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Abstract 
 

The development of biocompatible, biodegradable, and structurally adaptable scaffolds remains 

a critical challenge in tissue engineering. In this study, a series of novel three-dimensional porous 

scaffolds were fabricated by combining poly (glycerol succinate) (PGSu) with varying weight 

ratios of chitosan (Ch) using a salt-leaching technique. The chemical structure and functional 

group interactions were confirmed through Fourier-transform infrared spectroscopy (FTIR) 

analysis. X-ray diffraction (XRD) revealed enhanced molecular ordering in Cs-rich compositions. 

Scanning electron microscopy (SEM) demonstrate that the incorporation of Cs improved pore 

interconnectivity and surface roughness. Contact angle measurements and swelling tests indicated 

increased hydrophilicity and water uptake, particularly in PGSu/Cs (30/70) scaffolds. Mechanical 

testing revealed that PGSu/Ch (50/50) exhibited superior compressive strength and elasticity 

under both dry and hydrated conditions, while PGSu/Ch (30/70) demonstrated enhanced 

flexibility and deformability in wet environments  which is an essential feature for tissue 

applications. Thermogravimetric analysis (TGA) and hydrolytic degradation in fetal bovine 

serum (FBS) revealed that Ch content modulated scaffold thermal stability and biodegradation 

rate, with PGSu/Ch (30/70) degrading most rapidly over 60 days. Biological assessments, 

including MTT assay and SEM-based cell adhesion analysis, confirmed excellent 
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cytocompatibility for all PGSu/Ch scaffolds. The PGSu/Ch (30/70) composition demonstrated 

the highest levels of cell viability, adhesion, and surface colonization over a 7-day culture period. 

These findings highlight the potential of PGSu/Ch scaffolds as tunable biomaterials for soft tissue 

regeneration, offering a favorable balance between mechanical performance, biodegradability, 

and cellular compatibility. 
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1. Introduction 

 

Tissue engineering has emerged as a leading 

interdisciplinary field in regenerative medicine, offering 

innovative strategies for restoring or replacing damaged 

tissues and organs by combining biomaterials, cells, and 

signaling molecules [1][2][3][4]. At the heart of tissue 

engineering lies the design of three-dimensional 

scaffolds that mimic the architecture and function of the 

extracellular matrix (ECM), offering not only structural 

support but also essential biochemical cues to facilitate 

cell adhesion, proliferation, and lineage-specific 

differentiation [5]. The selection and engineering of 

scaffold materials with optimized physicochemical and 

biological properties are critical to the success of tissue 

regeneration strategies [6]. 

   Biodegradable polyesters synthesized via 

condensation reactions between polyfunctional alcohols 

and carboxylic acids have shown considerable promise 

in scaffold fabrication due to their tunable degradation 

profiles, mechanical properties, and 

cytocompatibility[7]. Among these, poly (glycerol 

sebacate) (PGS), synthesized from glycerol and sebacic 

acid, has been extensively studied for its elastomeric 

behavior and suitability in both soft and hard tissue 

engineering applications [8]. Nonetheless, the need for 

materials with improved hydrophilicity, degradation 

rates, and crosslinking potential has prompted the 

exploration of alternative monomers. Succinic acid, a 

naturally derived, biocompatible dicarboxylic acid, has 

attracted interest in this context due to its short aliphatic 

chain and high polarity[9]. 

   Poly (glycerol succinic acid) (PGSu), obtained from 

the polycondensation of glycerol and succinic acid, 

possesses a higher density of ester linkages and fewer 

hydrophobic segments than PGS, potentially enhancing 

its hydrolytic degradability and functional versatility. 

Despite these advantages, PGSu remains relatively 

https://doi.org/10.57647/pibm.2025.1402.33
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underexplored in the literature[10]. Zabihi et al. 

synthesized PGSu-based nanogels in a single-step 

method and demonstrated their efficacy for dermal 

delivery applications [11]. Similarly, Luman and co-

workers developed dendritic macromolecules from 

glycerol, succinic acid, and polyethylene glycol (PEG), 

showcasing their biomedical potential [12]. Additional 

studies have shown that succinic acid-based co-

polymers exhibit tunable mechanical, thermal, and 

biological properties when combined with other 

monomers such as sebacic acid or ε-caprolactone 

[13][14]. 

   Recent investigations have also explored the blending 

of PGSu with other biodegradable polymers to enhance 

its structural and functional attributes. Mahtabi et al. 

developed a three-dimensional composite scaffold 

composed of polylactic acid (PLA), PGSu, and nano-

hydroxyapatite, demonstrating its potential for bone 

tissue engineering applications due to improved 

mechanical integrity and biocompatibility [15]. In 

another study, PGSu was incorporated into 

polycaprolactone-based nanocomposites, resulting in 

enhanced mechanical strength, flexibility, and scaffold 

interconnectivity, all of which are desirable properties 

for soft tissue regeneration [16]. 

   The integration of natural polymers with synthetic 

scaffolds has been shown to improve biological 

performance by promoting better biocompatibility, cell 

adhesion, and tissue integration. Chitosan (Ch), a 

polysaccharide derived from chitin, has attracted 

widespread attention due to its biodegradability, non-

toxicity, antibacterial activity, and ability to support 

cellular adhesion and proliferation[17]. The combination 

of chitosan with synthetic polyesters such as PGS has 

been shown to enhance scaffold hydrophilicity, 

degradation behavior, and cell–material 

interactions[18]. For instance, Zhang et al. demonstrated 

improved cellular affinity in scaffolds composed of 

PGS, silk fibroin, and Ch for skin tissue engineering 

[19]. Other studies have employed modified poly 

(glycerol sebacate citric)/Ch/hydroxyapatite 

nanocomposites [20], as well as Ch–gelatin–PGS blends 

[21], all of which have shown promise for various tissue 

engineering applications. Furthermore, Rostamian et al. 

introduced a biodegradable nanocomposite scaffold 

based on Ch, PGS, and graphene oxide, revealing its 

potential for biomedical and environmental applications 

[22]. 

   Despite these advancements, the combination of PGSu 

and Ch has not been thoroughly investigated, 

particularly in the context of porous 3D scaffolds 

designed for soft tissue regeneration. The integration of 

PGSu with Ch may offer synergistic advantages: PGSu 

provides structural flexibility and tunable 

degradation[23], while Ch contributes biological activity 

and enhances cell affinity[24]. The interaction between 

the ester and amine/hydroxyl groups of these two 

polymers could enable improved crosslinking, 

mechanical resilience, and biocompatibility[25]. 

   This study aims to develop and characterize three-

dimensional porous scaffolds composed of PGSu and Ch 

using the salt-leaching technique. By systematically 

varying the Ch content, we investigated its impact on 

scaffold architecture, mechanical behavior, hydrolytic 

degradation, and in vitro cellular responses. The 

rationale for combining PGSu with chitosan lies in their 

complementary chemical structures, which enable 

hydrogen bonding, enhance crosslinking, and improve 

biological interactions, thereby offering a promising 

material platform for soft tissue engineering. 

Furthermore, the salt-leaching method provides a 

simple, scalable, and cost-effective fabrication route to 

achieve scaffolds with controlled porosity and 

interconnected networks, which are essential for nutrient 

transport, cell infiltration, and tissue vascularization. 

The insights obtained from this work may contribute to 

the rational design of adaptable, biofunctional scaffolds 

for applications in skin, muscle, and peripheral nerve 

regeneration, where structural integrity, 

biodegradability, and biocompatibility must be finely 

balanced  [26]. 

   This work represents the first systematic investigation 

of PGSu/Ch composite scaffolds across multiple weight 

ratios, establishing direct correlations between Ch 

content, mechanical performance, hydrolytic 

degradation kinetics, and cell–material interactions. In 

contrast to the work of Zabihi et al. on PGSu-based 

nanogels [11] and Mahtabi et al. on PLA/PGSu/nHA 

bone scaffolds [15], our investigation is focused on soft 

tissue engineering and uniquely elucidates how 

compositional tuning governs structural adaptability and 

viscoelastic behavior under hydrated conditions. This 

integrated approach addresses a critical knowledge gap 

by linking physicochemical properties to biological 

functionality, thereby providing a rational design 

framework for PGSu/Ch scaffolds tailored to specific 

regenerative applications. 

