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A B S T R A C T

In this study novel polymeric materials based on chitosan (CS) were synthesized by chemically modifying CS 
with two bioactive moieties: eugenol and a compound containing a thiazolium group. These modifications aimed 
to impart antioxidant and antimicrobial properties to the matrix. Additionally, the scaffolds were reinforced with 
chitin nanowhiskers (Nw) to improve their mechanical strength and stability. Porous three-dimensional scaffolds 
were fabricated via the freeze-drying process, resulting in highly interconnected pore networks suitable for cell 
infiltration and nutrient transport. Biological characterization revealed that the incorporation of the two 
bioactive groups significantly enhanced the antioxidant activity and antimicrobial efficacy against both Gram- 
positive and Gram-negative bacteria to the scaffolds. Mechanical testing demonstrated that the Nw reinforce
ment increased scaffold stiffness and resilience without compromising porosity. In vitro biological assays using 
fibroblasts showed favorable cytocompatibility and promoted sustained cell proliferation over three weeks. 
Fluorescence microscopy confirmed fibroblast adhesion and morphological adaptation within the scaffold ar
chitecture. Additionally, the scaffolds were evaluated for their immunomodulatory effects using macrophage 
cultures, revealing a balanced immune response with reduced proinflammatory signaling, which is critical for 
successful integration and reduced fibrosis in vivo. These results indicate that those are promising candidates for 
tissue engineering and regenerative medicine applications.

1. Introduction

Chitin (Ch) is the second most abundant polysaccharide in nature 
after cellulose, found in the exoskeletons of crustaceans, insects or crabs 
(Terkula Iber et al., 2022). This polysaccharide is composed of repeating 
units of N-acetyl-D-glucosamine linked through β-(1→4) bonds, which 
confer a highly crystalline and rigid structure (Moussian, 2019). This 
biopolymer can be modified and processed in various ways to produce 
functional materials, depending on the chemical or mechanical treat
ment applied (Phongying et al., 2007; Sriupayo et al., 2005). One of its 
most relevant derivatives is chitin nanowhiskers (Bai et al., 2022; 
Muñoz-Nuñez et al., 2022; Muñoz-Núñez et al., 2024) (Nw), nanoscale 
structures obtained by acid hydrolysis of the polymer, which exhibit 
higher crystallinity and enhanced mechanical properties. These 

nanomaterials are often used as reinforcing agents in polymer matrices 
to develop hybrid systems with improved physicochemical characteris
tics (Chi-Yan Li et al., 2016; D. Li et al., 2020; Paillet & Dufresne, 2001).

Furthermore, chitin can be easily transformed into chitosan (CS) 
through partial or complete deacetylation of its N-acetyl groups 
(Muñoz-Bonilla et al., 2019). This chemical transformation not only 
modifies its structure but also changes its physicochemical properties, 
due to the presence of free amino groups (Korpayev & Ahmed, 2021), 
which gives it a positive charge in acidic environments (W. Wang et al., 
2020). CS is the only naturally cationic polysaccharide (Korpayev, 
Toprak et al., 2020), which allows the biopolymer to easily interact with 
negatively charged biological components (such as bacterial surfaces or 
certain proteins) and also enables its chemical modification to enhance 
or introduce new functionalities (Q. Chen et al., 2022), such as 
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antioxidant (J. Liu et al., 2017) or antimicrobial (Cui et al., 2022) ac
tivity. CS is known for its biocompatibility (Martău et al., 2019), 
biodegradability (Matica et al., 2017), low cost (Mohan et al., 2022) non 
toxicity (Kamarul et al., 2014) and simply processed (Ciarlantini et al., 
2025; Gholap et al., 2024; Homayoni et al., 2009; Mallakpour et al., 
2021; Peers et al., 2020; van den Broek et al., 2015; Yang et al., 2010). 
All these properties situate this polymer as an attractive candidate for 
many applications (Abourehab et al., 2022; Muñoz-Nuñez et al., 2025) 
such as food packaging (H. Wang et al., 2018), drug delivery 
(Bernkop-Schnürch & Dünnhaupt, 2012), wound healing (Ding et al., 
2022; W. Liu et al., 2023) or tissue engineering (Croisier & Jérôme, 
2013), among other .

From a chemical perspective, to provide CS with additional func
tional properties (Jiménez-Gómez & Cecilia, 2020), chemical modifi
cation through the incorporation of bioactive molecules could be 
proposed. In this work, the introduction of two compounds with known 
biological activities is explored: eugenol (EU) and thiazole molecules. 
EU is a natural phenolic compound present in several essential oils 
(Marchese et al., 2017) (such clove, cinnamon, turmeric…) and it is 
known for its strong antioxidant activity, although its antiseptic, 
anti-inflammatory, and antimicrobial properties are also well studied in 
the literature (Almeida Alima et al., 2024; Jung et al., 2006; Khadim 
et al., 2024; Kowalewska & Majewska-Smolarek, 2023; Sauperl et al., 
2021; Valencia-Sullca et al., 2024). This molecule contains a hydroxyl 
group and an allylic double bond, which makes it reactive and suitable 
for covalent bonding to polymers like CS. On the other hand, thiazole 
molecules exhibit a great spectrum of biological properties 
(Muñoz-Nuñez et al., 2023; Tejero et al., 2015; Zhao et al., 2015), 
including antimicrobial (Mohamed et al., 2022), antiviral (Ibrahim 
et al., 2022), and anticancer activities (Dawood et al., 2013). Taking 
advantage of their ability to be quaternized, the thiazolium ring in
creases the positive charge of the molecule (Fabiano et al., 2020; Martins 
et al., 2014; Shagdarova et al., 2019), enhancing its interaction with 
bacterial membranes, destabilizing the membrane and causing the 
bacteria to die. When those molecules were covalently linked to CS, the 
antimicrobial action was intensified without compromising the natural 
structure or biocompatibility of the polymer.

We hypothesized that incorporating bioactive derivatives and rein
forced nanoparticles into CS scaffolds would enhance their functional 
properties without compromising their biocompatibility and physico- 
chemical and mechanical properties. This approach is expected to 
overcome the existing limitations of these materials in tissue engineer
ing, focusing on tissue regeneration or implantable biomaterials by 
giving intrinsic and potent antimicrobial and antioxidant characteristics 
and improved structural stability. To prove the hypothesis, CS scaffolds 
were prepared incorporating mixtures of CS derivatives based on EU and 
thiazolium molecules (10 wt %) and chitin nanowhiskers (1 wt %). 
These were selected because they present antioxidant and antimicrobial 
characteristics and strengthening capacity, respectively. This multi
functional approach aims to generate structurally robust and biologi
cally active scaffolds with only a small percentage of active CS 
derivatives.

2. Materials and methods

Chitosan (from shrimp shells, with a deacetylation degree exceeding 
75 %) with a molecular weight of 357 ± 10 kDa, a degree of deacety
lation determined by NMR of 77 %, and chitin (Ch, also from shrimp 
shells) were procured from Merck. From this biopolymer, chitin nano
whiskers (Nw) with a length average of 123 ± 16 nm were subsequently 
produced using an acid hydrolysis method (Muñoz-Núñez et al., 2024). 
Additional reagents, including glycerol (gly, 99 %), 6‑hydroxy-2,5,7, 
8-tetramethylchroman-2-carboxylic acid (Trolox, 97 %), and 2,2-diphe
nyl-1-picrylhydrazyl (DPPH), were also acquired from Merck. Genipin 
(Gp) and lysozyme (sourced from egg white) were supplied by Fisher 
Scientific.

