelling test, the swollen hydrogels were 
carefully discarded from the PBS (pH 7.4 and 5.5) at specific times (1, 2, 6, 12, 24, 48, and 168 h), gently wiped with soft filter paper, 
and then weighed (Wt). The pre-swollen hydrogels were again soaked in PBS for the next time point of the swelling study. The amount 
of swelling of the hydrogels was estimated using the following equation (Eq. 1) [31]. 

Swelling (%)=
Wt − Wi

Wi
×100 (Eq. 1) 

The degradation test continued for eight weeks in PBS solution (pH 7.4, 5.5) to examine the stability of the as-fabricated hydrogel 
and the influence of the as-synthesized CeTA crosslinker. The pre-weighed hydrogel samples (W0) were immersed in PBS and incu
bated at 37 ◦C for time intervals of 1, 12, 24, 48, 168, 336, 720, and 1440 h. At the end of every specific time, the hydrogels were 
removed from the PBS, dried, and weighed (Wd). Here, at the pre-mentioned time points, the hydrogel samples were oven-dried at 
50 ◦C until a constant weight (Wd) was obtained. The following equation was used to calculate the weight loss of hydrogels (Eq. (2)) 
[32,33]. 

Weight Loss(%)=
Wd

W0
×100 (Eq. 2) 

The medium was renewed with a fresh solution of PBS every day. The above experiments were carried out in triplicate. 

2.6. Antibacterial assay 

The antibacterial activity of the CS-PVA/CeTA hydrogel was investigated using the agar diffusion test [34,35]. The antibacterial 
experiment was performed against bacterial strains S. aureus and E. coli. The bacterial samples were harvested overnight at 37 

◦

C. A 
swab of harvested bacteria was diluted with broth agar solution after culturing to obtain the standard 0.5 McFarland concentration. 
Next, 100 μl of diluted bacteria suspension containing ~0.5 McFarland of microorganisms was smeared on the surface of an agar plate. 
Then, the circular disk of hydrogel was placed onto the surface of the agar plate and incubated at 37 

◦

C for 24 h. A sterilized paper disk 
served as a negative control. The tests were carried out in triplicate. After incubation, the antibacterial efficiency of the CS-PVA/CeTA 
hydrogel was calculated by measuring the diameter of the inhibition zone, which is reported as mean ± SD. 
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2.7. Hemocompatibility assay 

A blood compatibility test was carried out using an extracted hydrogel liquid. First, 5-mg pieces of CS-PVA/CeTA hydrogel were 
immersed in 10 ml sterilized PBS solution and maintained at room temperature for 1, 2, and 3 months. After passing the mentioned 
time intervals, the hydrogels were removed, and the extracted liquid was used for blood compatibility tests performed on blood taken 
from a healthy volunteer who provided written consent. Then, 200 μl of red blood cells (RBCs) with 5 % hematocrit (diluted with 
sterilized PBS) was added to 800 μl of extracted liquid (1, 2, and 3 months) in microtubes and incubated at 37 ◦C for 2 h. Afterwards, 
microtubes were centrifuged at 3000 rpm for 5 min. A microplate reader measured the absorbance value (OD) of the supernatant of 
every sample at 540 nm. Positive and negative control was set by adding 200 μl of fresh RBCs (5 % hematocrit) to deionized water and 
PBS, respectively. The following equation (Eq. 3) was applied to obtain the hemolysis ratio: 

Hemolysis Ratio(%)=
OD of Extract liquid − OD of Negative Control
OD of Posetive Control − OD of Negative Control

×100 (Eq. 3)  

2.8. Cell culture and biocompatibility assay 

The HEK-293 cell line was used to investigate the biocompatibility of the prepared hydrogels. The cells were routinely cultured in 
RPMI 1640 medium enriched with 10 % fetal bovine serum (FBS) and 1 % penicillin-streptomycin solution in culture flasks at 37 ◦C in 
5 % CO2 for 24 h. 