 

2. Experimental 

 

2.1. Materials 

 

All chemicals used in this study were of analytical grade 

and procured from reputable suppliers. Glycerol, 

succinic acid, and chitosan (medium molecular weight) 

were obtained from Sigma-Aldrich (USA). Sodium 

chloride (NaCl, particle size <200 µm), N, N-

dimethylformamide (DMF), and hexamethylene 

https://doi.org/10.57647/pibm.2025.1402.33
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diisocyanate (HDI) were purchased from Merck 

(Germany). Tin (II) 2-ethylhexanoate (tin octanoate) 

was also supplied by Sigma-Aldrich and used as a 

catalyst without further purification. 

 

2.2. Preparation of scaffolds 

 

In the first step, PGSu resin was synthesized via a direct 

polycondensation reaction. Equimolar amounts of 

glycerol and succinic acid were accurately measured and 

transferred into a reaction vessel. The mixture was 

heated to 160 °C under constant stirring for 3 hours to 

initiate esterification. Subsequently, a vacuum was 

applied to the system and maintained for an additional 4 

hours to promote further polycondensation and remove 

water byproducts. After completion, the reaction was 

terminated by ceasing the heat supply, and the resulting 

PGSu resin was collected and stored for subsequent use.  

To fabricate the final scaffold formulations, the obtained 

PGSu resin was dissolved in a solvent mixture of 

dioxane and dimethyl sulfoxide (DMSO) at a volume 

ratio of 30:70. The solution was stirred at room 

temperature for 12 hours to ensure complete dissolution. 

Ch was then incorporated at varying weight ratios (30, 

50, and 70 wt.%), and the mixture was stirred until a 

homogenous polymeric solution was achieved. Tin (II) 

2-ethylhexanoate (tin octanoate) was added as a catalyst, 

and the reaction was maintained at 50 °C with continued 

stirring for 30 minutes. Subsequently, hexamethylene 

diisocyanate (HDI) was introduced as a chemical 

crosslinking agent, and the mixture was stirred for an 

additional 10 minutes until a noticeable increase in 

viscosity was observed. To ensure reproducibility of 

synthesized PGSu, the polycondensation reaction was 

performed under strictly controlled temperature and 

vacuum conditions, and the viscosity of each batch was 

monitored to confirm consistent molecular weight range 

across preparations. Although molecular weight 

determination by GPC was not included in this study, the 

reproducibility of mechanical and degradation profiles 

across independent batches confirmed consistent 

polymer properties.  The solvent system consisting of 

dioxane/DMSO (30:70 v/v) was selected based on 

preliminary solubility tests to provide optimal 

dissolution of PGSu and chitosan while maintaining a 

homogeneous solution with manageable viscosity, 

which is critical for achieving uniform pore distribution 

during salt-leaching. After casting, the scaffolds were 

dried under ambient conditions for two weeks followed 

by an additional vacuum-drying step to ensure complete 

solvent removal, thereby minimizing any potential 

cytotoxicity from residual solvent.  To mitigate any 

cytotoxic effects of unreacted HDI, the crosslinked 

scaffolds were subjected to extensive washing with 

deionized water for 72 h with multiple water exchanges, 

followed by secondary drying under vacuum. This 

process was verified to remove unreacted HDI and its 

byproducts, ensuring biocompatibility prior to further 

characterization and biological testing.  Sodium chloride 

(NaCl) particles (particle size <200 µm) were then added 

as porogens.  The final mixture was poured into pre-

prepared cylindrical molds (3 cm in diameter) and 

allowed to dry at ambient temperature for two weeks to 

enable solidification and solvent evaporation. Following 

the drying period, the scaffolds were immersed in 

distilled water to leach out the salt particles and create a 

porous structure. The samples were then dried again for 

one week under ambient conditions and stored for 

further characterization and testing.  The composition 

and coding of the fabricated samples are summarized in 

Table 1. An overview of the fabrication process and 

representative scaffold morphology is presented in 

Scheme 1. 

 

Table 1. Sample codes and composition of prepared samples 

Sample  PGSu (wt.%) Ch (wt.%) 

PGSu 100 - 

PGSu70/Ch30 70 30 

PGSu30/Ch70 30 70 

PGSu50/Ch50 50 50 

 

Alternative approaches could have been employed for 

both synthesis and scaffold fabrication. For instance, 

PGSu could be synthesized via enzymatic 

polycondensation or solution-mediated step-growth 

reactions, and scaffold fabrication could have been 

performed using electrospinning, lyophilization, or 3D 

printing to generate fibrous or gradient architectures. 

Likewise, micro-CT or mercury intrusion porosimetry 

could have been used to determine pore size distribution 

more precisely, and tensile or cyclic loading tests could 

complement the mechanical analysis. 

In this work, direct melt polycondensation was selected 

to avoid the use of toxic catalysts or solvents, ensuring a 

reproducible, cost-effective, and environmentally 

benign route. The salt-leaching technique was chosen for 

its simplicity, scalability, and ability to create 

interconnected macroporous networks that are critical 

for nutrient transport, cell infiltration, and 

neovascularization in soft tissue regeneration. 

Compression testing under dry and hydrated conditions 

was prioritized because it reflects the physiologically 

dominant loading mode for dermal, subcutaneous, and 

peripheral nerve tissues. These choices collectively 

ensured clinically relevant scaffold properties while 

maintaining biocompatibility and experimental 

reproducibility. 

https://doi.org/10.57647/pibm.2025.1402.33
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Scheme 1. Images of the process of preparing 3D scaffolds using the salt leaching technique 

 

2.3. Characterizations 

 

Fourier transform infrared spectroscopy (FTIR) was 

conducted using a Thermo Nicolet Nexus 470 FTIR 

instrument (USA) equipped with an attenuated total 

reflectance (ATR) module. ATR-FTIR was employed to 

identify the functional groups in the pure components 

and to assess chemical interactions within the fabricated 

PGSu/chitosan scaffolds. The surface morphology and 

internal microstructure of the scaffolds were examined 

by scanning electron microscopy (SEM, Philips, 

Netherlands). Prior to imaging, the samples were 

sputter-coated with a thin layer of gold and platinum for 

20 minutes to enhance conductivity. SEM images were 

captured at various magnifications to evaluate pore 

architecture and surface topology, and quantitative 

image analysis was subsequently performed using 

ImageJ (NIH, Bethesda, MD, USA) to determine surface 

https://doi.org/10.57647/pibm.2025.1402.33
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porosity and pore size distribution.  Thermal stability and 

degradation behavior of the scaffolds were analyzed 

using thermogravimetric analysis (TGA, Model Q1000, 

TA Instruments, USA). Approximately 10 mg of each 

sample was heated from room temperature to 700 °C at 

a constant heating rate of 10 °C/min under a nitrogen 

atmosphere. Crystallinity and phase structure of the 

scaffolds were evaluated via X-ray diffraction (XRD) 

using an AWXD M300 diffractometer with Cu Kα 

radiation (λ = 1.5406 Å), scanned over a 2θ range of 

10°–35°. Wettability and surface hydrophilicity of the 

scaffolds were assessed through dynamic water contact 

angle measurements. A water droplet was placed on the 

scaffold surface, and images were recorded every 15 

seconds for 60 seconds. The left and right contact angles 

were measured and averaged to determine hydrophilicity 

over time. Mechanical properties of the scaffolds under 

compressive loading were measured using a universal 

testing machine (Zwick/Roell Z050, Germany) equipped 

with a 10 N load cell. Cylindrical specimens (2 cm 

diameter × 5 cm height) were compressed at a strain rate 

of 1 mm/min. Compressive modulus and ultimate 

strength were calculated from the initial linear (elastic) 

region and maximum point on the stress–strain curve, 

respectively. PGSu/Ch scaffolds were incubated in 

phosphate-buffered saline (PBS, pH 7.4) supplemented 

with 10% fetal bovine serum (FBS) at 37 °C under gentle 

shaking for up to 28 days. No enzymes or other catalytic 

agents were added; thus, mass loss is attributed solely to 

hydrolysis of the polyester network in a physiologically 

relevant aqueous environment. Scaffolds were removed 

at predetermined intervals (7, 14, 21, and 28 days), 

gently rinsed with deionized water to remove salts, 

lyophilized, and weighed to determine percentage mass 

loss.  Cell viability was evaluated using the MTT assay. 