The chemically modified chitosan derivatives, namely CS-MTBAQ 
(Muñoz-Nuñez et al., 2023) and CS-EU (Muñoz-Núñez et al., 2025) 
were synthesized according to published procedures previously reported 
by our group and present modification degree of 0.68 % and 50 %, 
respectively. All organic solvents used in this work were of analytical 
grade. Glacial acetic acid, concentrated hydrochloric acid (HCl, 37 %), 
and methanol (MeOH) were supplied by Scharlau.

For biological assays, sodium chloride (NaCl, cell culture grade, 
BioXtra) and phosphate-buffered saline (PBS, pH 7.4) were purchased 
from Merck. Mueller-Hinton broth, used for bacterial growth, was ac
quired from Becton, Dickinson and Company. Microplates (96-well) 
were obtained from ThermoFisher Scientific. Columbia blood agar 
plates enriched with 5 % defibrinated sheep blood were sourced from 
Fisher. The microbial strains used in this study included Escherichia coli 
(E. coli, ATCC 25,922), Staphylococcus aureus (S. aureus ATCC 29,213), 
Enterococcus faecalis (E. faecalis, ATCC 29,212) and Pseudomonas aeru
ginosa (P. aeruginosa, ATCC 27,853), all provided by Oxoid™.

In the context of cell culture, Dulbecco’s Phosphate Buffered Saline 
(DPBS), Dulbecco’s Modified Eagle Medium (DMEM), and a Penicillin- 
Streptomycin (P/S) antibiotic mixture were purchased from Gibco. 
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT reagent) and Triton X-100 was obtained from Sigma-Aldrich. 
Heat-inactivated fetal bovine serum (FBS, 65 ◦C for 30 min) was pro
vided by PAN Biotech. AlamarBlue™ Cell Viability Reagent came from 
Invitrogen.

Additional reagents and kits included sodium dodecyl sulfate (SDS, 
≥99.5 %), bovine serum albumin (BSA), Paraformaldehyde solution 
(PFA, 4 %), DAPI (4′,6-diamidino-2-phenylindole, dihydrochloride), 
CoraLite-488-labeled phalloidin (in sterile water, Proteintech), the 
Micro BCA™ Protein Assay Kit, and the LIVE/DEAD™ Viability/Cyto
toxicity Kit for mammalian cells, all obtained from Thermo Fisher Sci
entific. The Mouse interleukin-6 (IL-6) DuoSet ELISA Kit was obtained 
from R&D Systems, and QuantiBlue™ reagent and murine macrophages 
(J774 Dual™) were purchased from InvivoGen. Normal human dermal 
fibroblasts (NHDF-Ad) supplied by Lonza.

2.1. Chitosan scaffold preparation

Chitosan scaffolds were fabricated using a freeze-drying method to 
obtain a highly porous structure suitable for cellular interaction. CS (1 % 
w/v) was dissolved in a 1 % (v/v) acetic acid solution under constant 
stirring until a homogeneous solution was achieved. The modified CS 
derivatives, CS-EU and CS- MTBAQ, were incorporated into the solution 
at predefined ratios (0–10, 2.5–7.5, 5–5, 7.5–2.5, and 10–0), ensuring 
complete dispersion. Additionally, for enhanced mechanical properties, 
1 % (wt. %) of Nw were added to selected formulations. To improve 
flexibility and stability, 15 % (w/v) glycerol was incorporated into all 
compositions, adjusting the relative proportions (Table 1). Glycerol also 

Table 1 
Composition of chitosan scaffolds (wt. %).

Sample CS 
(%)

CS-EU 
(%)

CS-MTBAQ 
(%)

Nw 
(%)

Gly 
(%)

CS 85 - - - 15
CS-EU0-MT10 75 - 10 - 15
CS-EU2.5-MT7.5 75 2.5 7.5 - 15
CS-EU5-MT5 75 5 5 - 15
CS-EU7.5-MT2.5 75 7.5 2.5 - 15
CS-EU10-MT0 75 10 - - 15
CS-Nw 84 - - 1 15
CS-EU0-MT10-Nw 74 - 10 1 15
CS-EU2.5-MT7.5- 

Nw
74 2.5 7.5 1 15

CS-EU5-MT5-Nw 74 5 5 1 15
CS-EU7.5-MT2.5- 

Nw
74 7.5 2.5 1 15

CS-EU10-MT0-Nw 74 10 - 1 15
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contributes to regulating the crystallization process during freeze- 
drying, preventing the formation of excessively sharp ice crystals that 
could compromise the porous microstructure of the scaffolds.

After homogenization, the solutions were stirred for 24 h to ensure 
proper mixing. The resulting mixtures were then cast into 96-well 
polystyrene plates and subjected to a controlled freezing process. Once 
frozen, the samples were lyophilized to remove the solvent, yielding a 
porous scaffold structure.

Following lyophilization, the scaffolds were crosslinked by immer
sion in a 0.025 % genipin solution in PBS and incubated at 37 ◦C for 24 h. 
This process produced a color change from white to dark green, indi
cating successful crosslinking. To remove excess genipin, the scaffolds 
were washed twice with ethanol and subsequently rinsed with distilled 
water. Finally, the scaffolds were frozen again and subjected to a second 
lyophilization step before storage under same conditions until further 
characterization and testing.

The incorporation of different CS-EU/CS-MTBAQ ratios allowed for 
the evaluation of their combined effect on the scaffold properties, while 
the inclusion of Nw provided additional structural reinforcement

2.2. Microstructural characterization

The morphological analysis of the scaffolds was conducted using 
scanning electron microscopy (SEM) to evaluate both the internal 
structure and surface characteristics. To prepare the samples, the scaf
folds were fractured using liquid nitrogen to obtain clean cross-sections, 
ensuring an accurate visualization of the internal porosity and structural 
organization.

The morphology was analyzed using a SNE Alpha SEM with an ac
celeration voltage of 20 kV. Prior to visualization, the samples were 
coated with a layer of Au/Pd (80/20) to enhance electron conductivity 
and improve imaging quality. The SEM analysis was performed under 
high vacuum conditions at varying magnifications to assess pore size 
and distribution. ImageJ software was used to process and analyze the 
obtained micrographs, allowing for quantitative evaluation of structural 
parameters such as pore diameter and interconnectivity.

2.3. Interconnectivity

A liquid displacement method was used to evaluate the inter
connectivity of the scaffolds. The scaffolds were immersed in an inert 
organic solvent, ethanol, at a controlled volume of 0.5 mL (density 0.789 
g/cm3) and incubated at 20 ◦C for 30 min (Ciarlantini et al., 2024). After 
this time, excess liquid was carefully removed, and the samples were 
weighed. By comparing the weight before and after immersion, the 
volume of displaced liquid was determined, providing an estimation of 
the internal porosity and degree of interconnectivity of the scaffolds (Eq. 
(1)). 

Interconnectivity (%) =

(
Wfinal − Winitial

ρEtOH × Vinitial

)

× 100 (1) 

2.4. Absorption capacity

The ability of the scaffolds to absorb liquid was evaluated using 
Dulbecco’s Modified Eagle Medium (DMEM), a standard medium in cell 
culture studies. Scaffolds were immersed in 1 mL of DMEM at 37 ◦C for 
24 h to allow for absorption (Drozdova et al., 2023). The initial weight of 
each scaffold was recorded before immersion, and the final weight was 
measured after removing any excess medium. The absorption capacity 
was determined by calculating the weight difference, which represents 
the amount of DMEM absorbed (Eq.2). 

