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Abstract. This study presented a sustainable methodology for designing collagen-based biomaterials by using
natural reinforcing agents and environmentally friendly cross-linking to improve water absorption, water
retention and thermal stability � key features for biomedical and environmental applications. Collagen films
were enhanced with keratin and natural polysaccharides (carboxymethyl cellulose, microcrystalline cellulose,
acacia gum, soy protein, and carrageenan), then cross-linked by Vitex agnus-castus (VAC) extract as an eco-
friendly alternative for synthetic cross-linkers. Glutaraldehyde was used for comparative analysis. A series of
comprehensive analyses were conducted, including Fourier-transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and water absorption testing.
Among all compositions, films containing 30% acacia gum and 3% VAC demonstrated the highest water
absorption and retention capacity (5.90 g/g after 48 h) and enhanced thermal stability, with the minimal weight
loss observed at 600 °C. FTIR analysis confirmed enhanced molecular connections through cross-linking, while
DSC results validated increased structural resilience. The results indicated that VAC serves as both a structural
and functional cross-linker, facilitating the creation of biodegradable, thermally resilient, andmoisture-retentive
films. This natural system presents significant potential for wound dressing and other biomedical applications
within a sustainable material framework.

Keywords: Collagen films / Vitex agnus-castus / water absorption / thermal stability / polysaccharides /
keratin
1 Introduction

The skin is the largest and one of the most complex organs
in the human body, acting as a dynamic barrier for
protection, hydration, and temperature regulation [1].
Wounds and burns can significantly undermine its
integrity, resulting in moisture depletion, microbial
invasion, and protracted recovery. Modern wound care
seeks better dressing materials that maintain moisture,
enhance cellular regeneration, and endure physiological
stress [2]. Collagen-based biomaterials are notably advan-
tageous owing to their superior biocompatibility, biode-
gradability, and structural resemblance to the extracellular
matrix [3–5].

However, native collagen suffers from limitations such
as low thermal stability and mechanical strength, particu-
larly after extraction process [6]. To overcome these issues,
it is frequently combined with other natural polymers.
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Polysaccharides, including carboxymethyl cellulose
(CMC), microcrystalline cellulose (MCC), carrageenan,
soy protein, and acacia gum, offer hydrophilicity, struc-
tural reinforcement, and a sustainable resource [7,8].
Moreover, keratin, a fibrous protein derived from animals
such as wool, has attracted attention for its mechanical
properties, hydrophilicity, and biocompatibility in film-
based biomedical applications [9,10].

A critical aspect in designing stable collagen-based
films lies in the choice of cross-linking strategy. Conven-
tional agents such as glutaraldehyde (GA) provide efficient
structural stability; despite this, their cytotoxicity and
non-biodegradability restrict their biomedical use [11].
Recent initiatives have concentrated on creating natural
and environmentally sustainable cross-linkers. Vitex
agnus-castus (VAC), a Mediterranean medicinal plant
abundant in iridoit glycosides and phenolic compounds,
offers a promising eco-friendly alternative [12]. Iridoit-
derived compounds have been documented to create Schiff
bases with amine groups in collagen, potentially improving
cross-linking efficacy while reducing toxicity [13,14].
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Fig. 1. Schematic illustration of VAC-crosslinked collagen film
preparation.
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Although there is an increasing literature on polysaccha-
ride- and keratin-reinforced collagen films, research includ-
ing VAC as a natural cross-linker remain very limited.
Moreover, there is a lack of comparative assessments
specifically focusingonwater retention capacityand thermal
stability which are two critical characteristics for wound
dressings subjected to dynamic physiological conditions.

This study aims to fulfill this gap by developing hybrid
collagen-based films strengthened with keratin and poly-
saccharides, cross-linked with VAC extract (See Fig. 1).
The effects of VAC concentration and keratin as well as the
polysaccharide type on film performance are assessed by
FTIR, TGA, DSC, and water absorption tests. The
findings intend to illustrate that VAC can work as an
efficient, sustainable alternative for synthetic agents,
improving both the functional and environmental efficacy
of collagen-based films in biomedical applications.

