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A B S T R A C T   

This study aims to develop scaffolds (CCS, CCS-SeNPs, CCS-SA-SeNPs, and CCS-PET-SeNPs) with enhanced 
mechanical strength, thermal stability, and antioxidant properties to improve cell attachment and proliferation 
of the C2C12 cell line for cardiac health applications. Collagen and chitosan are popular biopolymers in tissue 
engineering for their biocompatibility, biodegradability, and support for cell growth. Selenium nanoparticles 
(SeNPs) are incorporated into scaffolds for their antioxidant, anti-inflammatory, and antimicrobial properties, 
which enhance tissue regeneration. Sodium alginate and pectin, natural polysaccharides, further modify these 
scaffolds to improve structural and functional properties. Developing these composite scaffolds aims to optimize 
biomaterial performance in regenerative medicine. In the present study, various types of scaffolds (CCS, CCS- 
SeNPs, CCS-SA-SeNPs, and CCS-PET-SeNPs scaffolds) were prepared and characterized using X-ray diffraction 
(XRD), Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy (SEM-EDX), and Thermo- 
Gravimetric Analysis (TGA). The XRD data revealed that all the scaffolds (CCS, CCS-SeNPs, CCS-SA-SeNPs, 
and CCS-PET-SeNPs) displayed an amorphous structure. SEM analysis demonstrated that the CCS and CCS-SA- 
SeNPs scaffolds exhibit solid-walled metrics and a smooth surface. EDX confirmed the homogeneous Se distri-
bution within the scaffolds. The tensile strength of CCS, CCS-SeNPs, CCS-SA-SeNPs, and CCS-PET-SeNPs scaffolds 
was found to be 5.15 N, 4.77 N, 4.05 N, and 4.01 N, respectively. Thermal stability assessments showed that CCS- 
SeNPs, CCS-SA-SeNPs and CCS-PET-SeNPs scaffolds displayed good thermal stability, with maximum decom-
position occurring at 250 ◦C. Furthermore, the CCS-SeNPs, CCS-SA-SeNPs, and CCS-PET-SeNPs scaffolds showed 
notable antioxidant activity of ~ 57 %, compared to the CCS scaffold’s 42 %. Morphological studies of C2C12 
cells on these scaffolds showed better proliferation on SeNPs-enhanced scaffolds. Nucleus morphology remained 
unchanged, indicating no adverse effects from SeNPs. The results indicate that the scaffolds (CCS, CCS-SeNPs, 
CCS-SA-SeNPs, and CCS-PET-SeNPs) demonstrate notable enhancements in mechanical strength, thermal sta-
bility, and antioxidant efficacy. These advancements are anticipated to promote enhanced cell adhesion and 
proliferation of the C2C12 cell line, thereby emphasizing their potential utility in cardiac health applications.   

1. Introduction 

In recent years, tissue engineering has emerged as a promising field 
aiming to regenerate or replace damaged tissues and organs (Han et al., 
2023). Success in tissue engineering relies on designing and fabricating 
biomimetic scaffolds that can provide mechanical support, promote cell 
adhesion and proliferation, and guide tissue regeneration (Chan and 

Leong, 2008). Natural polymers such as collagen and chitosan have 
gained considerable attention in scaffold development due to their 
biocompatibility, biodegradability, and resemblance to the extracellular 
matrix (ECM) components found in native tissues (Reddy et al., 2021). 
Collagen, the most abundant protein in mammals, is critical in main-
taining tissue structure and function. Its biocompatibility and cell- 
adhesive properties make it an ideal candidate for scaffold materials 
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(Li et al., 2021). However, collagen scaffolds often lack the mechanical 
strength and stability required for some tissue engineering applications. 
Chitosan, derived from chitin, a naturally occurring polysaccharide, 
possesses intrinsic antibacterial properties, biodegradability, and 
favorable mechanical characteristics (Islam et al., 2020). The combi-
nation of collagen and chitosan has the potential to create scaffolds that 
synergize the advantages of both materials, resulting in improved 
structural integrity, enhanced cellular interactions, and overall better 
performance in tissue regeneration (Zheng et al., 2021). Epidemiolog-
ical studies have linked selenium deficiency to an increased risk of 
several diseases, including certain types of cardiovascular disease and 
thyroid disorders (Naveenkumar et al., 2022). Conversely, selenium 
supplementation may have protective effects against genotoxicity 
(Erkekoğlu et al., 2010). However, the relationship between selenium 
status and disease risk is complex and varies depending on several fac-
tors, such as age, sex, and overall health status ((NIH), 2019). Selenium 
(Se) has been shown to protect against oxidative damage in various 
organs, including the heart (Sidhu et al., 1993). 