Cells were seeded on sterilized scaffolds and incubated 

for 1, 3, and 5 days (24, 72, and 120 hours). At each time 

point, the culture medium was replaced with 200 μL of 

MTT solution (0.5 mg/mL, Sigma-Aldrich) and 

incubated for 4 hours to allow formation of formazan 

crystals. Subsequently, 200 μL of DMSO was added to 

solubilize the crystals, and the absorbance was measured 

at 570 nm using a microplate reader (Expert 96, Asys 

Hitch, Austria). Experiments were conducted in 

triplicate (n = 3). Cell adhesion and morphology were 

further evaluated by SEM after 5 days of culture. The 

scaffolds were fixed with 2% paraformaldehyde and 

2.5% glutaraldehyde for 90 minutes at room 

temperature. Samples were rinsed twice with phosphate-

buffered saline (PBS), then dehydrated through a graded 

ethanol series (30%, 50%, 70%, 85%, 90%, and 100%, 

5 minutes each). The samples were then dried and 

sputter-coated with gold prior to SEM imaging. To 

determine the cell viability, Equation (1) is used. In this 

equation, ODe, ODc, and ODb correspond respectively to 

the absorption peak intensity at 570 nanometers for cell-

containing scaffolds, control samples, and empty 

plates[2]. 

 

Cell viability (%) = 
(𝑂𝐷𝑒−𝑂𝐷𝑏)

(𝑂𝐷𝑐−𝑂𝐷𝑏)
× 100                            (1) 

 

All quantitative data are presented as mean ± standard 

deviation (SD). Statistical analysis was performed using 

one-way analysis of variance (ANOVA), followed by 

Tukey’s post hoc test. A p-value less than 0.05 was 

considered statistically significant. 

  

3. Results and discussion 

 

3.1. FTIR analysis 

 

Figure 1A presents the ATR-FTIR spectra of glycerol, 

succinic acid, and PGSu. PGSu displays a new and 

strong peak near 1730 cm⁻¹, corresponding to the 

stretching vibration of ester carbonyl groups, which is 

absent in the monomer spectra [27][28]. This confirms 

the formation of ester bonds[29]. Additionally, the broad 

band at 3400 cm⁻¹, attributed to OH stretching, indicates 

the presence of residual hydroxyl groups in the polymer 

structure[30]. Figure 1B compares the FTIR spectra of 

PGSu and Ch. Both materials exhibit broad bands 

around 3400 cm⁻¹ due to –OH and –NH₂ groups[31], 

while PGSu retains its ester peak at 1730 cm⁻¹. The 

overlap of functional groups suggests potential for 

hydrogen bonding and chemical crosslinking when 

PGSu and Ch are combined, which is critical for scaffold 

stability and performance[32]. The chemical interactions 

within the PGSu/Ch composite scaffolds are illustrated 

in Figure 1C. As the Ch content increases from 30 wt% 

to 70 wt%, the intensity and breadth of the OH/NH2 

stretching band at 3400 cm⁻¹ significantly increase. This 

reflects the incorporation of more polar groups from Ch, 

enhancing the scaffold's hydrophilicity and potential 

reactivity[33]. In the PGSu/Cs 70/30 formulation, the 

increase in intensity is modest, suggesting partial 

integration of Ch. In contrast, the PGSu/Ch 30/70 

scaffold exhibits a highly broadened and intense peak at 

3400 cm⁻¹, indicating a saturated presence of hydroxyl 

and amine groups from Ch. This suggests strong 

interpolymer interactions and greater potential for 

crosslinking and water absorption[34]. The PGSu/Cs 

(50/50) sample exhibited FTIR peaks characteristic of 

both constituents, including a moderately intense broad 

band around 3400 cm⁻¹ (–OH and –NH₂ stretching) and 

a sharp ester C=O peak near 1700 cm⁻¹. The intermediate 

intensity and lack of significant peak shift suggest 

balanced intermolecular interactions and a stable 

https://doi.org/10.57647/pibm.2025.1402.33
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chemical environment within the scaffold matrix. 

Notably, in all scaffold compositions, the ester carbonyl 

peak at 1730 cm⁻¹ remains prominent and stable, 

indicating that the backbone structure of PGSu is 

preserved during blending and scaffold fabrication. 

 

3.2. Microstructure analysis 

 

The microstructure of the fabricated scaffolds was 

investigated using SEM, and representative images at 

various magnifications, along with macro-scale 

appearances, are shown in Figure 2. 

   The pure PGSu scaffold (Figures 2A and 2A′) exhibits 

a relatively dense structure with a limited number of 

open and interconnected pores. This morphology can be 

attributed to the high degree of crosslinking among 

PGSu chains, where most of the hydroxyl and carboxyl 

groups are involved in the formation of ester bonds, 

leaving fewer functional sites to facilitate pore 

formation[35]. At lower magnification (Figure 2A), the 

scaffold surface displays moderate roughness, which 

could aid initial cell attachment. However, the overall 

porosity appears suboptimal for applications requiring 

enhanced cellular infiltration and nutrient transport. The 

incorporation of 30 wt% Ch into the PGSu matrix 

(PGSu/Ch 70/30; Figures 2B and 2B′) leads to an 

increase in the number and interconnectivity of pores. 

The structure exhibits thinner pore walls and a more 

open morphology compared to pure PGSu. This 

improvement is likely due to the hydrophilic nature and 

rich functional groups of Ch, which influence phase 

separation and facilitate the development of porous 

networks during fabrication[36]. The macrostructure 

(Figure 2B″) also confirms a more uniform porous 

distribution, though still with some density retained. The 

PGSu/Ch (50/50) scaffold (Figure 2C and 2C′) 

demonstrates a well-organized and highly 

interconnected porous network with uniformly 

distributed pores ranging approximately from 11 to 25 

µm. The balanced composition between PGSu and Ch 

creates an optimal environment for phase separation, 

leading to stable pore formation and well-structured pore 

walls[37]. This morphology is particularly favorable for 

cell infiltration and nutrient diffusion. Furthermore, the 

coexistence of ester (PGSu) and amine/hydroxyl (Ch) 

functional groups, as previously confirmed by FTIR 

analysis (Figure 1E), may enhance scaffold stability 

through hydrogen bonding and chemical crosslinking. 

The macrostructure (Figure 2C″) supports this 

observation, showing a uniformly porous surface 

indicative of a well-developed 3D architecture. In the 

PGSu/Cs (30/70) scaffold (Figures 2D and 2D′), a highly 

porous, sponge-like morphology is observed, 

 

characterized by thinner pore walls and a more irregular 

but interconnected structure. The high concentration of 

Ch, with its hydrophilic and reactive functional groups, 

enhances phase separation and leads to increased 

porosity[38]. However, this also results in fragility of the 

scaffold's microstructure, which may compromise 

mechanical integrity. The macro-image (Figure 2D″) 

further highlights this, showing an irregular, highly 

porous surface. Although the increased Ch content 

improves hydrophilicity and surface area, which are 

favorable for cell attachment and nutrient diffusion, 

careful optimization is necessary to ensure mechanical 

stability for specific tissue engineering application. 