Absorption (%) =

(
Wfinal − Winitial

Winitial

)

× 100 (2) 

2.5. Rheological properties

Before testing, all samples were immersed in PBS for 24 h at room 
temperature (22–23 ◦C) to ensure complete hydration. After equili
brating the scaffolds, the analysis was performed using a MCR702e 
rheometer equipped with an 8 mm stainless-steel parallel plate geome
try (Anton Paar, Austria). Oscillatory amplitude sweep tests ranging 
from 0.01 % to 100 % strain at a constant frequency of 10 rad/s were 
performed to determine the linear viscoelastic (LVE) region and eval
uate the strength of the network. Quantification of the mechanical sta
bility was done via the values of the crossover of storage modulus (G’) 
and the loss modulus (G’’), describing elastically stored or dissipated 
energy, respectively. Each scaffold formulation underwent ten replicate 
measurements under identical conditions. The resulting data was pro
cessed to calculate mean values with corresponding standard deviations, 
ensuring statistically reliable characterization of the viscoelastic 
properties.

2.6. Protein adsorption

Quantification of the protein adsorption on the scaffolds was 
assessed using the MicroBCA™ Protein Assay Kit. The scaffolds were 
then placed in a 96-well plate and to evaluate the amount of protein 
retained on the scaffold surface, samples were initially incubated with 
100 μL of BSA solution at a concentration of 200 μg/mL for 2 h. After 
incubation, the scaffolds were washed twice with PBS to remove any 
non-adsorbed proteins and transferred to a new well plate.

Then, the scaffolds were immersed in 200 μL of 1 % SDS solution, 
shake for 30 min to desorb the proteins. Subsequently, 150 μL of the 
resulting solution of SDS with the proteins desorbed were transferred to 
a 96-well plate with 150 μL of the MicroBCA working reagent and 
incubated at 37 ◦C for 2 h in the dark. Absorbance was measured at 562 
nm using a microplate reader (TECAN Spark), and protein content was 
determined by comparing the results to a standard calibration curve of 
BSA concentrations ranging from 0 to 200 μg/mL prepared in PBS. All 
experiments were performed in triplicates.

2.7. Antioxidant activity

For the assay, a stock solution of DPPH was prepared by dissolving 
15 mg of DPPH in 250 mL of methanol. Each scaffold was immersed in 1 
mL of this solution and incubated in the dark. The decrease in absor
bance at 517 nm was measured hourly during the first 8 h and other two 
samples at 16 h and 24 h, to determine the scavenging activity over time. 
All samples were tested in triplicate. 

DPPH scavenging (%) =

(
Absorbancecontrol − Absorbancesample

Absorbancecontrol

)

× 100

(3) 

2.8. Antimicrobial properties

The antimicrobial activity of the scaffolds was evaluated following 
the ASTM E2149–20 standard method (ASTM E2149–20, Standard Test 
Method for Determining the Antimicrobial Activity of Antimicrobial Agents 
Under Dynamic Contact Conditions; ASTM International. www.astm.org), 
which assesses the ability of materials to reduce bacterial viability in 
dynamic contact conditions. The antibacterial performance was tested 
against both Gram-positive and Gram-negative bacteria, including 
S. aureus, E. faecalis, E. coli and P. aeruginosa bacteria.

Scaffolds were immersed in a bacterial suspension (1 mL) with an 
initial concentration of 106 CFU/mL of each bacteria in PBS and incu
bated under continuous agitation at 100 rpm at 37 ◦C to ensure uniform 
contact between the material and the microorganisms for 24 h 
(Chiloeches et al., 2022). After this time, serial dilutions were done and 
plated onto agar plates for counting and incubated again at 37 ◦C for 24 
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h. All experiments were performed in triplicate to ensure 
reproducibility.

2.9. Cytotoxicity and proliferation studies

The scaffolds were first sterilized by exposure to UV radiation for 30 
min on each side. After sterilization, they were hydrated with a FBS 
solution for 30 min at 37 ◦C(Miranda et al., 2016). The cells were 
cultured in fibroblast basal medium (FBM), supplemented with 10 % 
FBS, FGM-2 SingleQuots (fibroblast growth supplement medium con
taining insulin, human basic-fibroblast growth factor (hFGF-B), and 
gentamicin sulphate amphotericin (GA-1000)), and 1 % 
penicillin-streptomycin) at 37 ◦C in a 5 % CO₂ atmosphere. Medium was 
exchanged every other day and fibroblasts were passaged upon 70 % 
confluency.

Once sterilized and treated with FBS, the scaffolds were placed in 
untreated 96-well plates. Around 10,000 cells were seeded onto each 
scaffold. After an incubation of 24 h, the scaffolds with the adhered fi
broblasts were moved to a new untreated plate to guarantee that only 
cells attached to the scaffolds were analyzed, removing any cells on the 
sides of the wells.

Cell proliferation was evaluated using the Alamar Blue assay at 1, 2, 
3, 7, 14, and 21 days. Alamar Blue reagent (10 % v/v) was added to each 
well containing the samples and cells and, were incubated at 37 ◦C for 2 
h. Then, the medium was transferred to black 96-well plates, and fluo
rescence was measured (Ex/Em 570/600 nm) using the microplate 
reader.

Controls included scaffolds of each type without cells (negative 
control) and scaffolds with fibroblasts cultured in a standard 96-well 
plate (positive control) to ensure proper cell adhesion.

2.10. Cell staining

Cells were stained to assess their morphology at different times. Cells 
were fixed with 4 % PFA for 1 h at 4 ◦C. After fixation, the scaffolds were 
washed twice with PBS to remove any residual fixative. Subsequently, 
the samples were permeabilized using 0.1 % Triton X-100 in PBS for 15 
min at room temperature. Then, the scaffolds were washed twice with 
PBS. The samples were covered with the DAPI/phalloidin staining so
lution and incubated for 30 min at room temperature in complete 
darkness. After that, they were gently washed twice with PBS.

2.11. Fibroblast morphology analysis

Fibroblast adhesion, distribution and proliferation on the scaffolds 
were evaluated through SEM using an SNE Alpha equipment. A dehy
dration protocol was implemented, progressing through an ethanol 
gradient series to gradually replace aqueous media without inducing 
structural collapse. When fully dried, the scaffolds were coated via 
sputter deposition (Au/Pd alloy, 80:20 ratio).

2.12. Macrophage cell culture

Macrophages were maintained in complete DMEM growth medium 
under culture conditions of 37 ◦C and 5 % CO₂. Scaffolds were sterilized 
by UV for 30 min per surface. Around 10,000 cells were seeded per well 
in 96-well plates and allowed to adhere for 24 h. Different scaffold 
formulations were then added to the wells with fresh medium, along 
with control groups: cell-free scaffolds (negative control) and LPS- 
stimulated macrophages (15 ng/mL, positive control). Following 24 h 
coculture, 150 μL supernatant aliquots were collected. Three indepen
dent replicates were analyzed per experimental group.

2.13. QuantiBlue assay

The activation of J774-Dual cells following scaffold exposure was 

monitored by measuring the expression of a secreted embryonic alkaline 
phosphatase (SEAP). J774-Dual cells are genetically modified to express 
SEAP under activation of NF-kB transcription factor. SEAP detection was 
carried out via QuantiBlue assay. 180 µL of QuantiBlue detection re
agent were added to 20 µL of conditioned medium from the 
macrophage-scaffold cultures, negative controls and positive controls 
(0.1 μg/mL). Then, they were incubated for 30 min at 37 ◦C in dark 
conditions. Absorbance spectra (620–655 nm) were acquired using the 
microplate reader. Each experimental group was analyzed in triplicate.