2 Material and methods

2.1 Materials

Type I bovine collagen gel was sourced from the Leather
and Footwear Research Institute, Collagen Department,
located in Bucharest, Romania. Polysaccharides used in
the formulations were carboxymethyl cellulose (CMC, Carl
Roth, Germany), microcrystalline cellulose (MCC, Alfa
Aeser, USA), soy protein (SP, Carl Roth, Germany),
carrageenan (Carr, Duchefa, Netherlands), and acacia gum
(AG, Galenik, Turkey). Hydrolyzed keratin, containing at
least 85% protein, a maximum of 6% moisture, and a pH
range of 4 to 6.5, was supplied from Carbosynth (UK).

The extract of Vitex agnus-castus (VAC), used as a
natural cross-linker, was provided by the Faculty of
Pharmacy at Ege University in Turkey. Glutaraldehyde
(GA) solution was acquired from Sigma-Aldrich (USA).

2.2 Preparation of film biomaterials

A total of 77 collagen-based film biomaterials were
synthesized using diverse ratios of polysaccharides, keratin,
and cross-linking agents.

The collagen gel’s solid content was reduced from
2.43% to 1%, and its pH was adjusted from 2.0 to a range
of 7.0–7.4 using 1MNaOH. The final weight of each batch
was determined using the equation: n� 2.43=M, where
n represents the gel weight to be measured, and M
denotes the final gel mass. Following pH adjustment, the
gel was diluted with deionized water and equilibrated for
24 h at 4 °C.
Collagen gel was subsequently combined with keratin
and polysaccharides (carboxymethyl cellulose (CMC),
microcrystalline cellulose (MCC), carrageenan (Carr),
soy protein (SP), and acacia gum (AG)) at weight/weight
ratios of 15%, 20%, or 30%. VAC was incorporated at
concentrations of 1%, 2%, or 3% w/w, whereas glutaralde-
hyde (GA) was maintained at a constant level of 0.05% for
comparative analysis. Formulation example for a 20 g
batch is; 15 g collagen gel, 4 g polysaccharide/keratin, and
1 g cross-linker (VAC or GA).

Mixtures were homogenized and subsequently cast into
glass petri dishes. Film biomaterials were dried at room
temperature in an oven for a duration of 24 h.

Table 1 presents a selection of representative collagen-
based film samples prepared with various polysaccharides/
keratin and cross-linking agents. The representative DSC
peak data for selected samples is summarized in Table 2.
The complete list of 77 samples with their compositions and
codes is provided in the SupplementaryMaterial (Tab. S1).

2.3 Assessment of water absorption capacity

The water absorption capacity was determined using an
analyticalbalancewithaprecisionof0.0001 g(EgeUniversity,
Chemical Laboratory). Samples were weighed (W0) and
subsequently immersed in 2mL of deionized water at room
temperature for a duration of up to 48h. Weights were
measuredat 30min, 1h, 2 h, 4h, 24h, and48h intervals (WS).
The swelling ratio was determined using the following
formula:WaterAbsorption(g/g) = (Ws–W0)/W0.Measure-
ments were conducted in six replicates for each sample.

2.4 Structural analysis via FTIR

Fourier Transform Infrared Spectroscopy (FTIR) analyses
were performed using a PerkinElmer Spectrum Two at the
Instrumental Analysis Laboratory of Ege University.
Spectra were obtained within the range of 4000–600 cm�1,
utilizing a resolution of 0.5–4 cm�1, with each sample
undergoing 8–12 scans.

2.5 Thermal analysis (TGA and DSC)

Thermogravimetric analysis was conducted using a
PerkinElmer TGA8000 instrument. Each sample, weighing
approximately 1–3mg, was analyzed at a heating rate of
10 °C/min, spanning temperatures from 30 °C to 600 °C.

Differential scanning calorimetry was performed utiliz-
ing a Shimadzu DSC 60-Plus instrument. Samples
(approximately 4–5mg) were pre-soaked in deionized
water for 1 h and subsequently sealed in aluminum pans.
Heating occurred from 30 °C to 120 °C at a rate of 10 °C/min
under standard conditions.

3 Results

3.1 Water absorption capacity

The capacity for water absorption is a critical characteris-
tic of biomaterials designed for biomedical applications,
including wound dressings, tissue-engineering scaffolds,



Table 1. Selection of representative collagen-based film samples prepared with various polysaccharides/keratin and
cross-linking agents.