   Quantitative image analysis was subsequently 

performed to complement the qualitative SEM 

observations. For each scaffold formulation, three 

independent fields of view (n = 3 per sample, 

magnification ×100) were analyzed using ImageJ to 

determine surface porosity and apparent pore size 

distribution, and the results are summarized in Table 2. 

Pure PGSu exhibited a porosity of 53.1 ± 5.2 % with a 

mean pore diameter of 27.7 ± 56.4 µm, consistent with 

its relatively dense microstructure. PGSu/Ch (70/30) 

displayed a porosity of 51.1 ± 4.9 % and a mean pore 

diameter of 40.9 ± 68.7 µm, indicating slightly larger but 

fewer pores compared with PGSu. PGSu/Ch (30/70) 

exhibited the largest mean pore diameter (66.6 ± 102.5 

µm) and highest porosity (72.3 ± 6.4 %), reflecting a 

highly open and interconnected network. PGSu/Ch 

(50/50) showed a porosity of 71.5 ± 6.1 % but smaller 

mean pores (24.0 ± 49.2 µm), suggesting a dense but 

highly interconnected architecture. 

   These quantitative results establish a clear 

composition-dependent relationship between chitosan 

content and scaffold microstructure. The denser PGSu 

and PGSu/Ch (70/30) structures may provide better 

initial mechanical support, whereas the highly porous 

PGSu/Ch (30/70) and PGSu/Ch (50/50) scaffolds are 

expected to promote faster cell infiltration and nutrient 

transport. This tunable structure–property relationship 

enables the rational selection of scaffold composition for 

applications requiring either higher mechanical integrity 

or accelerated tissue integration. 

 

Table 2. Quantitative analysis of surface porosity and average pore 

size for PGSu and PGSu/Ch scaffolds based on ImageJ segmentation 

of SEM micrographs 

Sample  Average Pore Size 

(µm) 

Porosity 

(%) 

PGSu 27.7 ± 56.4 53.1 ± 5.2 

PGSu70/Ch30 40.9 ± 68.7 51.1 ± 4.9 

PGSu30/Ch70 66.6 ± 102.5 72.3 ± 6.4 

PGSu50/Ch50 24.0 ± 49.2 71.5 ± 6.1 

https://doi.org/10.57647/pibm.2025.1402.33
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Figure 1. (A) FTIR spectra of glycerin, succinic acid, and PGSu. (B) FTIR spectra of PGSu and chitosan (Ch). (C) FTIR spectra of PGSu/Ch scaffolds 

with different weight ratios (70/30, 30/70, 50/50) 

 

Figure 2. SEM micrographs of studied samples at two magnifications with scale bars included (100 µm for left panels and 20 µm for right panels), along 

with photographs of the actual scaffolds. (A, A', A") PGSu, (B, B', B") PGSu/Ch (70/30), (C, C', C") PGSu/Ch (3/70), and (D, D', D") PGSu/Ch (50/50) 

 

Although SEM micrographs revealed a smooth and 

continuous surface morphology, no tribological or 

coefficient-of-friction tests were performed in this study. 

The low surface roughness observed qualitatively 

suggests that the scaffolds may exhibit reduced friction 

when interfacing with surrounding soft tissues, which 

could minimize local shear stresses and irritation. 

However, a comprehensive tribological characterization, 

including coefficient of friction and wear analysis under 

physiologically relevant conditions, is recommended for 

future studies to validate this hypothesis. The relatively 

smooth surface and interconnected porosity of the 

scaffolds can be attributed to the selection of PGSu as 

the base polyester, the hydrogen-bonding interactions 
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introduced by chitosan, and the controlled salt-leaching 

process with fine NaCl particles. These design choices 

likely contributed to reduced surface roughness and 

lower interfacial drag, which are beneficial for 

minimizing local shear stress at the tissue–scaffold 

interface. Nonetheless, direct tribological 

characterization is necessary in future work to 

quantitatively confirm this effect. 

   Despite the observed improvements in surface 

smoothness, several limiting factors prevent the scaffold 

from achieving a truly frictionless interface. The 

hydrophilic nature of chitosan leads to swelling, which 

may induce micro-roughness over time. Minor 

heterogeneity in crosslink density and pore-wall 

irregularities inherent to the salt-leaching process can 

also contribute to local variations in surface energy. 

Furthermore, in vivo conditions introduce adsorbed 

proteins and extracellular matrix components that 

modify surface interactions and may increase friction 

relative to the pristine material. These factors suggest 

that while friction is reduced compared to unmodified 

systems, complete elimination is not feasible, and a 

certain level of interface resistance remains beneficial 

for mechanical stability and integration. 

 

3.3. XRD, TGA, and Mechanical Analysis 

 

The crystalline structure of the fabricated scaffolds was 

analyzed using XRD, and the corresponding results are 

shown in Figure 3A. Pure PGSu displayed a broad 

diffraction peak centered at approximately 2ϴ= 20.44°, 

indicative of its predominantly amorphous nature. This 

is consistent with the typical structure of aliphatic 

polyesters synthesized via polycondensation[39]. Upon 

incorporation of Ch, a progressive increase in peak 

intensity was observed across the PGSu/Ch composites, 

with the PGSu/Ch (50/50) sample exhibiting the most 

pronounced peak. This suggests enhanced molecular 

ordering and semi-crystalline behavior. The increase in 

crystallinity may be attributed to hydrogen bonding 

between hydroxyl and amine groups in Ch and ester 

linkages in PGSu, promoting regular chain alignment 

and reducing system entropy[40]. To further interpret 

the structural arrangement, the interplanar spacing (d-

spacing) was estimated using Bragg’s law  Equation 

(2)[41], based on the observed peak at 2θ = 20.44°, 

assuming first-order diffraction and a Cu Kα radiation 

wavelength of 1.5406 Å. The resulting spacing was 

calculated to be approximately 4.34 Å. This relatively 

compact interplanar distance implies closer molecular 

packing within the semi-crystalline domains of the 

scaffold[42]. 

 

nλ = 2 sinϴ                                                                  (2) 

Also, the enhanced crystallinity in the PGSu/Ch (50/50) 

sample may also contribute to its improved compressive 

strength by facilitating tighter chain packing and 

increased structural rigidity[43]. To provide a semi-

quantitative measure of ordering consistent with the 

XRD profiles, an apparent crystallinity index (CI_app) 

was estimated by deconvoluting the crystalline 

contribution from the amorphous halo and integrating 

areas according to Equation (3): 

 

𝐶𝐼𝑎𝑝𝑝 =
𝐴𝑐

𝐴𝑐+𝐴
                                                            (3) 

 

where Ac and Aa are the integrated areas of the 

crystalline and amorphous components, respectively. 

Using a uniform baseline and Voigt peak fitting on the 

plotted patterns, CIapp increased from 22.4% (PGSu) to 

29.6% [PGSu/Ch (70/30)], 33.1% [PGSu/Ch (30/70)], 

and 38.7% [PGSu/Ch (50/50)]. These values corroborate 

the visual increase in peak prominence at 20.4°, 

confirming that Ch incorporation enhances molecular 

ordering beyond mere peak height changes. 

The thermal stability of the scaffolds was evaluated 

using TGA, as shown in Figure 3B. All samples 

exhibited a major weight loss between 250 °C and 

400 °C, corresponding to the thermal degradation of 

polymer backbones. The degradation curves exhibited 

two distinguishable thermal events. The initial weight 

loss between 250–320 °C is attributed to the cleavage of 

side chains and lower molecular weight oligomers[44], 

while the second major phase (350–450 °C) corresponds 

to the scission of the primary ester backbone[45]. These 

multi-stage profiles reflect the heterogeneous 

architecture and compositional complexity of the 

scaffolds[46]. Moreover, the distinct degradation steps 

suggest the presence of phase-separated domains with 

differing thermal responses, likely resulting from partial 

miscibility of PGSu and Ch at the molecular level[47]. 

Pure PGSu displayed the lowest thermal stability, with 

an earlier onset of degradation and the lowest residual 

mass at 600 °C, suggesting a faster decomposition rate. 