Furthermore, previous research has demonstrated that selenium 
deficiency can lead to oxidative stress and subsequent myocardial injury 
by activating inflammation, apoptosis, and necroptosis (Lei et al., 2023). 
These findings underscore the crucial role of selenium in preserving 
cardiac health by protecting against oxidative stress and supporting 
antioxidant mechanisms. Nevertheless, selenium deficiency remains 
widespread in China and many other countries. Various dietary sup-
plements containing selenium, such as sodium selenite, sodium selenate, 
and selenomethionine, have been developed (Ramoutar and Bruma-
ghim, 2010). The development of selenium-based nanomaterial, 
including selenium nanoparticles and selenium nanocomposites, ex-
plores various synthesis methods and their biomedical applications. 
These materials have potential as antimicrobial, anticancer, anti- 
diabetic, and antioxidative agents. The study also examines cost- 
effective and eco-friendly approaches for assessing nano-selenium 
toxicity in vitro and in vivo (Sowmya et al., 2024). The quorum 
quenching activity (QQ) was evaluated in Pseudomonas aeruginosa 
showing in significant reduction in gene expression and virulence factor 
production across all CS–SeNC dosages as well as biocompatibility tests 
in a zebrafish model indicated no adverse effects (Karthick Raja 
Namasivayam et al., 2022). Additionally, biocompatibility tests with 
human keratinocytes confirmed the nanocomposite’s safety, showing no 
toxicity and indicating its potential antimicrobial agent for modern 

biomedicine (Namasivayam et al., 2023). 
The innovation of this work lies in the comprehensive exploration of 

functional scaffolds that exhibit exceptional mechanical, thermal, and 
antioxidant properties, coupled with improved cellular attachment and 
proliferation. The present study explores different collagen-chitosan 
scaffolds with selenium nanoparticles, their morphology, mechanical 
strength, thermal stability and compatibility with the C2C12 cell line. 

2. Materials and method 

2.1. Synthesis of SeNPs, SA-SeNPs and PET-SeNPs 

Selenium nanoparticles were synthesized using a method described 
by (Naveenkumar et al., 2023). Sodium alginate (100 mg) was dissolved 
in 100 ml of distilled water and stirred for an hour. This mixture was 
combined with 0.2 g sodium selenite and 0.3 g ascorbic acid. The above 
procedure used Pectin for SeNPs preparation (Naveenkumar et al., 
2024). 

2.2. Preparation of CCS, CCS-SeNPs, CCS-SA-SeNPs and CCS-PET- 
SeNPs scaffolds 

Collagen-Chitosan (CCS) scaffold, Collagen-Chitosan-Selenium 
nanoparticlev(CCS-SeNPs) scaffold, Collagen-Chitosan-sodium alginate 
decorated-Selenium nanoparticle (CCS-SA-SeNPs) scaffold and 
Collagen-Chitosan-pectin decorated-Selenium nanoparticle (CCS-PET- 
SeNPs) scaffold. Chitosan (1.5 %) was dissolved in distilled water and 
stirred for 1 h. To this solution, ~15 % of glycerol, 1 ml of SeNPs (10 µg/ 
ml) and 1 % of collagen were added and stirred. The mixture was 
instantly transferred onto a petri plate and dried for 24 hrs. Afterward, 
scaffolds were frozen at − 80 ◦C overnight and neutralized with ~ 5 % 
NaOH for 45 min. Finally, the scaffolds were washed with deionized 
water and air-dried. The same procedure was followed for preparing the 
scaffolds with CCS-SA-SeNPs and CCS-PET-SeNPs. 