Sample code Polymer type Polymer ratio (%) Cross-linker Cross-linker ratio (%)

601BC – – – –

1906_12 Keratin (glycerolized) 50 – –

9-10/12/23-1 – – Glutaraldehyde 0.05
1002Coll_2H – – VAC 2
1002Coll_3H – – VAC 3
1003_5 Koll Acacia Gum 30 VAC 3
601CM30H Carboxymethyl Cellulose 30 VAC 2
2704_12 Keratin 20 VAC 3
1906_3 Carrageenan 20 Glutaraldehyde 0.05
601SB15H Soy Protein 15 VAC 2
601MC15H Microcrystalline Cellulose 15 VAC 2

Table 2. Peak points and enthalpy values obtained from DSC analysis.

Samples Td peaks DH total J/g Mean Td

601BC 67.57, 77.41, 163.31 �3,37 102,76
1002_Coll_3H 91.32, 118.71 �0,36 105,02
1003_5K 66.9, 72.84, 148.41 �8,58 96,05
2704_15 57.28, 67.92, 145.5 �18,23 90,23
1002_Karr15_3H 56.94, 77.98 �4,3 67,46
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and drug delivery systems. The ability of a material to
absorb and retain moisture impacts its interaction with
biological tissues and influences processes including cellular
growth and nutrition transport [15]. As emphasized in
recent studies, optimizing water uptake properties is
essential for customizing biomaterials for applications,
thereby enhancing their performance and practical usage
[16]. This study assessed the water absorption capacity of
collagen-based films reinforced with different biopolymers
and cross-linked with either Vitex agnus-castus (VAC)
extract or glutaraldehyde (GA), with the objective of
evaluating their performance applications.

The gravimetric swelling test was performed in distilled
water at ambient temperature for a duration of 48 h. The
test was conducted in six repetitions to guarantee
repeatability. This method, known for its simplicity and
cost-efficiency, enables extended monitoring, hence
enhancing the comprehension of both absorption and
retention throughout time. The findings validated that
films exhibiting elevated cross-linking densities and denser
internal architectures absorbed reduced amounts of water,
aligning with existing research [17–20]. The incorporation
of hydrophilic functional groups, such as �OH and
�COOH, the pore structure, and external conditions
including temperature were identified as significant factors
impacting variations in swelling behavior.

The dense configurations of collagen film biomaterials
demonstrate reduced permeability to water and increased
resistance to degradation, making them suitable for
applications that necessitate prolonged structural stability
[20,21]. Nonetheless, this structure limits water absorption
and controls swelling behavior [22]. Consequently, materi-
als with either fast or limited swelling characteristics may
be advantageous for many biological applications. The
swelling results obtained in this study are presented
graphically in three distinct groups based on formulation
characteristics, enabling a comparative interpretation
across biomaterial categories.

The biofilm produced by combining polysaccharide and
keratin exhibited generally lower swelling rations in VAC-
crosslinked samples compared to those GA-crosslinked
samples. Water absorption capacity measurements could
not be obtained from samples containing carboxymethyl
cellulose (CMC), since the samples disintegrated after
30min.

The graphs demonstrate that the acquired values
support the expected results from the water absorption
capacity study. Following that, the selection of
biomaterials must be based on their efficacy in the
intended application. The water absorption properties
of the VAC-crosslinked films support their use in
environments necessitating controlled hydration and
extended stability, such as wound dressings or slow-
release systems. Conversely, GA-crosslinked or keratin-
rich films exhibit enhanced swelling capacity, making
them potentially more appropriate for short-term, high-
fluid environments. The ability to tailor swelling
behavior through polymer composition and cross-linker
type offers considerable flexibility in the production of
biological materials.
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3.2 FTIR spectroscopy results

Fourier Transform Infrared (FTIR) spectroscopy was used
to assess the structural integrity and conformational
alterations of collagen-based films after reinforcing and
cross-linking. It is a prevalent analytical method for
evaluating the molecular fingerprint of materials, especial-
ly effective in determining the existence and stability of
protein secondary structures [23]. The investigation
concentrated on the amide I, II, and A bands, which
signify protein backbone integrity, hydrogen bonding, and
potential denaturation events.

The amide I band, mainly associated with C=O
stretching vibrations, indicates the secondary structure
of proteins, including a-helix andb-sheet conformations. In
contrast, the amide II band is responsive to N-H bending
and C-N stretching vibrations, both of which are influenced
by environmental or chemical changes [24,25]. Shifts or
fluctuations in intensity within these bands indicate
alterations in hydrogen bonding networks and protein
stability. Furthermore, the disparity in wavenumber
between the amide I and II bands (DV) is regarded as a
crucial measure for evaluating structural order or disrup-
tion in collagen matrices. An increased DV often indicates
conformational irregularity, frequently due to insufficient
cross-linking or environmental denaturation [26].