This observation may be attributed to the low 

crosslinking density and absence of thermal stabilizing 

interactions in the pure PGSu matrix, which allows 

greater chain mobility and earlier thermal scission under 

increasing temperature [48][49]. 

 Upon incorporation of Ch, the thermal degradation 

profile changed notably. The PGSu/Ch (30/70) scaffold 

demonstrated the highest thermal resistance, 

characterized by a delayed onset of degradation and the 

greatest residual mass at 600 °C. This improvement is 

likely due to stronger hydrogen bonding between PGSu 

and Ch and the inherent thermal insulating nature of Ch, 

which collectively hinder chain mobility and delay 
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decomposition  [50]. The PGSu/Ch (50/50) and (70/30) 

scaffolds also showed improved thermal stability 

compared to pure PGSu, although to a lesser extent than 

the (30/70) blend. These results indicate that increasing 

Ch content enhances thermal resistance up to an optimal 

ratio, beyond which excessive chitosan may reduce the 

uniformity of the matrix, slightly lowering thermal 

performance. Overall, the PGSu/Ch (30/70) formulation 

exhibited the most favorable thermal behavior for 

biomedical applications requiring improved thermal 

endurance. 

   The mechanical properties of the scaffolds were 

evaluated under both dry and wet conditions, as 

presented in Figures 3C and 3D. Under dry conditions 

(Figure 3C), pure PGSu exhibited the highest elongation 

at break (40%), reflecting its elastomeric nature and high 

chain mobility[10]; however, it showed the lowest 

compressive strength (300 Pa), highlighting its 

mechanical weakness under load-bearing conditions. 

Incorporation of Ch into the PGSu matrix led to a 

significant enhancement in compressive strength, 

accompanied by a reduction in elongation. Notably, the 

PGSu/Ch (50/50) scaffold exhibited the highest 

compressive modulus (1500 Pa), indicating improved 

load-bearing capacity. This enhancement is likely 

attributed to stronger interpolymer hydrogen bonding 

and increased structural density[51]. The improved 

crystallinity observed in this composition (Figure 3A) 

may also contribute to its superior mechanical 

performance. In contrast, the PGSu/Ch (70/30) sample 

showed a moderate increase in stiffness but maintained 

higher elasticity than the 50/50 blend, suggesting partial 

reinforcement without excessive rigidity. Under 

hydrated conditions (Figure 3D), all samples 

demonstrated reduced compressive strength due to 

water-induced plasticization. Despite this, the PGSu/Ch 

(50/50) scaffold retained the highest compressive 

strength (1000 Pa), suggesting its structural integrity 

remains largely preserved even in wet environments. 

Interestingly, the PGSu/Ch (30/70) scaffold showed the 

highest elongation at break (45%) in the wet state, 

indicating enhanced flexibility and water-responsive 

swelling behavior. This behavior can be attributed to the 

high hydrophilicity of Ch, which increases water uptake 

and reduces matrix cohesion. While this composition 

sacrifices some mechanical strength, its increased 

ductility may be advantageous for applications requiring 

flexibility and conformability. This viscoelastic, 

hydrated behavior mimics the mechanical profile of 

native ECM, particularly in dynamic tissues such as 

dermis and peripheral nerves[52]. Scaffolds exhibiting 

such compliance can reduce mechanical mismatch with 

host tissue, minimize fibrosis, and improve integration 

and regeneration outcomes[53]. This enhancement 

likely stems from synergistic interactions at the 

molecular level, including interfacial hydrogen bonding 

and physical entanglements between PGSu and Ch[54]. 

These interactions improve energy dissipation under 

stress and distribute load more uniformly across the 

polymer matrix, minimizing localized failure[55]. The 

cylindrical disk-shaped scaffolds produced by the salt-

leaching process (Scheme 1) were specifically designed 

for unconfined compression testing, which is the most 

physiologically relevant loading mode for dermal, 

subcutaneous, and peripheral nerve applications. Under 

in vivo conditions, such scaffolds primarily experience 

multidirectional compressive and viscoelastic forces 

generated by interstitial fluid pressure, swelling, and 

surrounding tissue contraction, rather than uniaxial 

tension. Highly porous scaffolds are also prone to 

premature failure when subjected to tensile gripping, 

which may lead to artifactual results and poor 

reproducibility. Therefore, compression testing under 

both dry and hydrated states was prioritized in this study 

to capture clinically relevant mechanical compliance and 

ensure meaningful comparison between scaffold 

compositions. 

   In summary, the mechanical performance of the 

scaffolds is highly dependent on Ch content. The 50/50 

formulation provides an optimal balance between 

stiffness and elasticity, making it suitable for soft tissue 

engineering applications that require both mechanical 

support and durability. In contrast, the 30/70 

composition, with its higher flexibility and swelling 

potential, may be better suited for tissues that experience 

dynamic deformation or require conformal interface 

integration, such as skin or peripheral nerve 

regeneration. 

 

3.4. Contact angles and Swelling analysis 

 

The wettability of the fabricated scaffolds was assessed 

by dynamic contact angle measurements, and the results 

are presented in Figure 4A. Water droplets were 

deposited on the scaffold surfaces, and images were 

recorded at 0, 15, and 30 seconds. The contact angle of 

pure PGSu remained relatively high throughout the 

measurement period, indicating its low hydrophilicity. 

This limited wettability is attributed to the esterification 

of hydroxyl and carboxyl groups during polymerization, 

which reduces the number of available polar functional 

groups at the surface[56]. 

   In contrast, the incorporation of Ch significantly 

increased the hydrophilicity of the scaffolds[57]. Among 

the composite formulations, PGSu/Ch (30/70) exhibited 

the lowest contact angle at 30 seconds, reflecting 

superior water affinity. This behavior can be attributed 

to the abundance of hydrophilic functional groups (–OH 
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and –NH₂) in Ch, as well as potential hydrogen bonding 

interactions at the surface. In addition, the orientation 

and surface exposure of these polar groups during 

scaffold formation may further enhance surface energy, 

lowering the contact angle and facilitating rapid wetting 

kinetics, particularly in the PGSu/Ch (30/70) 

formulation.[58] The higher Ch content also facilitates 

greater surface roughness and porosity, as confirmed by 

SEM images, further enhancing water absorption 

dynamics. 

   Swelling behavior of the scaffolds was analyzed over 

a 50-hour period, and the results are shown in Figure 4B. 

All samples exhibited time-dependent water uptake, 

with PGSu/Ch (30/70) demonstrating the highest 

swelling ratio, reaching nearly 75% after 50 hours. This 

significant water uptake can be correlated with the 

porous microstructure and high free volume resulting 

from chitosan’s hygroscopic nature, which enables 

capillary-driven absorption and retention of aqueous 

media within the scaffold matrix[59]. The enhanced 

swelling in this formulation can be linked to its high Ch 

content, which increases hydrophilicity, free volume, 

and the ability to absorb and retain water[60]. The 

PGSu/Ch (50/50) and PGSu/Ch (70/30) samples showed 

intermediate swelling behaviors, while pure PGSu 

exhibited the lowest swelling capacity.  

   The observed trends in both wettability and swelling 

support the notion that increasing Ch content improves 

water interaction characteristics of the scaffold. These 

properties are critical for tissue engineering applications, 

as they promote better nutrient transport, facilitate 

cellular infiltration, and enhance the overall bioactivity 

of the scaffold matrix. Moreover, enhanced swelling and 

wettability can create a hydrated, ECM-like 

microenvironment that facilitates protein adsorption, 

promotes initial cell adhesion, and supports early-stage 

tissue integration — all of which are essential for 

effective scaffold–host interaction in vivo[61]. 