2.3. Characterization of scaffolds 

2.3.1. XRD analysis 
The XRD analysis was performed to determine the crystalline or 

amorphous nature of the CCS, CCS-SeNPs, CCS-SA-SeNPs, and CCS-PET- 
SeNPs scaffolds using a D8 Advance ECO Bruker instrument (Madison, 
WI, USA). The scanning rate during the XRD measurement was set at 2◦

per minute. 

2.3.2. SEM-EDX analysis 
The morphological features of the CCS, CCS-SeNPs, CCS-SA-SeNPs 

and CCS-PET-SeNPs scaffolds were examined using a SEM (Carl Zeiss, 
Model EVO 18, Germany). The elemental composition of selected areas 
of the scaffolds was analyzed in energy-dispersive X-ray spectroscopy 
(EDAX APEX). 

2.3.3. Tensile strength analysis 
The tensile strength of the CCS, CCS-SeNPs, CCS-SA-SeNPs and CCS- 

PET-SeNPs scaffolds were analysis to texture analyzer (Tex Pro-TA10) 
(Naveenkumar et al., 2023). 

2.3.4. Thermal stability analysis 
The thermal stability of the CCS, CCS-SeNPs, CCS-SA-SeNPs, and 

CCS-PET-SeNPs scaffolds was evaluated using a Thermogravimetric 
analyzer (TGA) (STA 800 Simultaneous Thermal Analyzer, Perkin 
Elmer). 

2.4. Antioxidant activity (DPPH assay) 

The method used to assess the antioxidant activity of the CCS, CCS- 
SeNPs, CCS-SA-SeNPs and CCS-PET-SeNPs scaffolds had been previously 

Fig. 1. The XRD patterns illustrate the semi-crystalline nature and phases in the 
CCS scaffold, CCS-SeNPs, CCS-SA-SeNPs scaffold and CCS-PET-SeNPs scaffold. 
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described by Naveenkumar et al. (Naveenkumar et al., 2023). 

2.5. Preparation for in vitro tests 

In the present study, the scaffolds’ biocompatibility was checked by 
in vitro tests, including cell proliferation, cell morphology, and cell 
attachment in the C2C12 cell line. The CCS, CCS-SeNPs, CCS-SA-SeNPs, 
and CCS-PET-SeNPs scaffolds were washed with sterile PBS containing 
500 U/mL penicillin and 500 μg/mL streptomycin, then sterilized at 
121 ◦C for 20 min. The C2C12 cell line, sourced from the NCCS (Pune, 
India), was cultured in DMEM supplemented with 10 % fetal bovine 
serum, 100 U/mL penicillin, and 100 μg/mL streptomycin. Cells were 
maintained at 37 ◦C in a 5 % CO2 environment with ~ 95 % humidity. 
Before the experiment, cells were trypsinized and re-suspended in 
DMEM with 10 % FBS, 100 U/mL penicillin, and 100 μg/mL strepto-
mycin. A 15 μL aliquot of the cell suspension (4.2 × 10-5 cells/mL) was 
added to each scaffold and incubated at 37 ◦C for 48 hrs (Naveenkumar 
et al., 2023). 

2.6. Propidium iodide (PI) staining 

The scaffolds containing C2C12 cells, namely the CCS, CCS-SeNPs, 
CCS-SA-SeNPs and CCS-PET-SeNPs scaffolds, were fixed using a 3 % 
paraformaldehyde solution and incubated for 20 min. Following incu-
bation, the scaffolds were thoroughly washed with ice-cold PBS (phos-
phate-buffered saline) at pH 7.5. Subsequently, the fixed scaffolds were 
stained with a solution of 50 mg/L propidium iodide (PI) for 20 min. 
After the staining process, the excess staining solution was removed 
using methanol (Naveenkumar et al., 2023). 

2.7. Statistical analysis 

All statistical analyses and calculations were conducted using 
Microsoft Office Excel 2021 and p<0.0001 was considered to indicate 
highly significant differences. 