The cytocompatibility and safety of the pre-fabricated hydrogels were evaluated using MTT assay. The dried hydrogel was weighed 
and dispersed in sterilized PBS to obtain different concentrations (final concentrations were 2, 5, 10, 20, 50, 100, and 200 μg/ml). The 
HEK-293 cells were seeded in 96-well plates at 2 × 105 cells/well density. After 24 h incubation at 37 ◦C, 100 μl of the aqueous extract 
of hydrogels was added to each well and incubation continued for another 24 h. These procedures were performed in triplicate (n = 3). 
After 24 h, the medium was carefully withdrawn, and then, 20 μL of MTT solution (5 mg/ml) was added to each cell-hydrogel seeded 
well. The plates were incubated for a further 4 h, and then 100 μL of DMSO solution was added to dissolve the purple formazan crystals. 
Cells treated with RPMI medium and DMSO solution were used as the negative and positive control, respectively. The absorption 
values of the formazan solutions were measured at 570 nm on an ELISA microplate reader (Tecan, Infinite 200, USA), and the relative 
growth rate (RGR) was estimated using the following formula (Eq. 4) [36,37]: 

RGR (%)=
Absorption of Hydrogel samples
Absorption of Negative Control

×100 (Eq. 4)  

2.9. Flow cytometry assay 

Flow cytometry was assayed on the SW-480 cell line to determine the cytotoxic effect of amygdalin/CS-PVA/CeTA hydrogel 
involving apoptosis. Annexin V/FITC-PI double staining was done based on the kit protocol of the manufacturer. Briefly, the cells were 
cultured in 6-well plates and treated with CS-PVA/CeTA and amygdalin/CS-PVA/CeTA hydrogels for 24 h. The treated cells were 
collected and trypsinized, washed twice with sterilized PBS, and resuspended in a binding buffer. Then they were stained with 
annexinV/FITC-PI dye and incubated at room temperature for 10 min in the dark. Fluorescence measurements were taken by flow 
cytometry (BD Bioscience), and data were analyzed by FlowJo software (version V7.6.1) and GraphPad Prism (version 8.0.2). 

Fig. 2. FTIR spectra of the TA, Ce (NO3)3, CeTA NPs (A); CS, PVA and CS-PVA/CeTA hydrogel (B).  
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2.10. Statistical analysis 

Data were reported as mean ± standard deviation. One-way ANOVA was performed to compare the control and treated groups. The 
differences between the mean of each treated group and control were statistically significant at p-value ≤0.05. Each experiment was 
repeated at least three times. 

3. Results and discussion 

3.1. FTIR study of CeTA NPs 

FTIR was used to evaluate interactions and the peak shift in the NPs, and the effects of TA in Ce particles for the preparation of CeTA 
NPs were also considered. Fig. 2A and B shows the FTIR spectra for all the pure and fabricated materials. All the characteristic peaks of 
pure CeTA (NO3)3 and CeTA NPs were observed in the FTIR spectrum (Fig. 2A). A hydroxy absorption band at 3450 cm− 1 of both TA 
and Ce (NO3)3 was visible after CeTA formation. In the CeTA NPs, the band related to the Ce–O stretching became sharper, and one new 
peak at 516 cm− 1 emerged. The Ce and TA interaction as metal-oxygen caused the band at 800 cm− 1. Because of the oxidation reaction, 
the corresponding bands to the phenolic hydroxyl group weakened the FTIR CeTA NPs. The above results confirmed the successful 
incorporation of TA in the Ce NPs [38,39]. Additionally, the formation of CS-PVA/CeTA hydrogel was confirmed by FTIR spectrum and 
was depicted in Fig. 2B. In case of pure CS, the absorption peaks appeared around 1593, 1655, and 1385 cm− 1 are corresponding to 
bending vibration of the C––O bond (amide I), the N–H bond (amide II) and the distorting vibration of C–CH3 bond, respectively. The 
absorption peaks in the range of 1000–1200 cm− 1 are related to C–O–C and C–O stretching. The absorption peaks at 2920 and 2890 
cm− 1 can be attributed to symmetric and asymmetric stretching of the aliphatic C–H. The broad and strong peak from 3000 to 3700 
cm− 1were attributed to symmetric stretching vibration of the O–H and N–H bonds [40,41]. The characteristic peaks of the pure PVA 

Fig. 3. Macroscopic (B) and microscopic images of the CeTA NPs (A), CS-PVA/CeTA (C) and Amygdalin/CS-PVA/CeTA (D) hydrogels.  
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appeared at around 3350 cm− 1 (O–H stretching), 2920 (symmetric –CH2) and 1080 cm− 1 (C–O bond). The FTIR spectra of 
CS-PVA/CeTA hydrogel showed the major peaks of CS, PVA and CeTA NPs. The characteristics peaks of CeTA NPs at 1000–1700 cm− 1 

overlapped with the strong stretching vibration peaks of the CS and PVA. The intensity of the O–H and N–H absorption band at 
3300–3600 cm− 1 decreased for the CS-PVA/CeTA hydrogel. These related to the intra-intermolecular hydrogen bonding of O–H and 
N–H groups. All these changes indicate that the CeTA NPs, CS and PVA chemically compatible and have the intra-intermolecular 
hydrogen bonding [42,43]. 