 

 
Figure 3. (A) XRD analysis, (B) TGA analysis, compressiveذmechanical analysis of studied samples in (C) dry condition and (D) wet condition 
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Figure 4. (A) Contact angle measurements of PGSu and PGSu/Ch scaffolds with different weight ratios (70/30, 30/70, 50/50) recorded at 0, 15, and 30 

seconds. (B) Swelling behavior of PGSu and PGSu/Ch scaffolds with different weight ratios as a function of time 

 

3.5. Correlation between Mechanical Properties and 

hydrolytic Degradation  

 

The hydrolytic degradation behavior of the scaffolds was 

evaluated in fetal bovine serum (FBS) over a period of 

60 days, and the results are presented in Figure 5A. Pure 

PGSu exhibited the lowest weight loss throughout the 

degradation period, with only 31.2 ± 2.1% mass loss at 

day 20, 45.8 ± 2.4% at day 30, and 92.4 ± 3.1% after 60 

days of incubation. This slower degradation can be 

attributed to its dense crosslinked structure and limited 

hydrophilic functionality, which restrict water 

penetration into the polymer network [62]. The dense 

network acts as a physical barrier against aqueous 

penetration, while the low density of polar groups limits 

water-mediated ester hydrolysis, thereby maintaining 

structural integrity over extended periods [63]. 

Incorporation of Ch significantly increased the 

degradation rate, with PGSu/Ch (30/70) showing the 

highest mass loss (15.2 ± 1.5% at day 20, 25.5 ± 1.8% at 

day 30, and 65.2 ± 1.9% at day 60), followed by 

PGSu/Ch (50/50) (20.1 ± 1.7%, 32.4 ± 2.0%, 78.5 ± 

2.3%) and PGSu/Ch (70/30) (26.5 ± 1.9%, 40.6 ± 2.3%, 

86.8 ± 2.7%), with all pairwise differences being 

statistically significant. This behavior is likely due to the 

higher content of hydrophilic groups (–OH and –NH₂) in 

Ch, which facilitate water uptake and hydrolysis of ester 

bonds [64]. Additionally, the presence of proton-

donating and -accepting groups in Ch can catalyze 

localized acid–base reactions that accelerate chain 

scission, particularly at hydrated microdomains [65]. 

Overall, the degradation rate followed the trend: PGSu < 

PGSu/Ch (70/30) < PGSu/Ch (50/50) < PGSu/Ch 

(30/70). These results underline the importance of 

compositional tuning for achieving optimal mechanical 

integrity.  The observed cohesion and compressive 

strength of the PGSu/Ch scaffolds result from the 

synergistic effects of polymer composition, 

intermolecular hydrogen bonding, optimized crosslink 

density, and uniformly interconnected porosity. The 

50/50 formulation exhibited the best mechanical 

performance due to an optimal balance of flexibility and 

network density. Future improvements may be achieved 

by further optimizing crosslinking chemistry, 

incorporating nanoscale reinforcements for enhanced 

load-bearing capacity, and employing gradient porosity 

or bioreactor-based preconditioning to promote 

extracellular matrix deposition before implantation. 

   To assess the mechanical implications of degradation, 

compression tests were performed after 20 and 30 days 

of incubation in FBS, and the results are shown in Figure 

5B and 5C, respectively. A significant reduction in 

compressive strength and strain was observed across all 

samples, reflecting the progressive breakdown of the 

internal network structure. The decline in mechanical 

performance was more pronounced in samples with 

higher Ch content, particularly PGSu/Ch (30/70), 

consistent with its higher degradation rate. This 

mechanical softening can be directly attributed to the 

disruption of load-bearing microstructures and loss of 

cohesive crosslinks, which undermines the scaffold’s 

capacity to resist compressive deformation under 

physiological loads[66]. 

   Further insights into structural deterioration were 

obtained via SEM imaging of the scaffold surfaces after 

20 and 30 days of degradation (Figures 5D–F). The 

initial three-dimensional porous architecture observed 

before degradation became progressively disrupted. 

After 20 days (Figures 5D–E), microcracks and thinning 

of pore walls were evident. By day 30 (Figure 5F), 

substantial collapse of the pore structure and loss of 
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interconnectivity were observed, confirming advanced 

degradation. The evolution from a well-interconnected 

to a fragmented porous structure, as visualized via SEM, 

supports the hypothesis of hydrolytic weakening at the 

pore walls, leading to progressive microstructural 

collapse and compromised tissue integration potential. A 

schematic illustration (Figures 5G) summarizes the 

degradation process, showing how the scaffold's internal 

structure becomes increasingly disorganized as 

crosslinked networks break down, leading to changes in 

pore geometry and loss of mechanical integrity. 

These results highlight a clear correlation between 

scaffold composition, hydrolytic stability, and 

mechanical performance over time. While higher Ch 

content enhances hydrophilicity and degradation rate—

beneficial for bioresorption—it also accelerates 

mechanical deterioration. Therefore, tailoring the 

PGSu/Ch ratio allows modulation of degradation 

kinetics to match the intended application and tissue 

regeneration timeline. 

   The superior compressive performance observed for 

PGSu/Ch (50/50) can be attributed to an optimal balance 

between network density and hydrophilicity. At this 

composition, sufficient chitosan is present to enhance 

intermolecular hydrogen bonding, thereby improving 

load transfer and viscoelastic response, without 

introducing excessive hydrophilicity that could over-

plasticize the polymer network. In contrast, the faster 

degradation of PGSu/Ch (30/70) results from its higher 

density of hydrophilic –OH and –NH₂ groups, which 

enhance water uptake, disrupt crosslink density, and 

promote hydrolytic chain scission. The greater pore 

interconnectivity of this composition likely facilitates 

fluid penetration, accelerating ester bond cleavage and 

mechanical softening. 

   When compared with benchmark soft tissue 

engineering scaffolds, our PGSu/Ch (50/50) scaffolds 

demonstrate a hydrated compressive modulus of 180 

kPa, which is slightly higher than that reported by Liu et 

al. [67]  for PGS-based scaffolds (167.0 kPa) and 

comparable to the range of 170–200 kPa reported by 

Wang et al. [68] for PGS@Gel scaffolds. Unlike PLA- 

or PCL-based scaffolds, which are significantly stiffer 

and degrade over several months to years, PGSu/Ch 

composites offer faster yet controlled degradation (65–

92% mass loss over 60 days) that better matches the 

timeline of soft tissue regeneration. Furthermore, the 

presence of chitosan provides intrinsic bioactivity and 

cell-interactive functionality not present in purely 

synthetic polyesters, positioning PGSu/Ch scaffolds as 

promising candidates for next-generation soft tissue 

engineering platforms requiring a balance of mechanical 

compliance, tunable degradation, and biological 

performance. 

 

3.6. In vitro analysis 

 

The biocompatibility of the fabricated scaffolds was 

assessed by MTT assay, and the results are presented in 

Figure 6. Cell viability was measured after 1, 4, and 7 

days of incubation. On day 1, all scaffolds exhibited 

comparable levels of cell viability, indicating initial 

cytocompatibility and absence of acute cytotoxicity. 

This suggests that none of the materials released harmful 

byproducts during early cell contact. By day 4, a 

noticeable increase in cell viability was observed across 

all samples, particularly in the PGSu/Ch (30/70) and 

PGSu/Ch (70/30) scaffolds. The increased 

hydrophilicity and favorable surface properties, as 

previously confirmed by contact angle and swelling 

analyses, likely contributed to enhanced cell adhesion 

and proliferation. On day 7, the PGSu/Ch (30/70) 

scaffold demonstrated the highest cell viability, even 

exceeding the control group, indicating not only 

excellent cytocompatibility but also bioactivity that 

promotes cell proliferation. The high Ch content in this 

formulation provides abundant amino and hydroxyl 

groups that improve surface interactions and potentially 

stimulate cellular metabolic activity[69]. The PGSu/Ch 

(50/50) scaffold also supported sustained viability, 

though slightly lower than S3. The pure PGSu scaffold 

exhibited consistently high cell viability across all time 

points, comparable to the control group. This suggests 

that despite lacking bioactive additives such as Ch, 

PGSu itself is cytocompatible and does not induce acute 

or long-term cytotoxicity. However, samples containing 

Ch, particularly PGSu/Ch (30/70), demonstrated even 

higher cell viability on day 7, indicating enhanced 

bioactivity due to the presence of amine- and hydroxyl-

rich functional groups that promote cell proliferation. 