2.14. Enzyme-linked immunosorbent assay (ELISA) for IL-6 
quantification

IL-6 secretion was evaluated using a sandwich ELISA. A 96-well plate 
was initially coated with capture antibody (50 μL/well) and incubated 
overnight at room temperature in darkness. After three wash cycles with 
PBS containing 0.05 % Tween-20, non-specific binding sites were 
blocked with 300 μL/well of Reagent Diluent for 1 h. After this time, for 
antigen binding, the experimental supernatants prepared before (100 
μL/well) were then incubated for 2 h with gentle agitation. Following 
another wash, the Detection Antibody (50 μL/well) was added and 
incubated for 2 h. After this time, the wells were washed again and the 
streptavidin-HRP conjugate (100 μL/well) added for 20 min. The wells 
were newly washed three times, and the substrate solution (100 μL/ 
well) was added and let react for 20 min in darkness. The colorimetric 
reaction was stopped by adding stop solution (50 μL/well) and absor
bance was immediately measured at 450 nm with 540 nm reference 
wavelength correction using a microplate reader. All conditions were 
analyzed in triplicate. Final cytokine concentrations were determined 
using a standard curve prepared from recombinant mouse IL-6 protein 
(pg/mL).

2.15. Live/Dead assay

Macrophage viability was evaluated after 24 h of scaffold exposure 
using the LIVE/DEAD™ Viability/Cytotoxicity Kit. The prepared stain
ing solution was added directly to the cells, and the 96-well plate was 
incubated for 15 min at 37 ◦C, protected from light. After incubation, 
fluorescence images were acquired using a Keyence BZ-X810 All-in-one 
fluorescence microscope. A minimum of 10 images per sample were 
captured across multiple fields to ensure a representative analysis. 

Viability(%) =
n∘live cells
total cells

× 100 (4) 

2.16. In vitro biodegradation

Enzymatic degradation assay was performed using lysozyme. Each 
scaffold was then immersed in 1 mL of a lysozyme solution (13 mg/L in 
PBS) and incubated at 37 ◦C with 60 rpm of agitation (Han et al., 2012). 
The degradation medium was refreshed every three days with a freshly 
prepared lysozyme solution in PBS. Samples, tested in triplicate, were 
collected weekly for 63 days to evaluate the degradation process by 
measuring the dry weight loss over time. The initial weight of each 
scaffold (w₀) was recorded before starting the experiment. Samples were 
taken once per week for 9 weeks. At each specific time, the medium was 
removed, the scaffolds were frozen, lyophilized, and then weighed again 
(w₁). The degradation rate was calculated using Eq. (5). 

Weight lost (%) =

(
W0 − W1

W0

)

× 100 (5) 

The potential cytotoxicity of soluble products generated during 
scaffold degradation was evaluated using a complementary viability 
assay with NHDF-Ad cells. Degradation media were collected and tested 
from the enzymatic degradation assay at 7, 28, and 63 days, to represent 
the early, intermediate and advanced stages of scaffold decomposition.
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2.17. Statistical analysis

Statistical comparisons among groups in the interconnectivity, fluid 
uptake, and cytotoxicity tests were achieved using one-way ANOVA. 
Tukey’s test was used to identify specific differences between condi
tions. Statistical significance was established at P ≤ 0.05. For all other 
experimental measurements, appropriate statistical treatment was also 
applied. In each case, data were obtained from at least three indepen
dent replicates per condition.

3. Results and discussion

3.1. Microstructural characterization

The morphological and mechanical properties of the scaffolds with 
different compositions were evaluated. All scaffolds exhibited a highly 
porous and interconnected architecture. Pore size characteristic of each 
scaffold formulation was determined by analyzing SEM images with 
ImageJ software, and the results are presented in Table 2.

The observed dimensions of the pores ranged from 16.6 µm to 32.9 
µm. According to the literature (Karakeçili et al., 2022; Sharma et al., 
2016), this range is suitable for promoting nutrient diffusion, oxygen 
transport throughout the scaffold, and the removal of waste products. In 
principle, these conditions would support cell growth, migration, and 
proliferation by providing an increased surface area for cell attachment 
and a structural network that supports 3D tissues formation (Abbasi 
et al., 2020; Hing et al., 2005).

All scaffolds exhibited a similar porous structure, however, differ
ences in pore size were observed depending on the chemical composi
tion of the CS derivative used (CS-EU or CS-MTBAQ). Although the 
differences are not statistically significant in every case, the results show 
that as the concentration of CS-MTBAQ increases (and CS-EU decreases), 
the pore size also increases. Previous studies (Gaweł et al., 2023; Kani
mozhi et al., 2016; Medeiros Borsagli et al., 2018; D. Wang et al., 2015) 
have related the pore size to the polar nature of the CS derivatives, 
suggesting that their interaction with water can influence the pore 
structure during the lyophilization process. In this context, CS-EU, 
which contains more hydrophobic chains, would form a more compact 
system with reduced interaction with the solvent, resulting in smaller 
pores after freeze-drying.

Likewise, pore interconnectivity is another key parameter of the 
scaffolds for tissue engineering. Greater pore interconnectivity and 
number of pores provide more space for the cells’ adaptation, migration 
into the scaffolds, and nutrient production (Korpayev, Kaygusuz et al., 

2020). Moreover, a high degree of interconnectivity enhances the 
diffusion of nutrients and oxygen, and with the micropores, facilitates 
efficient transport and exchange of metabolic substances (Jiankang 
et al., 2007). The interconnectivity is shown in Fig. 1a.

The results indicate an interconnectivity of approximately 80 % for 
all compositions, which is suitable for supporting cellular infiltration in 
tissue engineering applications (Griffon et al., 2006; Kim et al., 2012).

In addition to pore structure, the ability of the scaffolds to absorb and 
retain the cell culture medium is crucial for creating a favorable envi
ronment for their growth. To evaluate this property, the absorption 
capacity of scaffolds was tested (Fig. 1b) using DMEM as a model fluid 
(M. Dash et al., 2011; Florczyk et al., 2013; Huang et al., 2019). No 
significant differences were observed in DMEM absorption capacity 
among the diverse scaffold compositions (Borges-Vilches et al., 2023). 
This could be explained by the fact that all scaffolds shared a common 
base of CS and Gly, with only 10 % of the composition altered by 
different modified CS. The absorption in scaffolds based on CS largely 
depends on pore structure, the proportion of CS, and the presence of the 
plasticizer, the dominant matrix governs the overall retention proper
ties. If the chemical modifications do not alter surface chemistry or 
scaffold morphology, their influence on absorption remains limited. This 
suggests that the variations in pore size are minimal and do not affect the 
ability of the scaffolds to absorb the medium used. Therefore, all com
positions can be considered suitable for supporting cell viability and 
proliferation.