The comparative study of the spectra showed the
impact of various cross-linkers (VAC vs. GA) and
biopolymer reinforcements on molecular interactions and
stability. The results provide further understanding of the
chemical interactions and structural integrity of the
biofilms, acting as supplementary evidence to swelling
and thermal behavior assessments.

The FTIR graphs of the biofilm samples containing
keratin showed no amide III bands. Collagen structure’s
1250 cm�1 peak correlates to organic molecules’ C-O, C-N
stretching, or C-H bending vibrations. The dense matrix
structure of the sample makes peak identification difficult.
Hydrogen connections between keratin and collagen and
cross-linkers may reduce vibrations in this area, making
them hard to detect. Samples containing higher amounts of
crosslinker or polysaccharide/keratin exhibited increased
density ratios, indicating enhanced crosslinking strength.
In films cross-linked with 3% VAC, the AI/AA density
ratio was nearly 1.0, compared to 0.777 in 601BC (control
sample). The value decreases slightly (0.88 to 0.99) when
mixed with polysaccharides, although it stays over 0.8 in
most samples. DV values, indicating protein structure,
exceeded 100 in certain samples. The film structure
obtained by free drying at room temperature is dense
and exhibits a lack of porosity in both surface area and
structure, which is expected to induce structural confor-
mational distortions during biomaterial production, an
outcome that is undesirable.

For a clear and comparative analysis of the structural
integrity of the films, the FTIR data were categorized
into four distinct categories according to compositional
characteristics: (i) films without keratin or
polysaccharide reinforcement, (ii) GA-crosslinked films,
(iii) keratin-reinforced VAC-crosslinked films, and
(iv) polysaccharide-reinforced VAC-crosslinked films (see
Figs. 2, 3, 4). This categorization facilitated the systematic
assessment of cross-linking effects and reinforcement
strategies on the molecular structure of collagen. A dual-
axis line chart was used for each group to concurrently
display two essential FTIR parameters: the AI/AA ratio,
which indicates the preservation of protein secondary
structure, and theDV (I–II), which signifies conformational
regularity or disorder. The simultaneous plotting of these
metrics facilitates the assessment of molecular integrity
and structural deviation, providing a thorough under-
standing of the impact of each formulation strategy on the
collagen matrix at the molecular level. Figures 5–8
illustrate dual-parameter comparisons, facilitating a
group-wise structural analysis.

To provide a clearer interpretation of the FTIR
findings, representative spectra of selected formulations
(601BC, 1002_coll_3H, 1002_Karr15_3H, 1003_5K, and
2704_15) are presented in the Supplementary Material.
These spectra help visualize the characteristic amide bands
and the spectral modifications associated with cross-linking
and biopolymer incorporation. These spectra allow a
clearer visualization of the characteristic amide bands
and the modifications induced by keratin, polysaccharides
and VAC/GA cross-linkers.

The control collagen film (601BC) exhibited the typical
amide bands of type-I collagen:

–
 Amide A (∼3300–3325 cm–1): N–H stretching overlapped
with bound water; broad and intense due to the highly
hydrated structure of unmodified collagen.
–
 Amide I (∼1630–1655 cm–1): C&9552;O stretching; the
peak position suggests partial preservation of a-helix/
b-sheet conformations.
–
 Amide II (∼1530–1550 cm–1): N–H bending and C–N
stretching.
–
 Amide III (∼1230–1250 cm–1): Weak in the control film
due to the dense, low-porosity structure formed during
free drying.

Upon VAC cross-linking (1002_coll_3H), Amide A
shifted to lower wavenumbers, indicating stronger hydro-
gen bonding. The Amide I band also became sharper,
supporting improved structural order. This is consistent
with previous findings on VAC–protein interactions.

Keratin-reinforced films (1003_5K and 2704_15)
showed noticeable reduction or disappearance of the
Amide III band (∼1240 cm–1). This may be attributed to:

(i)
 overlapping of C–O/C–N stretching in keratin,

(ii)
 dense intermolecular packing caused by keratin–

collagen H-bonding,

(iii)
 restricted molecular mobility induced by VAC cross-

linking.
These trends are also reflected in their AI/AA ratios
approaching 1.0, indicating high structural preservation.