Fig. 2. (a-b) SEM observation of CCS and CCS-SeNPs scaffolds; (c) EDX spectrum and (e) EDX mapping of CCS scaffold; (d) EDX spectrum and (f) EDX mapping of 
CCS-SeNPs scaffold. 
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3. Results and discussion 

3.1. XRD analysis 

The XRD results of CCS, CCS-SeNPs, CCS-SA-SeNPs, and CCS-PET- 
SeNPs scaffolds are shown in Fig. 1. The observed XRD patterns 
display broad and indistinct peaks, indicative of a semi-crystalline na-
ture within these scaffolds. The results showed a slight deviation from 
previous works in the XRD of Chitosan SeNPs film (Kalishwaralal et al., 
2018). This phenomenon suggests that the synthesized materials 

combine crystalline and amorphous phases (Combes and Rey, 2010; 
Shah et al., 2006). The broadening of peaks may arise from various 
factors, such as polymorphic structures, varying crystallite sizes, or 
disordered regions within the materials (Vippagunta et al., 2001). The 
semi-crystalline nature of these scaffolds can be attributed to the specific 
synthesis conditions and the inherent properties of the constituent ma-
terials. The incorporation of selenium nanoparticles into the CCS and its 
combination with nanoparticles and polyethylene terephthalate likely 
influences the crystallinity of the overall structure (Uskoković et al., 
2022). The amorphous regions could result from the interaction be-
tween the different components, leading to a heterogeneous structure 
with varying degrees of order. Understanding the semi-crystalline na-
ture of the synthesized scaffolds is crucial for tailoring their properties 
for specific applications (Armentano et al., 2010; Dorozhkin, 2021). The 
observed XRD patterns provide valuable insights into the structural 
characteristics of these materials, laying the foundation for further 
exploration and optimization in the field of nanomaterial-based 
scaffolds. 

Fig. 3. (a-b) SEM observation of CCS-SA-SeNPs and CCS-PET-SeNPs scaffolds; (c) EDX spectrum and (e) EDX mapping of CCS-SA-SeNPs scaffold; (d) EDX spectrum 
and (f) EDX mapping of CCS-PET-SeNPs scaffold. 

Table 1 
Mechanical properties of CCS, CCS-SeNPs, CCS-SA-SeNPs and 
CCS-PET-SeNPs Scaffolds.  

Scaffold Tensile strength (N) 

CCS  5.15 
CCS-SeNPs  4.77 
CCS-SA-SeNPs  4.05 
CCS-PET-SeNPs  4.01  
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3.2. SEM-EDX studies 

The SEM analysis examined the morphology of the CCS, CCS-SeNPs, 
CCS-SA-SeNPs and CCS-PET-SeNPs scaffolds. The results showed that 
the CCS and CCS-SA-SeNPs scaffolds exhibit solid-walled metrics and a 
smooth surface, as shown in Fig. 2(a) and 3(a). The present study’s re-
sults deviated from those of other studies with scaffolds (Kalishwaralal 
et al., 2018). The CCS-SeNPs scaffold is also rod-shaped, as depicted in 
Fig. 2(b). At the same time, the CCS-PET-SeNPs scaffold is cross-linked 
and also rod-shaped, as illustrated in Fig. 3(b). Furthermore, the 
Energy-Dispersed X-ray (EDX) analysis was executed to determine the 
elemental composition of the scaffolds. The EDX analysis revealed that 
the main components of the CCS scaffold were carbon (C), oxygen (O), 
and sodium (Na), with no detectable selenium (Se) present. However, 
the addition of SeNPs, SA-SeNPs and PET-SeNPs, as shown in Fig. 2(b) 
and Fig. 3(a-b), resulted in the appearance of Se, which constituted 0.5 
%, 0.4 % and 0.4 % atomic weight of the total components, respectively. 
This confirmed the successful incorporation of SeNPs into the scaffolds. 
The EDX mapping band confirmed that the SeNPs were uniformly 
distributed throughout the CCS-SeNPs, CCS-SA-SeNPs and CCS-PET- 

SeNPs scaffolds, as shown in Fig. 2(b) & Fig. 3(a-b). The uniform dis-
tribution of SeNPs is crucial for the potential applications of the scaffolds 
in biomedical fields, where a uniform distribution of nanoparticles is 
desirable (Nayak et al., 2021; Stevanović et al., 2015). Another study 
(Naveenkumar et al., 2023) confirmed through the EDX mapping spec-
trum that selenium nanoparticles were uniformly distributed 
throughout the AP-SeNPs scaffold. 