The mechanical properties of the scaffolds were analyzed via oscil
latory amplitude sweeps, and the storage (G’) and loss (G’’) moduli as a 
function of strain deformation are displayed in Figs. 1c (without Nw) 
and d (with Nw). All tested scaffolds show solid-like behavior, indicated 
by G’ > G’’ within the linear viscoelastic (LVE) region (G’ independent 
of the applied strain). At the crossover value of G’ and G’’, the so-called 
flow point (see Table 2), the material transitions from solid-like to 
liquid-like behavior. Young’s modulus (E) for each scaffold (see Table S1 
in the Supporting Information) was calculated using G’ values at the LVE 
region and the assuming a Poisson’s ratio (ν) of 0.5 as follows: 

E = 2G
ʹ(1+ν) (6) 

For scaffolds without added Nw, the addition of EU slightly increased 
the flow stress from 53 Pa (EU0-MT10) to 103 Pa (EU10-MT0). This can 
be attributed to the specific molecular structure and interactions of 
eugenol within the polymer matrix (Zeng et al., 2023). When adding 
Nws, the flow stress increased for the formulation without EU (79 Pa). 
Up to an EU content of 7.5 wt. %, the Nws enhance the flow stress 
compared to non-filled scaffolds, which we attribute to a reinforcement 
effect of the fillers (Petrova et al., 2020). This reinforcement effect seems 
to reach its limit at the highest concentration of EU, where the Nws do 
not show a significant improvement in the flow stress (101 Pa). At this 
EU concentration, the Nws hinder the interactions between the EU and 
the polymer matrix, reducing the overall mechanical stability. Surpris
ingly, this reinforcement effect has no significant impact on E values. All 
of them vary in the range 1.2–2.0 kPa (see Table S1), which is considered 
soft and adequate for fibroblast growth. In addition, the yield stress, 
which is the value of the shear stress at the limit of the LVE region, was 
also determined and the ratio between the flow stress and yield stress, 
viz. the flow transition index, was also estimated. The closer this ratio is 
to one, the greater the tendency of the sample to undergo brittle fracture 
(D. R. Dash et al., 2024; Mezger, 2020; Zhou et al., 2022). Therefore, all 
the studied scaffolds present a ductile nature.

3.2. Antioxidant properties

The evaluation of antioxidant properties in biomaterials has gained 
relevance in tissue engineering, especially in applications where 
oxidative stress could compromise cellular function and tissue regen
eration (Fadilah et al., 2023; Gao et al., 2021). In this study, the 

Table 2 
Pore diameter of all prepared scaffolds and flow stress determined by the cross- 
over of G’ and G’’, the yield stress and the flow transition index (FTI).

Sample Pore diameter 
(μm)

Flow stress 
(Pa)

Yield stress 
(Pa)

FTI

CS 16.6 ± 6.9a 53 ± 13 13 ± 3 4
CS-EU0-MT10 32.9 ± 16.5b 73 ± 23 12 ± 4 6
CS-EU2.5-MT7.5 26.4 ± 8.4c 87 ± 5 11 ± 4 8
CS-EU5-MT5 24.7 ± 9.9cd 106 ± 27 13 ± 3 8
CS-EU7.5-MT2.5 22.8 ± 9.de 111 ± 28 11 ± 2 10
CS-EU10-MT0 21.7 ± 9.0ef 103 ± 9 11 ± 2 9
CS-Nw 17.9 ± 8.3a 42 ± 8 9 ± 5 5
CS-EU0-MT10- 

Nw
26.3 ± 10.9c 79 ± 31 12 ± 5 7

CS-EU2.5- 
MT7.5-Nw

25.9 ± 11.6c 95 ± 28 11 ± 4 9

CS-EU5-MT5-Nw 25.1 ± 7.7cd 78 ± 9 11 ± 1 7
CS-EU7.5- 

MT2.5-Nw
24.4 ± 7.3cde 118 ± 6 12 ± 2 10

CS-EU10-MT0- 
Nw

19.0 ± 7.4af 101 ± 29 12 ± 2 8

Values having the same letter are not significantly different for Tukey test (P ≤
0.05).
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antioxidant activity of scaffolds with different compositions was tested 
using the DPPH radical scavenging method, which enables the estima
tion of the material’s capacity to neutralize free radicals.

Scaffolds containing different proportions of CS-EU and CS-MTBAQ 
were analyzed to investigate how the chemical composition influences 
the antioxidant behavior. This aspect is relevant due to the good prop
erties of eugenol, which is known for being an aromatic compound with 
a phenolic structure capable of stabilizing free radicals through elec
tronic delocalization (F. Chen et al., 2009; Mouro et al., 2019). In 
addition, the presence of CS-MTBAQ introduces further structural and 
electronic modifications that could enhance the antioxidant activity of 
the scaffold (Agili, 2024; Kashyap et al., 2012).

The results show that the antioxidant properties of the scaffolds are 
directly related to the concentration of CS-EU (Fig. 2). In addition, the 

initial slopes of the scavenging curves suggest that higher CS-EU content 
and the presence of Nw not only increase the antioxidant capacity but 
also accelerate the radical neutralization kinetics. This faster response 
could be beneficial in applications requiring rapid radical elimination 
(Kang et al., 2017). As the proportion of this derivative increases in the 
composition, higher DPPH scavenging capacity and faster kinetics are 
observed, with the plateau being reached between 4 and 7 h.

Notably, regardless of the time required to reach the maximum ac
tivity, all scaffolds containing CS-EU or CS-MTBAQ achieve over 90 % of 
DPPH neutralization. In contrast, the scaffold composed just with CS 
only reaches 50 % antioxidant activity after 24 h, a value that slightly 
increases to nearly 60 % with the incorporation of Nw.

Regarding the addition of the nanowhiskers, the same general trend 
is maintained in the scaffolds; higher CS-EU content results in enhanced 

Fig. 1. Properties of scaffolds with varying compositions of CS-EU and CS-MTBAQ. (a) Percentage of pore interconnectivity, n = 3; (b) cell culture medium uptake n 
= 3 ( %); Oscillatory amplitude sweeps of (c, e) scaffolds without Nw, n = 10 and (d, f) scaffolds with Nw, n = 10. Filled symbols indicate G’ and open symbols G’’. 
Solid lines are a guide to the eye.
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antioxidant activity. However, the incorporation of Nw seems to slow 
down the antioxidant response; the time required to reach the plateau is 
significantly longer than the scaffolds without Nw, ranging from 8 h to 
16 h.

3.3. Antimicrobial properties

The antimicrobial properties of the scaffolds with different compo
sitions were evaluated to assess their ability to inhibit bacterial growth. 
The purpose was to determine how the incorporation of CS derivatives 
(CS-EU and CS-MTBAQ) influences the antimicrobial activity of the 
scaffolds against Gram-positive and Gram-negative bacteria. Since these 
scaffolds are designed for biomedical applications, it is crucial to un
derstand their behavior in the presence of pathogenic microorganisms, 
as bacterial contamination could compromise tissue regeneration or 
lead to infections after implantation.

Four bacteria commonly found in biomaterial-related infections 
were chosen: S. aureus, E. faecalis, P. aeruginosa and E. coli. Each scaffold 
was individually incubated with the corresponding bacterial suspension, 
and the results are shown in Table 3.