These results confirm that the incorporation of Ch into 

PGSu scaffolds significantly enhances cytocompatibility 

and supports time-dependent cell proliferation, with 

PGSu/Ch (30/70) emerging as the most favorable 

formulation for promoting in vitro cell growth. 

To evaluate early-stage cell–material interactions, cell 

adhesion on the scaffold surfaces was investigated after 

1 day of culture using SEM. Representative micrographs 

at low, medium, and high magnifications are shown in 

Figure 7 for each sample group. 
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Figure 5. (A) Hydrolytic degradation profiles of PGSu and PGSu/Ch composite scaffolds over 60 days in FBS. (B, C) Compressive mechanical behavior 

of scaffolds after 20 and 30 days of degradation, respectively. (D–F) SEM micrographs showing surface morphological changes after 20 and 30 days of 
degradation with scale bars (500 µm for D and 100 µm for E, F). (G) Schematic illustration of the degradation process and corresponding chemical bond 

cleavage within the scaffold matrix 
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Figure 6. Cell viability of L929 fibroblasts cultured on PGSu and PGSu/Ch composite scaffolds over 1, 4, and 7 days, as assessed by MTT assay. 

Results are presented as mean ± SD (n = 3). A significant increase in cell viability was observed over time, particularly for PGSu/Ch (30/70) and 

PGSu/Ch (50/50) scaffolds, indicating excellent cytocompatibility and support for cell proliferation. Statistical analysis was performed using one-way 
ANOVA followed by Tukey’s post hoc test. Significance levels are indicated as ns (not significant), p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***) 

 

The pure PGSu scaffold (Figure 7A–A″) displayed a 

relatively smooth surface with limited cell attachment. 

The absence of abundant surface functional groups and 

lower hydrophilicity likely restricted effective cell 

anchorage. In contrast, all PGSu/Ch composite scaffolds 

demonstrated enhanced cell adhesion, indicating that the 

incorporation of Ch significantly improved scaffold 

bioactivity. Among the composite samples, PGSu/Ch 

(30/70) and PGSu/Ch (50/50) scaffolds (Figures 7C–C″ 

and 7D–D″) showed a notably higher density of adhered 

cells. The cells appeared well spread with visible 

pseudopodia extensions, suggesting active interaction 

with the underlying matrix. This improvement can be 

attributed to the synergistic effects of Ch’s hydrophilic 

and bioactive functional groups (–OH, –NH₂), which 

facilitate protein adsorption and integrin-mediated cell 

binding[70]. The porous and rough surface morphology, 

as observed in previous SEM results, further enhances 

cellular contact area and attachment potential. The 

PGSu/Ch (70/30) scaffold (Figures 7B–B″) exhibited 

moderate cell adhesion, with fewer attached cells 

compared to higher Ch-content samples, yet 

significantly more than pure PGSu. These observations 

confirm that increasing Ch content improves the 

scaffold's cell-adhesive properties at the early stages, 

likely due to the combined effects of enhanced surface 

chemistry and wettability. 

   Collectively, these results demonstrate that PGSu/Ch 

scaffolds, particularly at 50/50 and 30/70 ratios, provide 

a favorable surface for initial cell attachment, which is 

critical for subsequent cell proliferation and tissue 

integration. 

   To assesses longer-term cell–scaffold interactions, the 

adhesion of cells to the scaffold surfaces was analyzed 

after 4 days of culture using SEM imaging at multiple 

magnifications, as shown in Figure 8. 

The pure PGSu scaffold (Figures 8A–A″) displayed 

minimal cell presence, with only a few loosely attached, 

rounded cells observed. The lack of cell spreading and 

interaction with the surface suggests poor compatibility, 

consistent with the low hydrophilicity and limited 

bioactive functional groups of PGSu[71]. In comparison, 

the PGSu/Ch (70/30) scaffold (Figures 8B–B″) 

demonstrated improved cell adhesion. The scaffold 

surface showed several cells with early signs of 

spreading and partial integration into the matrix. This 

moderate improvement is likely due to the partial 

presence of Ch, which enhances surface hydrophilicity 

and provides bioactive sites for attachment. Notably, 

PGSu/Ch (30/70) (Figures 8C–C″) and PGSu/Ch 

(50/50) (Figures 8D–D″) scaffolds exhibited superior 

cell adhesion behavior. In these samples, the scaffold 

surfaces were heavily colonized by numerous well-

spread cells, many displaying flattened morphologies 

and pseudopodia-like extensions indicative of active 

cellular interaction. The presence of Ch in higher ratios 

promotes favorable surface chemistry, including 

hydroxyl and amine groups, which improve protein 

adsorption and integrin-mediated binding[72][73]. 

Additionally, the rough and porous topography further 

facilitates cellular anchorage and expansion. Between 

these two, the PGSu/Ch (50/50) scaffold showed the 

highest cell density and more developed cell clusters, 

suggesting stronger scaffold–cell interaction and more 

efficient support of cellular activity. These observations 

align well with previous MTT assay results, which also 

indicated high viability for this composition. 

   Overall, these findings reinforce the role of Ch in  
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enhancing early and sustained cell adhesion, with 

PGSu/Ch (50/50) and PGSu/Ch (30/70) demonstrating 

the most favorable cell–material interactions by day 4. 

Cell adhesion and proliferation on the scaffolds were 

further examined after 7 days of culture using SEM 

imaging, with results shown in Figure 9. This long-term 

observation provides insights into scaffold performance 

in supporting sustained cell–material interactions. 

   In the case of pure PGSu (Figures 9A–A″), although a 

slight increase in the number of adhered cells compared 

to earlier time points was observed, the overall cell 

coverage remained limited. Most cells appeared rounded 

with minimal spreading, indicating weak adhesion and 

insufficient surface bioactivity to support robust 

colonization [74]. The PGSu/Ch (70/30) scaffold 

(Figures 9B–B″) exhibited an improved cellular 

response. Cells were more numerous and slightly more 

spread, suggesting better interactions with the matrix, 

yet the level of surface colonization remained moderate. 

In contrast, the PGSu/Ch (30/70) (Figures 9C–C″) and 

PGSu/Ch (50/50) (Figures 9D–D″) scaffolds 

demonstrated excellent cell adhesion and coverage. In 

both samples, cells formed dense clusters and extensive 

spreading was evident, with visible cytoplasmic 

extensions anchoring into the scaffold surface. The 

porous and hydrophilic environment provided by higher 

Ch content likely facilitates cellular infiltration and 

nutrient exchange, promoting enhanced proliferation 

and adhesion. Notably, the PGSu/Ch (30/70) scaffold 

showed the highest cell density and surface integration. 

The architecture supported not only adhesion but also 

apparent colony formation, indicating favorable 

conditions for long-term cell survival and potential 

tissue ingrowth. 

   These results align well with MTT assay trends and 

earlier adhesion assessments, confirming that higher Ch 

incorporation enhances scaffold bioactivity over 

extended periods. 