3.3. Tensile strength 

The results of the tensile strength of CCS, CCS-SeNPs, CCS-SA-SeNPs, 
and CCS-PET-SeNPs scaffolds are summarized in Table 1. In the current 
study, the tensile strength of the CCS scaffold was found to be 5.15 N. In 
comparison, the CCS-SeNPs scaffold exhibited a tensile strength of 4.77 
N, the CCS-SA-SeNPs scaffold exhibited a tensile strength of 4.05 N and 
the CCS-PET-SeNPs scaffold exhibited a tensile strength of 4.01 N. The 
results showed slight deviations from those recently reported for the 
alginate-pectin-SeNPs scaffold (Naveenkumar et al., 2023). These find-
ings confirmed a direct relationship between the nanoparticle concen-
trations and increased scaffold strength. As the concentration of 
magnetite nanoparticles in the PCL nanofibers increased, the tensile 
strength of the scaffold also increased (Rezaei et al., 2021). These 
findings revealed that incorporating CaCO3 in chitosan/PVA nanofibers 
increased tensile strength and improved biocompatibility. Specifically, 
these enhancements were observed when the concentration of CaCO3 
varied within the range of 1 to 5 wt% (Hasan et al., 2018). Matching the 
mechanical properties of the biomaterial film with native car-
diomyocytes also facilitates optimal cell attachment, proliferation, and 
differentiation, which can lead to improved tissue formation and 
regeneration. Ultimately, matching the mechanical properties of the 
biomaterial film to those of native cardiomyocytes can enhance the 
success of cardiac cell implantation and support tissue regeneration, 
thereby providing a promising avenue for developing effective cardiac 
therapies (Kalishwaralal et al., 2018). Overall, the evaluation of me-
chanical properties suggests that the CCS scaffolds have stronger tensile 
strength than the CCS-SeNPs, CCS-SA-SeNPs and CCS-PET-SeNPs scaf-
folds. The nanoparticles enhance the interfacial interaction between the 
scaffold matrix and themselves. This enhanced interaction improves 
stress transfer and more efficient load distribution, significantly 
increasing tensile strength (Hasan et al., 2018). However, it is essential 
to note that the nanoparticles may exhibit a weaker chemical or physical 
interaction with the scaffold material in some instances. This weaker 
interface can potentially limit the efficient stress transfer between the 
nanoparticles and the matrix, thereby causing a decrease in tensile 
strength (Domingues et al., 2014; Zare, 2016). 

3.4. TGA measurements 

Fig. 4 illustrates the TGA curves of CCS, CCS-SeNPs, CCS-SA-SeNPs, 
and CCS-PET-SeNPs scaffolds. All the scaffolds have shown better sta-
bility, up to 160 ◦C, with the maximum decomposition noted at 250 ◦C. 
A 100 % weight loss was noted at 400 ◦C. Specifically, the CCS scaffold 
exhibited a ~ 31 % weight loss, the CCS-SeNPs scaffold showed a ~ 27 
% weight loss, the CCS-SAT-SeNPs scaffold displayed a 100 % weight 
loss, and the CCS-PET-SeNPs scaffold experienced a ~ 25 % weight loss. 
The CCS scaffold incorporated with SeNPs showed earlier degradation 
when compared with the CCS scaffold. The observation that the CCS 
scaffold, when integrated with SeNPs, undergoes earlier degradation 
than the pristine CCS scaffold is noteworthy. The results showed slight 
deviations from those previously reported for SeNPs-chitosan films 
(Kalishwaralal et al., 2018). This suggests that introducing selenium 
nanoparticles accelerates the thermal decomposition, possibly due to 
interactions between the CCS and the nanoparticles. These TGA results 
provide valuable information for designing and utilizing these scaffolds 
in applications where thermal stability is critical (Jain et al., 2020; 
Żółtowska et al., 2021). The differences in weight loss among the various 

Fig. 4. Thermogravimetry (TG) curves illustrate the thermal behavior and 
decomposition of CCS scaffold, CCS-SeNPs scaffold, CCS-SA-SeNPs scaffold, and 
CCS-PET-SeNPs scaffolds. 