It is clearly seen for all the tested scaffolds that the antibacterial 
response was notably more effective against the Gram-positive bacteria, 
S. aureus and E. faecalis, which are considered in general more suscep
tible than Gram-negative bacteria primary due to the structural differ
ences in their cell walls. Also, the results revealed that the incorporation 
of the eugenol and thiazolium-CS derivatives into the polymeric matrix 
of the scaffolds provides additional biocidal effects to chitosan. It is 
observed a clear dependence of the antimicrobial activity on the scaffold 
composition. In all cases, if the content of the CS-MTBAQ decreased and 
the CS-EU increased, the antibacterial efficacy was reduced. This trend 
was consistent across all bacterial strains tested. Previous studies have 
shown that films based on chitosan loaded with eugenol exhibit slightly 
improved antimicrobial activity compared to plain chitosan, depending 
on how it is incorporated into the material (Antunes et al., 2021; 
Muñoz-Bonilla et al., 2019). The antimicrobial effect observed with the 
scaffolds containing higher proportion of CS‑MTBAQ is notably stronger 
than when CS‑EU is in a higher amount. This enhanced activity can be 
attributed to the permanent positive charges of the quaternized thia
zolium groups, which facilitate stronger electrostatic interactions with 
the negatively charged bacterial membranes, leading to membrane 
disruption and bacterial death (Alvarez-Paino et al., 2016; Tejero et al., 
2015). Therefore, the presence of thiazolium moieties in the CS-MTBAQ 
structure significantly enhances antimicrobial activity, whereas the 
contribution of eugenol, despite its known antimicrobial effects, is less 
effective in this scaffold configuration, possibly due to a lower accessi
bility from the polymeric matrix.

3.4. Interactions of scaffolds and cells

An essential property in the design of scaffolds for biomedical ap
plications is their protein adsorption capacity. This feature is known to 
modulate the initial cellular response by facilitating cell growth on the 
material surface. Efficient protein adsorption could promote cell adhe
sion and proliferation, as well as support subsequent biological pro
cesses such as angiogenesis or bone deposition (Schmidt et al., 2009). In 
this context, the ability of the scaffold to adsorb proteins was quantified 
using the BCA assay, aiming to correlate this property with the structure 
and chemical functionalization of the evaluated CS scaffolds (Cuy et al., 
2003; Depan & Misra, 2013). The results are presented in Fig. 4a, where 
no significant differences or clear trends were observed to indicate 
whether the scaffold’s chemical composition affects protein adsorption, 
which remains within a range of 60–80 µg/mL. As no significant dif
ferences were observed in protein adsorption between the different 
scaffold compositions, and all of them demonstrated an adequate ca
pacity to support initial cell attachment, these materials can be 
considered suitable substrates for promoting cell viability and growth.

Therefore, the behavior of NHDFs cultured on the scaffolds was 

Fig. 2. Antioxidant activity of scaffolds with various compositions of CS-EU and CS-MTBAQ (left), and the addition of Nw (right), n = 3.

Table 3 
Evaluation of antimicrobial properties of different compositions of scaffolds 
based on CS.

S. aureus E. faecalis P. aeruginosa E. coli

CS 75.3 ± 1.1a - - -
CS-EU0-MT10 99.9 ± 0.4b 99.6 ± 0.3a 97.9 ± 1.2a 77.8 ±

3.9a

CS-EU2.5-MT7.5 99.0 ± 0.1b 99.8 ± 0.2a 94.4 ± 3.6a 47.9 ±
3.6b

CS-EU5-MT5 97.4 ±
0.3bc

95.7 ± 1.3b 70.5 ± 3.5b -

CS-EU7.5-MT2.5 98.1 ±
0.9bc

96.7 ±
1.5ab

67.3 ± 4.8bc -

CS-EU10-MT0 92.4 ± 3.1c 96.1 ±
1.3ab

- -

CS-Nw 79.7 ± 0.9a - - -
CS-EU0-MT10-Nw 99.9 ± 0.1b 99.7 ± 2.3a 96.3 ± 2.1a 78.6 ±

2.6a

CS-EU2.5-MT7.5- 
Nw

99.8 ± 0.1b 99.6 ± 0.3a 93.6 ± 1.8a 49.6 ±
4.2b

CS-EU5-MT5-Nw 99.3 ± 0.2b 97.3 ±
0.6ab

72.4 ± 3.2b -

CS-EU7.5-MT2.5- 
Nw

95.4 ±
3.1bc

94.8 ± 2.2b 60.5 ± 5.4c -

CS-EU10-MT0-Nw 94.4 ±
2.5bc

96.1 ±
0.6ab

- -

Values having the same letter are not significantly different for the Tukey test 
(Significance level of P ≤ 0.05).
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Fig. 4. Fibroblast adhesion and proliferation. (a) Adsorbed protein levels on the surface of scaffolds with different compositions of CS-EU and CS-MTBAQ, n = 3. 
(b) Proliferation of NHDF over time in contact with the scaffolds, n = 3. For both parameters, scaffolds are grouped into two sets: with (right) and without Nw (left), 
shown in separate graphs to facilitate comparison.

Fig. 5. Characterization of fibroblast morphology on the scaffolds. Representative fluorescence microscopy images of NHDF cultured on different scaffold 
compositions (a) with or (b) without Nw (green: actin cytoskeleton stained with phalloidin; blue: nuclei stained with DAPI) (Day 1 and Day 21). Representative 
fluorescence images of fibroblasts show changes in cell morphology and density over time. Scale bar: 100 μm.
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evaluated to determine their ability to support cell proliferation over 
time. This analysis provides the relationship between the physico
chemical properties of the scaffolds and their impact on the biological 
response.

The proliferation of NHDF cells on the different scaffolds was 
assessed using the AlamarBlue assay, which measures cellular metabolic 
activity as an indicator of viability and proliferation. Two independent 
experiments were conducted: one with a 7-day time course and another 
extended to 21 days, allowing the observation of both initial adhesion 
and early growth as well as proliferation (Bhat & Kumar 2012).

The results showed that fibroblasts were able to proliferate on all 
scaffold types during the evaluation time, confirming the biocompati
bility of the materials (Fig. 4b). No statistically significant differences 
were found in the proliferation rate among the different scaffolds, which 
is consistent with the protein adsorption data. These findings support 
that the chemical variations in the scaffolds do not negatively affect 
their ability to support cell attachment and proliferation.

The metabolic activity measured in the cells was increased pro
gressively during the first two weeks and almost reached a plateau be
tween days 14 and 21. This behavior is characteristic of cell cultures 
approaching confluence or reaching a balance in proliferation rate. 
However, the average metabolic activity remained higher on day 21, 
suggesting that the trend might still be increasing. It cannot be excluded 
that the observed variation is due to differences in cell distribution and 
scaffold colonization. Given the 3D structure, variability in available 

surface area and pore connectivity influences the ability of cells to 
migrate and proliferate throughout the scaffold. These results indicate 
that the scaffolds support initial cell attachment and provide a favorable 
environment for the sustained proliferation of fibroblasts over pro
longed periods, which is an essential feature for tissue engineering 
applications.

3.5. Cell morphology

On day 1, cells appeared sparsely distributed across the scaffold with 
a rounded morphology, indicating slow initial adhesion (Asghari Sana 
et al., 2017; Nwe et al., 2009; Pezeshki-Modaress et al., 2018; Samal 
et al., 2014) (Fig. 5a). A similar distribution was observed on day 3, 
although some cells began to spread slightly (Fig. S1).

By day 7, most fibroblasts adopted an elongated morphology, char
acteristic of cell spreading and cytoskeletal tension organization, 
although no significant increase in cell number was evident at that stage 
(Fig. S1). From day 14, the number of nuclei increased notably, sug
gesting the initiation of a proliferative phase (Fig. S1), which became 
more pronounced by day 21, where a marked increase in cell density 
was observed (Fig. 5b). These observations are consistent with the 
metabolic activity trends previously measured by the Alamar Blue assay, 
indicating an active proliferation and viability of the cells within the 
scaffolds over time.