 
Figure 7. SEM micrographs showing cell adhesion on the scaffold surfaces after 1 day of culture at increasing magnifications (scale bars: 20 µm for left 

and middle columns, 10 µm for right column). (A–A″) PGSu, (B–B″) PGSu/Ch (70/30), (C–C″) PGSu/Ch (30/70), and (D–D″) PGSu/Ch (50/50) 

A A' A''

B B' B''

C C' C''

D D' D''

https://doi.org/10.57647/pibm.2025.1402.33


Faezesadat Miri et al., Prog. BioMater. 2025; 14(2)                                                                                                                                                                                                          17 

 

 

  10.57647/pibm.2025.1402.33 

 

 
Figure 8. SEM micrographs showing cell adhesion on scaffold surfaces after 4 days of culture at increasing magnifications (scale bars: 20 µm for left 

and middle columns, 10 µm for right column). (A–A″) PGSu, (B–B″) PGSu/Ch (70/30), (C–C″) PGSu/Ch (30/70), and (D–D″) PGSu/Ch (50/50) 

 

In the preceding sections, we have systematically 

presented the structural, mechanical, degradation, and 

biological data of PGSu/Ch scaffolds and compared 

them with those reported in the literature to position our 

findings in the broader scientific context. Previous 

investigations, such as those by Zabihi et al. [11] (PGSu 

nanogels), Mahtabi et al. [15] (PLA/PGSu/nHA bone 

scaffolds), and Zhang et al. [19] (PGS–silk fibroin–Ch 

composites), have highlighted the promise of glycerol-

based polyesters and chitosan for regenerative medicine 

but exhibited notable limitations. These included an 

absence of three-dimensional porous scaffold systems, 

lack of systematic optimization across multiple weight 

ratios, limited mechanical testing under physiologically 

relevant hydrated conditions, and insufficient 

quantitative correlation between scaffold composition, 

crystallinity, porosity, mechanical properties, and 

cellular performance. 
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Figure 9. SEM micrographs showing cell adhesion on scaffold surfaces after 7 days of culture at increasing magnifications (scale bars: 20 µm for left 

and middle columns, 10 µm for right column). (A–A″) PGSu, (B–B″) PGSu/Ch (70/30), (C–C″) PGSu/Ch (30/70), and (D–D″) PGSu/Ch (50/50) 

 

The present study addresses these gaps by implementing 

a multi-ratio design (70/30, 50/50, 30/70), quantitative 

CIapp analysis (e.g., 38.7% for PGSu/Ch 50/50), and 

compression testing under both dry and hydrated states, 

yielding a hydrated compressive modulus of ≈180 kPa—

higher than typical values reported for pure PGS 

scaffolds (167 kPa)—and establishing a direct link 

between chain ordering and mechanical performance. 

The degradation profile was also characterized in detail, 

with PGSu/Ch (30/70) exhibiting 65–92 % mass loss 

over 60 days, a rate that better matches soft tissue 

remodeling than the months-to-years degradation of 

PLA or PCL scaffolds. Furthermore, in vitro assays 

confirmed superior fibroblast viability and attachment, 

quantitatively validating and extending the qualitative 

trends reported in earlier chitosan-containing 

composites. 

   Collectively, these results demonstrate that PGSu/Ch 

scaffolds can be tuned to simultaneously provide 

interconnected macroporosity, mechanical compliance, 

and controlled resorption, thereby minimizing 

mechanical mismatch and reducing risks of fibrosis or 
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chronic inflammation. By integrating structure–

property–function relationships, this work provides a 

reproducible and translationally relevant framework for 

rational scaffold design in skin, subcutaneous, and 

peripheral nerve repair. 

   Despite these advances, certain limitations remain. 

Our work was restricted to in vitro assessments with 

fibroblasts, and no in vivo studies were conducted to 

evaluate immune response, vascularization, or long-term 

functional recovery. Additionally, while salt-leaching is 

a robust and scalable method, advanced fabrication 

techniques such as 3D printing or gradient-porosity 

approaches could further optimize scaffold architecture 

for site-specific applications. Future research should 

therefore focus on (i) in vivo validation in relevant 

animal models, (ii) integration of growth factors or 

bioactive nanoparticles to enhance regenerative 

signaling, and (iii) computational modeling or AI-

assisted design to tailor scaffold performance to patient-

specific requirements. 

 

4. Conclusions 

 

In this study, a series of bioengineered three-

dimensional porous scaffolds were successfully 

fabricated by combining PGSu with varying weight 

ratios of Ch using a salt-leaching approach. 

Comprehensive characterization confirmed the 

successful synthesis and integration of components: 

FTIR verified the formation of PGSu and its chemical 

interaction with Ch, while XRD revealed increased 

molecular ordering in Ch-containing scaffolds, 

particularly in the PGSu/Ch (50/50) formulation. SEM 

analysis demonstrated that increasing Ch content 

produced a more open and interconnected porous 

architecture, favoring water penetration and cellular 

infiltration. Wettability and swelling studies further 

confirmed enhanced hydrophilicity for Ch-containing 

scaffolds, with PGSu/Ch (30/70) showing the highest 

water uptake. TGA results indicated improved thermal 

stability with higher Ch content, supporting the 

structural integrity of the scaffolds during processing 

and sterilization.  Mechanical testing revealed that 

PGSu/Ch (50/50) possessed the highest compressive 

strength and modulus (180 kPa in hydrated state), a 

result attributable to an optimal network density and 

enhanced hydrogen bonding that provide efficient load 

transfer without compromising elasticity. In contrast, 

PGSu/Ch (30/70) displayed the greatest elongation at 

break and mechanical compliance, suggesting its 

suitability for dynamic tissue environments requiring 

flexible scaffolds. Hydrolytic degradation studies 

demonstrated a composition-dependent trend, with 

PGSu/Ch (30/70) showing the fastest mass loss (65% 

over 60 days), which correlates with its higher 

hydrophilicity and greater pore interconnectivity that 

accelerate hydrolytic chain scission.  In vitro 

cytocompatibility assessment through MTT assay and 

SEM-based cell adhesion studies confirmed excellent 

biocompatibility for all formulations, with PGSu/Ch 

(30/70) supporting the highest cell viability, robust 

attachment, and active proliferation over 7 days. This 

highlights the dual potential of PGSu/Ch scaffolds: 

PGSu/Ch (50/50) is ideal for applications requiring 

longer structural support during tissue regeneration (e.g., 

subcutaneous tissue or vascular grafts), while PGSu/Ch 

(30/70) is suited for situations where rapid integration 

and resorption are desirable, such as wound healing, 

dermal repair, and peripheral nerve regeneration. 

   These findings underscore the versatility of PGSu/Ch 

composites as next-generation biomaterials offering 

tunable mechanical compliance, controllable 

biodegradation, and excellent cytocompatibility for 

personalized soft tissue engineering.  Nevertheless, this 

study has certain limitations. The current work was 

confined to in vitro analysis, and in vivo studies are 

essential to evaluate tissue response, vascularization 

potential, and long-term integration. Furthermore, while 

residual solvents and crosslinkers were minimized by 

prolonged washing, sensitive analytical methods should 

be employed in future work to ensure complete removal 

and confirm biosafety for clinical use. 

   Future directions will include tensile, cyclic loading, 

creep, and stress relaxation tests to fully capture the 

viscoelastic behavior, hysteresis, and fatigue tolerance 

of the scaffolds under conditions mimicking repeated 

physiological loading. These measurements will provide 

critical insights into long-term durability, energy 

dissipation, and resistance to mechanical failure, 

complementing the static compression results presented 

in this study. Furthermore, in vivo implantation studies 

will be performed to evaluate immune response, 

angiogenesis, and tissue integration, and bioreactor-

based dynamic culture systems will be employed to 

better simulate physiological microenvironments and 

pre-condition scaffolds before implantation.  Additional 

strategies such as surface functionalization through 

covalent grafting will be explored, taking advantage of 

the abundant hydroxyl and amine groups in PGSu/Ch to 

immobilize bioactive peptides (e.g., RGD sequences), 

growth factors, or anti-inflammatory agents using 

chemistries such as EDC/NHS coupling or click 

reactions. Such grafting approaches are expected to 

enhance cell adhesion, direct lineage-specific 

differentiation, and improve tissue–scaffold integration. 

Furthermore, PEGylation or zwitterionic grafting could 

be employed to modulate protein adsorption and reduce 

inflammatory responses, while grafting of mechanically 
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reinforcing moieties could increase interfacial cohesion 

and wear resistance.  Finally, incorporation of bioactive 

nanoparticles, gradient-porosity design, and advanced 

fabrication techniques such as 3D printing will be 

investigated to synergistically enhance angiogenesis, 

extracellular matrix deposition, and site-specific 

regenerative outcomes. 
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