Fig. 5. Antioxidant study of CCS scaffold, CCS-SeNPs scaffold, CCS-SA-SeNPs 
scaffold and CCS-PET-SeNPs scaffold. 
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scaffolds highlight the influence of nanoparticle incorporation on ther-
mal behavior, offering avenues for further optimization and fine-tuning 
of these materials for specific applications (Bekas et al., 2019; Konwarh 
et al., 2013). 

3.5. Antioxidant activity 

The scavenging ability of CCS-SeNPs, CCS-SA-SeNPs, and CCS-PET- 
SeNPs scaffolds on DPPH was stronger than that of the CCS scaffold. 
Specifically, no significant changes were observed in the scavenging 
activity of CCS-SeNPs, CCS-SA-SeNPs, and CCS-PET-SeNPs scaffolds, 
which exhibited scavenging activities of 57 % each. This is notably 

higher than the 42 % scavenging activity observed for the CCS scaffold, 
as depicted in Fig. 5. The obtained results showed slight deviations from 
those of other previously reported scaffolds, with alginate-pectin and 
alginate-pectin-SeNPs scaffolds exhibiting antioxidant activities of ~ 
41.02 % and ~ 61.52 %, respectively (Naveenkumar et al., 2023). The 
enhanced scavenging ability observed in the selenium nanoparticle- 
loaded scaffolds (CCS-SeNPs, CCS-SA-SeNPs, and CCS-PET-SeNPs) sug-
gests a synergistic effect between selenium nanoparticles. Selenium is 
well-known for its antioxidant properties, and its combination with CCS 
amplifies the scavenging capacity. The lack of significant differences 
among these selenium-loaded scaffolds indicates a consistent and strong 
antioxidant performance across different compositions (Hou et al., 
2021). 

3.6. Morphology of C2C12 cell line in scaffolds 

In Fig. 6 (a-d) display the morphological characteristics of C2C12 
cells attached to scaffolds, including CCS, CCS-SeNPs, CCS-SA-SeNPs, 
and CCS-PET-SeNPs. These cell images were captured in fluorescence 
microscopy (EVOS epifluorescence microscope). The C2C12 cells were 
cultivated on CCS, CCS-SeNPs, CCS-SA-SeNPs, and CCS-PET-SeNPs 
scaffolds to illustrate their attachment and morphology. A notable 
contrast in cell density was observed between the CCS scaffold and the 
CCS-SeNPs, CCS-SA-SeNPs, and CCS-PET-SeNPs scaffolds. This obser-
vation suggests that C2C12 cells exhibit enhanced proliferation when 
cultured on CCS-SeNPs, CCS-SA-SeNPs, and CCS-PET-SeNPs scaffolds. 
These C2C12 cells exhibited a spindle-shaped morphology, and this 
characteristic remained consistent even after 5 days of culture. 
Naveenkumar et al., 2023 reported the growth of C2C12 cells on both AP 
and AP-SeNPs scaffolds to evaluate cell morphology and attachment. 
They noted significant differences in cell density, indicating enhanced 
proliferation of C2C12 cells on the AP-SeNPs scaffold compared to the 
AP scaffold. Another study (Ricotti et al., 2012) reported that the sur-
faces of polystyrene and polyhydroxybutyrate (PHB) film led to an 
increased fusion index in C2C12 and H9C2 cell lines when cultured on 
nanofibrous (nF) substrates. This increase was particularly prominent in 
aligned nF samples, which remained distinct from other substrates after 
3 days of differentiation. For C2C12 cells, no significant differences in 
myotube length were observed even after 3 days of differentiation across 
different sample types. In terms of scaffold surface characteristics, it is 
worth noting that smooth surfaces of scaffolds often induce strong in-
flammatory reactions, potentially leading to the formation of a fibrotic 
capsule around the implant. The results indicated that C2C12 cells 

Fig. 6. Phase contrast microscopy images of (a-d) CCS, CCS-SeNPs, CCS-SA-SeNPs and CCS-PET scaffolds with C2C12 cells at 5th day; (e-h) PI stained with DNA 
condensation observed by CCS, CCS-SeNPs, CCS-SA-SeNPs and CCS-PET scaffolds with C2C12 cells on the 5th day. 