In polysaccharide-containing films
(1002_Karr15_3H), additional features appeared:

–
 Sulphate peaks from carrageenan (∼1210–1260 cm–1;
∼1020–1070 cm–1).
–
 C–O–C glycosidic vibrations from acacia gum (∼1030–
1100 cm–1).



Fig. 3. Water absorption overtime for films with keratin.

Fig. 2. Water absorption overtime for films without polysaccharide or keratin.
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These overlaps contribute to peak broadening in the
fingerprint region, complicating the assignment of Amide
III while also confirming successful incorporation of
biopolymers.

Across all reinforced or cross-linked films, the increase
in AI/AA ratios and reduced DV values compared to the
control sample demonstrate improved conformational
stability. GA-crosslinked films showed the most pro-
nounced enhancement, while VAC–keratin combinations
produced the most balanced structure (high AI/AA with
controlled DV), reflecting synergistic hydrogen-bonding
effects.

The control group displayed low AI/AA ratios and
moderate DV values, suggesting a partial disruption of
protein secondary structures resulting from insufficient
cross-linking. The structural irregularity supports the
recognized limitations of unmodified collagen films.
GA-crosslinked films exhibited enhanced AI/AA ratios



Fig. 5. AI/AA % and DV (I–II) in films without keratin/polysaccharide.

Fig. 4. Water absorption overtime for films with polysaccharide.

6 C.C. Kahraman et al.: Renew. Energy Environ. Sustain. 10, 3 (2025)
and more uniform DV values, indicating improved
stabilization of the collagen network. The results confirm
the established effectiveness of glutaraldehyde in improv-
ing molecular cohesion, despite its associated toxicity
issues. Keratin-reinforced VAC-crosslinked films exhibited
high AI/AA ratios near 1.0, accompanied by relatively
stable DV values. This indicates that keratin and VAC
work together to maintain collagen integrity by strength-
ening hydrogen bonding [27]. Samples reinforced with
polysaccharides demonstrated varying AI/AA values and



Fig. 6. AI/AA % and DV (I–II) in films GA-crosslinked.

Fig. 7. AI/AA % and DV (I–II) in films keratin reinforced VAC-crosslinked.
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Fig. 8. AI/AA % and DV (I–II) in films polysaccharide reinforced VAC-crosslinked.
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an increased DV range, reflecting different interaction
levels based on the polymer type. Certain formulations
demonstrated significant structural integrity, suggesting
effective biopolymer integration through VAC.

3.3 Thermal analysis results

Thermogravimetric analysis (TGA) is a widely used
method for evaluating the thermal stability, compositional
changes, and degradation behavior of polymeric biomate-
rials. This method is important in assessing the impact of
biopolymer reinforcements and cross-linkers on the
thermal resistance and structural integrity of collagen-
based films [28]. TGA quantifies the mass reduction of a
sample upon heating, offering insights into moisture
evaporation, thermal degradation of organic materials,
and the existence of thermally stable residues.

The analysis identifies three discrete degradation
phases: the initial phase (approximately 30–100 °C), linked
to the evaporation of physically absorbed and loosely
bound water; a subsequent phase (200–400 °C), related to
the decomposition of the collagen backbone; and a final
phase exceeding 500 °C, indicative of the disintegration of
highly stable carbonaceous residues [29]. The principal
decomposition step, typically observed around 300 °C in
DTG curves, is the most significant aspect, as it reflects the
structural compactness and cross-linking density of the
film. The delayed onset of degradation, higher peak
decomposition temperature, and increased residual mass
indicate enhanced thermal stability, typically linked to
stronger intermolecular interactions and a more densely
cross-linked polymer network [30].

In this study TGA is used to analyze the thermal
profiles of film samples and to evaluate the efficacy ofVitex
agnus-castus (VAC) as a natural cross-linker in improving
thermal resistance. The observed variations in DTG peak
temperatures and total mass loss support the influence of
biopolymer type and cross-linking technique on the
thermal properties of collagen matrices.

All film formulations had a distinct three-phase thermal
degredation profile, starting with moisture evaporation
(30–100 °C), followed by the major breakdown of organic
components (200–400 °C), and concluding with the
destruction of residual substances. The difference in
thermal resistance across formulations is seen in both
the initiaiton of significant breakdown and the amount of
residue preserved at elevated temperatures, with some
VAC-crosslinked samples � especially those reinforced
with polysaccharides � demonstrating improved thermal
stability.