3.2. Macroscopic and microscopic studies of CeTA NPs and hydrogel 

FE-SEM analysis was used to observe the surface morphology of the NPs and hydrogel. According to Fig. 3A, the CeTA NPs had a 
spherical shape and a particle size of ~10 nm. The distribution of particles was uniform. As a reducing agent, TA can reduce cerium 
ions to metal form and prevent CeTA NPs agglomeration. Fig. 3B shows the macroscopic image of the CS-PVA/CeTA hydrogel. The 
fabricated hydrogel exhibited a flexible solid structure after freeze-thaw and drying processes. According to Fig. 3C and D, the CS-PVA/ 
CeTA and amygdalin/CS-PVA/CeTA hydrogels showed a relatively smooth and homogenous surface with an integrated porous matrix 
similar to an extracellular matrix structure. Indeed, crystalline particles with uniform distribution were observed after an immersion- 
drying process attributed to the incorporation of amygdalin in the hydrogels. The interconnectivity and flexibility of the structure also 
show that the fabricated hydrogel has good structural stability. 

3.3. Swelling and degradation studies 

Swelling capability and biodegradation rate are vital indicators in evaluating the performance of hydrogels as implantable anti
cancer candidates for the prevention of cancer recurrence [44]. The current study investigated the swelling and biodegradation 
behavior of the CS-PVA/CeTA hydrogel in PBS (pH 5.5 and 7.4). Greater swelling was obtained in pH 5.5 than pH 7.4 after 6 h, but then 
it leveled off (Fig. 4A). It seems that NH2 groups of CS could swell more under acidic conditions [45–47]. As shown in Fig. 4B, 
CS-PVA/CeTA hydrogels remained stable for eight weeks in the PBS (pH 5.5 and 7.4) with no weight loss. This observation can be 
attributed to the hydrolytic stability of fabricated hydrogel. It suggests the biodegradability potential of the hydrogel and its sufficiency 
in functioning as a drug delivery carrier against tumor cells [48]. Compared with similar hydrogels, CS-PVA/CeTA also exhibited 
higher structural stability in vivo [30,49–51]. These behaviors may be explained by the incorporation of CeTA NPs in the CS-PVA 
hydrogel. Therefore, the hydrogel was not readily dissociated, and its structure was well preserved. As a result, the CS-PVA/CeTA 
hydrogel can be used for long-period drug delivery applications, especially for tumor recurrence care. 

3.4. Antibacterial study of CS-pva/ceta hydrogel 

The risk of bacterial infection occurring is a common side effect after surgery or any type of post-treatment of cancer therapy [52]. 
Recent studies have indicated that the implantation of antimicrobial material into the tumor site could result in anticancer drugs 
having a more efficient effect. Therefore, the development of antimicrobial carriers plays a crucial role in tumor recurrence treatment. 
A zone–of-inhibition test evaluated the antibacterial activity of the CS-PVA/CeTA hydrogel. As shown in Fig. 5, the inhibition zone of 
the CS-PVA/CeTA hydrogel against S. aureus (Fig. 5A) and E. coli (Fig. 5B) was obtained at about 30 mm. The hydrogel showed good 
antibacterial properties and thus can be used a drug delivery carrier for cancer therapy. 

Furthermore, the fabricated hydrogel is itself active against bacteria. This result shows that the hydrogel carrier consisting of CS- 

Fig. 4. Degree of swelling (A) and biodegradation (B) of CS-PVA/CeTA hydrogel in PBS at pH 5.5 and 7.4.  
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PVA and CeTA NPs has excellent antibacterial activity and can be used in cancer recurrence treatment. Moreover, the potent anti
bacterial ability of the CS-PVA/CeTA hydrogel will enhance the wound healing process after surgery. 