Table 2 
Various scaffolds used in cardiac tissue engineering.  

Scaffold 
material 

Type of cell Result Reference 

Chitosan-carbon 
scaffold 

Rat 
cardiomyocyte 

Carbon nanofibers into 
chitosan-based scaffolds 
significantly enhanced 
the electrical 
conductivity and 
mechanical properties, 
fostering improved 
cellular activity and 
cardiac-specific gene 
expression. These 
findings suggest that 
chitosan/carbon 
nanofiber composites 
hold great promise for 
developing effective 
cardiac tissue constructs. 

(Martins et al., 
2014) 

Polypyrrole 
(PPy)- 
chitosan 
hydrogel 

Rat 
cardiomyocyte 

Enhanced 
biocompatibility in rat 
cardiomyocyte 

(Mihic et al., 
2015) 

Chitosan- 
Selenium 
nanoparticles 
film 

H9C2 Chitosan- Selenium 
nanoparticles film 
showed good 
biocompatibility. 

(Kalishwaralal 
et al., 2018) 

Alginat-pectin- 
SeNPs scaffold 

C2C12 Alginat-pectin-SeNPs 
scaffold highlighted, 
making them suitable 
substrates for cell growth 
and biocompatibility. 

(Naveenkumar 
et al., 2023)  
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exhibited more efficient proliferation when cultured on the CCS-SeNPs, 
CCS-SA-SeNPs and CCS-PET-SeNPs scaffold compared to the CCS scaf-
fold. These findings suggest that the smooth surfaces of the CCS-SeNPs 
and CCS-PET-SeNPs scaffolds promote enhanced cell attachment and 
proliferation, which may ultimately contribute to improved tissue 
regeneration. The scaffold materials and their effects on cellular 
behavior, for advancing cardiac tissue engineering as shown in Table 2. 

3.7. Evaluation of nucleus morphology using PI staining 

The C2C12 cells in various scaffolds, including CCS, CCS-SeNPs, CCS- 
SA-SeNPs, and CCS-PET-SeNPs, were stained PI to observe nucleus 
morphology. The nuclei in all these cells appeared circular, and there 
were no noteworthy variances compared to the control CCS scaffold, as 
depicted in Fig. 6 (e-h). This observation is consistent with the findings 
in a study by Kalishwaralal et al. (Kalishwaralal et al., 2018), where 
chitosan-SeNPs and chitosan films were used to stain H9C2 cells with 
propidium iodide. In that study, the nucleus of H9C2 cells exhibited a 
circular and structurally intact appearance, regardless of the type of film 
used. The study concluded that incorporating different sizes of SeNPs 
into chitosan films did not lead to noticeable changes in ROS production 
or alterations in nuclear structure in H9C2 cells after 5 days of culture. 

4. Conclusion 

In conclusion, this study successfully developed scaffolds with 
enhanced mechanical strength, thermal stability, and antioxidant 
properties to improve cell attachment and proliferation, particularly for 
the C2C12 cell line, a model for muscle cells, including cardiac muscle. 
Incorporating SA-SeNPs and PET-SeNPs into chitosan-collagen scaffolds 
significantly improved their functional properties without severely 
compromising mechanical strength. Antioxidant activity tests high-
lighted enhanced scavenging capabilities in SeNPs-loaded scaffolds. 
Morphological studies of C2C12 cells cultured on these scaffolds indi-
cated improved proliferation on SeNPs-enhanced scaffolds. Nucleus 
morphology assessments showed no significant alterations, suggesting 
that SeNPs do not adversely affect cellular structure. These findings 
suggest that such scaffolds have promising applications in cardiac tissue 
engineering, potentially supporting tissue regeneration and repair by 
providing a conducive environment for cell growth and reducing 
oxidative stress. Future work could involve in vivo studies to evaluate 
these scaffolds’ long-term biocompatibility and functional performance 
in cardiac tissue repair. Additionally, exploring the incorporation of 
other bioactive nanoparticles or growth factors may further enhance 
these scaffolds’ regenerative capabilities and clinical potential. 
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