Collagen-based films, owing to their biodegradable and
organic characteristics, often produce little residue during
thermal decomposition. Nonetheless, significant variation
exists due to disparities in graphical formulation. The
maximum residue was noted in the gluteraldehyde-cross-
linked carrageenan reinforced film (1906_3, 30.99%),
indicating the stabilizing influence of synthetic crosslinkers
on sulfate-rich polysaccharidematrices. On the other hand,



Fig. 9. TGA weight loss curves for all samples.
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VAC-crosslinked samples like 1002_KArr15_3H (15%
carrageenan+3% VAC) demonstrated efficient natural
crosslinking while sustaining low residue levels (8.39%).
The control film of collagen (601BC) demonstrated one of
the lowest residual weights, affirming its natural biode-
gradability and highlighting the roles of biopolymer
reinforcement and crosslinker selection in heat resistance.
Most VAC-crosslinked samples exhibit a weight loss of at
least 5% upon the heating process.

The crosslinking effect is recognized for its ability to
reduce early weight loss; thus, it is expected that all
samples will demonstrate a decrease compared to the
unmodified film sample. The absence of crosslinkers in the
structure of the 1906_12 sample led to diminished thermal
stability. It is noteworthy that some GA-crosslinked
samples exhibit lower strength compared to the VAC-
crosslinked samples.

TheDTGprofiles demonstrate the thermal degradation
characteristics of films cross-linked with 2–3% VAC
extract and reinforced with various biopolymers (except
1002_Coll_3H). All samples demonstrate a primary
degradation peak between 250 and 350 °C that indicate
the breakdown of collagen-polysaccharide/keratin net-
works. Among the evaluated formulations, the film with
30% acacia gum and 3% VAC (1003_5K) exhibited the
narrowest and sharpest DTG peak, indicating a more
cohesive and densely cross-linked structure. The keratin
reinforced film containing 2% VAC (2704_15) and the
carrageenan reinforced film with 3% VAC
(1002_Karr15_3H) exhibited wider degradation bands,
suggesting amore gradual thermal decomposition. The film
with 3% VAC (1002_Coll_3H) demonstrated the lowest
degradation intensity, thereby highlighting the role of
biopolymer support in enhancing thermal resilience. The
findings indicate that both VAC concentration and
polysaccharide reinforcement have a significant impact
on the thermal decomposition kinetics and structural
integrity of the films.

Differential Scanning Calorimetry (DSC) is a commonly
used method in biomaterials research for examining
thermal transitions and structural stability under regulated
heating conditions. In collagen-basedmaterials,DSCmostly
assesses the denaturation temperature (Td) as an indicative
of the thermal stability of the triple-helical collagen
configuration. The location and morphology of the endo-
thermicpeak in theDSCthermogramare strongly correlated
with the molecular interactions inside the matrix, particu-
larly hydrogen bonding and the degree of cross-linking
[31,32].

Td is important for evaluating the durability of
scaffolds and wound dressings under physiological settings.
An elevated Td indicates increased resistance to heat
degradation, typically resulting from enhanced cross-link
density due to the incorporation of stabilizing agents such



Fig. 10. Residual weight of films at 600 °C.

Fig. 11. Water loss in collagen-based films (30–100 °C).
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Fig. 12. DTG curves of selected cross-linked films.
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as polysaccharides or keratin [33]. This work used DSC to
analyze the thermal properties of certain collagen-based
films that were crosslinked with VAC extract and
reinforced with acacia gum, keratin, or carrageenan.

This approach provided insights into the cross-linking
efficiency and structural integrity of each formulation by
examining the beginning of denaturation and the entalpy
pf the transition. These thermal measurements are
essential for forecasting the long-term efficacy of bio-
materials under physiological stress and validating their
appropriateness for biomedical applications, including
wound healing Figures 9–14.

The denaturation temperatures (Td) and total enthal-
py values (DH) were assessed to ascertain the structural
integrity and thermal stability of each formulation.

The control film of collagen (601BC) had the lowest
thermal stability, with denaturation transitions occurring
at about 67.57 °C, 77.41 °C, and 163.31 °C, with a total
enthalpy of �3.37 J/g. The existence of several peaks and
modest energy release indicates a diverse collagen structure
with decreased resistance to thermal breakdown.