It can be appreciated that the scaffolds exhibited green 

Fig. 6. SEM analysis of fibroblast morphology on the scaffolds. (a) Images of scaffold cross-sections at days 1, 7 and 21, showing cellular morphology and 
interaction with the porous structure at 3.0 k; (b) SEM images at days 1, 7 and 21 at 10.0k; (c) SEM images of the top surface of the scaffolds at days 1 and 21, 
illustrating progressive surface coverage.
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autofluorescence, due to genipin crosslinking, which partially over
lapped with the phalloidin-iFluor-488 green signal. Despite this back
ground fluorescence, cell morphology remained distinguishable in most 
samples. Additionally, the nuclei stained with DAPI emitted a clear blue 
signal, allowing accurate identification and localization of cells within 
the scaffolds.

The scaffolds with the cells at 1,7 and 21 days were dried and 
analyzed by SEM (Fig. 6a and b), which also provides information of the 
cellular morphology on the scaffolds over time (Z. Li & Zhang, 2005). On 
day 1, cells appeared mostly rounded and adhered to the scaffold surface 
without evident spreading. After 7 days, cells exhibited a more elon
gated morphology with numerous cytoplasmic extensions interacting 
with the matrix, suggesting active adhesion. By day 21, cells were 
extensively spread and showed intimate contact with the scaffold sur
face (Chu et al., 2009). Additionally, SEM images from the top surface of 
the scaffolds revealed a similar evolution, depending on the incubation 
time (Fig. 6c). On day 1, cells were sparsely distributed and had a 
rounded morphology. In contrast, by day 21, the fibroblasts had 
proliferated and formed a continuous layer, which covered the entire 
surface of the scaffold, indicative of effective colonization and extra
cellular matrix deposition (Heinemann et al., 2008).

Indeed, the viscoelasticity of the scaffolds have an impact on sub
sequent biological responses, such as cell adhesion, migration, prolif
eration, and differentiation (Chaudhuri et al., 2020). However, in our 
case, the differences measured in the stiffness of the scaffolds were not 

sufficient to observe differences in the initial cell adhesion and subse
quent migration and proliferation. Stiffness measured of few kPa or less 
are considered soft, which typically favors a lower adhesive state of the 
cell (low integrin expression), with more rounded cell conformations 
(Engler et al., 2006; Zhan, 2020). In this range, ligand density and 
conformation might play a bigger role than the mechanical properties of 
the scaffold as force transmission to the cytoskeleton in response to 
substrate stiffness only happens above a certain threshold (5 kPa) 
(Elosegui-Artola et al., 2016). Considering that the scaffolds swell 
similarly and absorb similar amount of ECM proteins, it was expected a 
similar initial cell adhesion. After a few days in culture, the influence of 
the extracellular matrix deposited by the cells drives the proliferation of 
the fibroblasts.

3.6. Immune response to scaffolds

The immune response is also a critical factor in the development of 
scaffolds for biomedical applications, as these materials can trigger 
unexpected activation of the immune system, leading to uncontrolled 
release of proinflammatory cytokines (Vasconcelos et al., 2013). To 
assess the potential immune reaction caused by the scaffolds, the 
behavior of macrophages in contact with the different materials was 
studied, focusing on their activation and viability.

All the synthesized scaffolds were incubated with macrophages for 
24 h. After incubation, the culture medium was collected for subsequent 

Fig. 7. Evaluation of macrophage response to the different scaffold compositions. (a) Cell viability percentage calculated from fluorescence images, n = 3. (b) 
NF-κB pathway activation assessed via SEAP expression in macrophages after 24 h of scaffold contact (controls: LPS-treated cells as positive, untreated cells as 
negative, and QuantiBlue reagent as blank), n = 3. (c) IL-6 levels measured in the supernatant after 24 h of incubation with the scaffolds with, and (d) without 
nanowhiskers, (positive control: LPS; negative control: untreated macrophages), n = 3.
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analysis, and Live/Dead assay was performed to evaluate macrophage 
viability (Jithendra et al., 2024) (Fig. S2). The results showed high cell 
viability in all groups (Fig. 7a), with approximately 90 % of cells 
remaining viable, indicating that the scaffolds do not present evident 
cytotoxic effects on macrophages under these conditions.

NF-κB pathway activation was assessed via the measurement of 
SEAP, a phosphatase that is genetically encoded to be released upon NF- 
κB activation. NF-κB is a transcription factor that is known for regulating 
immune and inflammatory responses. When macrophages recognize a 
potentially harmful stimuli, such as pathogens or foreign materials, 
these cells activate NF-κB signaling, activating a downstream signaling 
cascade of various proinflammatory genes (Y. Li et al., 2017). The results 
of the SEAP quantification revealed significant activation of NF-κB in the 
medium in presence of the scaffolds (Fig. 7b). Lipopolysaccharides 
(LPS), known by being a potent activator of macrophages, were used as a 
positive control, and unstimulated macrophages served as the negative 
control (Hyun et al., 2017). The SEAP levels detected in the media 
exposed to the scaffolds were comparable to those of the positive con
trol, suggesting that the scaffolds are capable of activating the NF-κB 
pathway under these experimental conditions.

Among all the cytokines secreted by activated macrophages, IL-6 has 
a prominent role in modulating inflammation and promoting immune 
cell infiltration to the tissue during inflammation (Fig. 7c and d). To 
quantify IL-6 secretion, an ELISA was performed using the same positive 
(LPS) and negative (unstimulated cells) controls (Shen et al., 2020). 
Despite the activation observed in the NF-κB pathway, IL-6 concentra
tions in the media from the scaffolds incubated with cells remained 
moderate. The values were closer to those of the negative control.

These results indicate that, although the scaffolds induce partial 
activation of macrophages via the NF-κB pathway, the inflammatory 
response in terms of IL-6 production is limited. This suggests a controlled 
immune activation and supports the potential biocompatibility of these 

scaffolds for biomedical use.

3.7. In vitro biodegradation

The evaluation of scaffold degradation under enzymatic conditions 
provides valuable information about the stability and durability of the 
materials planned for biomedical applications (Han et al., 2012). In this 
study, a lysozyme solution derived from egg white (13 mg/L in PBS) was 
employed to simulate the physiological environment that the scaffolds 
would find in the body (Lončarević et al., 2017).

As shown in Fig. 8, all scaffolds exhibited a slow and gradual enzy
matic degradation during the first weeks. This moderate loss of weight 
can be attributed to the structural reinforcement provided by genipin, 
which acts as a crosslinking agent and limits the enzymatic accessibility 
of the CS polymer chains (Q. Q. Li et al., 2015; Vo et al., 2021).

In addition, no statistically significant differences were observed 
among the different scaffold formulations regarding their degradation 
profiles, indicating that scaffold composition would not have a decisive 
effect on the degradation rate. Similarly, variations in the porosity do 
not appear to substantially affect the degradation process. This suggests 
that the crosslinking effect of genipin is the dominant factor. Although 
the results are not statistically significant, scaffolds reinforced with Nw 
exhibited a slight trend toward increased resistance to degradation, 
which could indicate an enhanced resistance to enzymatic degradation 
(M. Liu et al., 2025).