3.5. Hemocompatibility study of CS-PVA/CeTA hydrogel 

Hemocompatibility is an important indicator for exploring the fabricated biomaterial in vivo. The lysis of the RBC membrane can 
result in toxicity of biomaterials at in vivo applications [53]. The hemocompatibility result is shown in Fig. 6. A hemolysis ratio of <5 % 
was obtained for all extracted liquids of the CS-PVA/CeTA hydrogel. No significant difference (p ≥ 0.05) was observed between tested 
samples in extracted liquids of the CS-PVA/CeTA hydrogel. Therefore, according to the hemotoxicity levels of the ASTM F756-00 
standard, the CS-PVA/CeTA formulation is slightly hemolytic [14]. Furthermore, the hemolysis ratios for positive and negative 
control were 100 % and 0 %, respectively. These results suggest that the CS-PVA/CeTA hydrogel can be a good candidate for 
biomedical applications. 

3.6. Cell viability study of CS-PVA/CeTA hydrogel 

Evaluating in vitro safety and biocompatibility is vital in toxicology studies of new biomaterials. Cytocompatibility is commonly 
investigated through cell viability assays [54]. 

Herein, the cytocompatibility of the hydrogel was conducted using the MTT assay, and the results are presented in Fig. 7. HEK-293 
cells were viable at all tested concentrations. According to the United States Pharmacopeia standards, materials with an RGR index of 
≥100 % are classified as non-cytotoxic levels; between 75 % and 99 % are slightly cytotoxic and acceptable. In comparison, materials 
with a RGR ≤74 % have remarkable cytotoxic levels [55]. The levels of toxicity were relevant to the nontoxic level of the RGR value at 
the lower hydrogel concentration of 200 μg. Thus, no cytotoxic components were released from the fabricated hydrogel compared to 

Fig. 5. Antimicrobial activity of the hydrogels against S. aureus (A) and E. Coli (B). The Zone of inhibition representing the antibacterial effect of CS- 
PVA/CeTA hydrogel. 

Fig. 6. Hemocompatibility of CS-PVA/CeTA hydrogel, (P ≥ 0.05, ns: no significant).  
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the control on the HEK-293 cell line. The CS-PVA/CeTA hydrogels at 2, 5, 10, 20, 50, and 100 μg/ml were not cytotoxic on healthy cells 
and thus can be used in the medical applications. 

3.7. Flow cytometry study 

SW-480 cells were treated with CS-PVA/CeTA and amygdalin/CS-PVA/CeTA hydrogels for the flow cytometry experiment. SW- 
480 cells without hydrogel treatment served as the negative control. The flow cytometry analysis (Fig. 8 A, B, C, D, and E) revealed 
apoptotic percentages of 10.24 ± 0.1271 %, 12.67 ± 0.1140 %, and 26.93 ± 2.330 % for concentrations of 10, 50, and 100 μg/ml of 
amygdalin/CS-PVA/CeTA hydrogel, respectively. Moreover, treatment with 100 μg/ml of amygdalin led to more cell apoptosis than 
lower concentrations. As seen in Fig. 8A, there were no significant apoptotic bodies (3.813 ± 0.4321) when SW-480 cells were treated 
with 100 μg/ml of CS-PVA/CeTA hydrogel (p ≤ 0.1032). Fig. 8F shows that treatment of SW-480 cells with amygdalin/CS-PVA/CeTA 
caused a significant increase in the apoptotic cells in a dose-dependent manner compared to the control group (p ≤ 0.0008, 0.0004, and 
0.0321). These findings indicate that amygdalin/CS-PVA/CeTA hydrogel could induce apoptotic death in SW-480 cells. 

4. Conclusion 

In conclusion, the amygdalin/CS-PVA/CeTA hydrogel was successfully prepared using a freeze-thaw/immersing-drying process. 
The stability of hydrogel improved with the addition of CeTA nanoparticles. The prepared hydrogel showed acceptable swelling, 
biodegradation, anticancer, and antibacterial properties. 

The antibacterial effect and safety levels of the CS-PVA/CeTA hydrogel are promising. The swelling and degradation tests revealed 
that the fabricated CS-PVA/CeTA hydrogel remained stable for 60 days and showed a slow-degrading effect. Flow cytometry analysis 
revealed that the apoptotic percentage of amygdalin/CS-PVA/CeTA increased significantly from 10 to 100 μg/ml. Overall, the syn
thesized amygdalin/CS-PVA/CeTA hydrogel seems to be a slow-degrading long-lasting releasing nanocarrier that can potentially be 
used in the prevention of cancer recurrence. 
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