The chemical modification of CS did not accelerate its enzymatic 
degradation, remaining comparable to previously reported genipin- 
crosslinked CS scaffolds (Y.-H. Q. Li et al., 2015; Mak & Leung, 2019). 
This slow degradation profile is advantageous for tissue regeneration, 
where prolonged scaffold stability is often required. Moreover, the 
incorporation of reinforcing agents did not significantly alter the 
degradation rate. In contrast, other studies incorporating materials such 

Fig. 8. Biodegradability and cytotoxicity of scaffold degradation. (a) Biodegradation of CS scaffolds, percentage of scaffold weight loss over time following 
lysozyme treatment, indicating biodegradability, n = 3. (b) Cell viability ( %) after exposure to scaffold degradation products collected on days 1, 28, and 63, used to 
assess potential cytotoxic effects, n = 3. Scaffold compositions with and without Nw are shown in separate graphs for clarity.
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as hydroxyapatite, tricalcium phosphate, or cellulose nanoparticles have 
reported increased degradation, likely due to changes in scaffold 
structure and porosity that facilitate enzyme and fluid penetration 
(Azaman et al., 2022; Patel et al., 2022; Qasim et al., 2017).

The progressive degradation of the scaffolds could lead to the release 
of products into the medium, which would interact with cells in a bio
logical environment. For this reason, it is important to analyze the me
dium collected at different times during the enzymatic assay, as it could 
contain degradation residues that would affect cell behavior. The cyto
compatibility of these media was further evaluated by performing an 
MTT assay on NHDFs exposed to the degradation media collected on 
days 1, 28, and 63, representing the early, intermediate, and late stages 
of the biodegradation process. In all cases, cell viability values remained 
above 80 %, confirming the non-cytotoxic nature of the compounds 
released during scaffold degradation. These findings support the suit
ability of the developed materials for long-term use in biomedical ap
plications, where sustained degradation and high biocompatibility are 
required.

4. Conclusions

We have demonstrated that CS scaffolds were successfully prepared 
with different ratios of CS-EU and CS-MTBAQ with a total of 10 wt % and 
1 wt % of Nws, achieving antioxidant and antimicrobial properties 
without compromising the structural integrity or mechanical stability. 
Cell adhesion, spreading and proliferation confirmed the biocompati
bility of all scaffold types. In terms of immunological response, the 
scaffolds did not trigger a strong proinflammatory reaction, as indicated 
by the absence of a cytokine release cascade. However, a moderate 
immune response was observed, implying that these materials are 
bioactive and capable of interacting with the host immune system 
without eliciting adverse effects. Their favorable immunological profile 
and ability to sustain fibroblast proliferation highlight their promise for 
future application in soft tissue engineering.
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Muñoz-Nuñez, C., Quiroz-Pereira, Y., Muñoz-Bonilla, A., & Fernández-García, M. (2025). 
Enhancing antimicrobial and antioxidant properties of chitosan-based films with 1- 
methylimidazolium-chitosan. Polymers, 17(1–26), 2608.

Nwe, N., Furuike, T., & Tamura, H. (2009). The mechanical and biological properties of 
Chitosan scaffolds for tissue regeneration templates are significantly enhanced by 
Chitosan from Gongronella butleri. Materials, 2(2), 374–398. https://doi.org/ 
10.3390/ma2020374

Paillet, M., & Dufresne, A. (2001). Chitin Whisker reinforced thermoplastic 
nanocomposites. Macromolecules, 34(19), 6527–6530. https://doi.org/10.1021/ 
ma002049v

Patel, D. K., Dutta, S. D., Hexiu, J., Ganguly, K., & Lim, K.-T. (2022). 3D-printable 
chitosan/silk fibroin/cellulose nanoparticle scaffolds for bone regeneration via M2 
macrophage polarization. Carbohydrate Polymers, 281, Article 119077. https://doi. 
org/10.1016/j.carbpol.2021.119077

Peers, S., Montembault, A., & Ladavière, C. (2020). Chitosan hydrogels for sustained 
drug delivery. Journal of Controlled Release, 326, 150–163. https://doi.org/10.1016/ 
j.jconrel.2020.06.012

Petrova, V. A., Golovkin, A. S., Mishanin, A. I., Romanov, D. P., Chernyakov, D. D., 
Poshina, D. N., & Skorik, Y. A. (2020). Cytocompatibility of Bilayer scaffolds 
Electrospun from Chitosan/Alginate-Chitin nanowhiskers. Biomedicines, 8(9), 305. 
https://doi.org/10.3390/biomedicines8090305

Pezeshki-Modaress, M., Zandi, M., & Rajabi, S. (2018). Tailoring the gelatin/chitosan 
electrospun scaffold for application in skin tissue engineering: An in vitro study. 
Progress in Biomaterials, 7(3), 207–218. https://doi.org/10.1007/s40204-018-0094-1

Phongying, S., Aiba, S., & Chirachanchai, S. (2007). Direct chitosan nanoscaffold 
formation via chitin whiskers. Polymer, 48(1), 393–400. https://doi.org/10.1016/j. 
polymer.2006.10.049

Qasim, S. B., Husain, S., Huang, Y., Pogorielov, M., Deineka, V., Lyndin, M., 
Rawlinson, A., & Rehman, I. U. (2017). In- vitro and in -vivo degradation studies of 
freeze gelated porous chitosan composite scaffolds for tissue engineering 
applications. Polymer Degradation and Stability, 136, 31–38. https://doi.org/ 
10.1016/j.polymdegradstab.2016.11.018

Samal, S. K., Dash, M., Chiellini, F., Wang, X., Chiellini, E., Declercq, H. A., & 
Kaplan, D. L. (2014). Silk/chitosan biohybrid hydrogels and scaffolds via green 
technology. RSC Adv., 4(96), 53547–53556. https://doi.org/10.1039/C4RA10070K

Sauperl, O., Zemljic, L. F., Valh, J. V., & Tompa, J. (2021). Assessment of chemically and 
enzymatically modified chitosan with eugenol as a coating for viscose 
functionalization for potential medical use. Textile Research Journal, 91(23–24), 
2813–2832. https://doi.org/10.1177/00405175211021446

Schmidt, D. R., Waldeck, H., & Kao, W. J. (2009). Protein adsorption to biomaterials. 
Biological interactions on materials surfaces (pp. 1–18). Springer US. https://doi.org/ 
10.1007/978-0-387-98161-1_1

Shagdarova, B., Lunkov, A., Il’ina, A., & Varlamov, V. (2019). Investigation of the 
properties of N-[(2-hydroxy-3-trimethylammonium) propyl] chloride chitosan 
derivatives. International Journal of Biological Macromolecules, 124, 994–1001. 
https://doi.org/10.1016/j.ijbiomac.2018.11.209

Sharma, C., Dinda, A. K., Potdar, P. D., Chou, C.-F., & Mishra, N. C. (2016). Fabrication 
and characterization of novel nano-biocomposite scaffold of 
chitosan–gelatin–alginate–hydroxyapatite for bone tissue engineering. Materials 
Science and Engineering: C, 64, 416–427. https://doi.org/10.1016/j. 
msec.2016.03.060

Shen, T., Dai, K., Yu, Y., Wang, J., & Liu, C. (2020). Sulfated chitosan rescues 
dysfunctional macrophages and accelerates wound healing in diabetic mice. Acta 
Biomaterialia, 117, 192–203. https://doi.org/10.1016/j.actbio.2020.09.035

Sriupayo, J., Supaphol, P., Blackwell, J., & Rujiravanit, R. (2005). Preparation and 
characterization of α-chitin whisker-reinforced chitosan nanocomposite films with or 
without heat treatment. Carbohydrate Polymers, 62(2), 130–136. https://doi.org/ 
10.1016/j.carbpol.2005.07.013
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