The film cross-linked with 3% Vitex agnus-castus
(VAC) extract (1002_coll_3H) exhibited the maximum
thermal stability, characterized by increased peak temper-
atures (91.32 °C, 118.71 °C) and a significantly diminished
enthalpy value (�0.36 J/g). This outcome validates the
crosslinking efficicay of VAC, which improved the heat
stability of the collagen matrix by incorporating suppple-
mentary molecular connections and structural rigidity.
The addition of 15% carrageenan with 3% VAC
(1002_Karr15_3H) resulted in enhanced thermal stability
compared to the control. However, its Td values (56,94 °C,
77,98 °C) were lower than those of the VAC-only film,
despite a significantly elevated enthalpy value (�4.30 J/g).
This suggests that while carrageenan improved
matrix cohesiveness, it might have hindered crosslinking
efficiency, leading to increased energy release during the
transition.

The film reinforced with 30% acacia gum and 3% VAC
(1003_5K) demonstrated a comparable improved thermal
profile, with Td peaks at around 66.90 °C, 72.84 °C, and
148.41 °C. Although the temperature values were similar to
the control, the increased enthalpy (�8.58 J/g) indicates
enhanced molecular mobility and potentially more
complex thermal dissociation pattern attributed to the
branched polysaccharide structure of acaia gum.

On the other hand, the film comprising 30% keratin and
2% VAC (2704_15) had the highest total enthalpy
(�18.23 J/g) despite exhibiting mild thermal transition
temperatures (57.28 °C, 67.92 °C, 145.50 °C). This can be
related to the heterogeneity contributed by keratin, which
creates an uneven network that absorbs and release greater
energy during heating, while lacking the uniform thermal
resistance afforded by VAC alone.

In general, VAC-crosslinked films, especially the 3%
VAC-only system, demonstrated enhanced heat resistance.
The incorporation of carrageenan, acacia gum, or
keratin resulted varying effects: carrageenan and keratin



Fig. 13. DSC curves of all samples.

Fig. 14. DSC comparison for total enthalpy and average denaturation temperature.
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reinforced ethalpic response without significantly increas-
ing Td, whereas acacia gum led to intermediate thermal
performance. These discoveries underscore the adjustabil-
ity of collagen film characteristics via changes based on
polysaccharides and proteins.
4 Discussion

The production of collagen-based films for biomedical
applications necessitates a meticulous balance of structural
integrity, moisture regulation, and thermal resistance.
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This study incorporated natural biopolymers � acacia
gum, carrageenan, carboxymethyl cellulose, microcrystal-
line cellulose, and keratin � into collagen matrices and
cross-linked those using Vitex agnus-castus (VAC) extract
to create biodegradable and sustainable films with tailored
physicochemical properties. Our findings enhance the
potential of VAC as a functional cross-linker that can
modulate its fundamental material properties, while also
providing fresh insights into the synergistic roles of
polysaccharide and protein-based additives.

DSC and TGA tests demonstrated that VAC substan-
tially enhanced thermal stability. The film, including only
3% VAC (1002_coll_3H), showed a high average denatur-
ation temperature and a low enthalpy change, signifying
effective crosslinking and enhanced molecular stiffness. The
addition of 3% VAC and 30% acacia gum (1003_5K)
resulted in a film with improved water retention and heat
degradation properties, supporting the notion that the
effectiveness of VAC is preserved or possibly enhanced in
environments rich in polysaccharides. This aligns with prior
literature detailing the beneficial impact of acacia gum on
hydrogel stability and water retention, as the branched
polysaccharide structure facilitates uniform hydration and
structural reinforcement [34,35].

On the contrary, films with keratin (2704_15) or
carrageenan (1002_Karr15_3H) had wider thermal deg-
radation patterns and elevated enthalpy reactions, sug-
gesting a more diverse internal structure. Although keratin
provides mechanical support, its interaction with VAC at a
2% concentration is insufficient for establishing uniform
crosslinks within the matrix, resulting in increased energy
release and diminished denaturation temperatures. These
data emphasize that whereas VAC contributes in cross-
linking, the form and concentration of included biopol-
ymers significantly affect the ultimate material properties.
The results suggest that 2% VAC might be inadequate in
systems necessitating robust inter-polymer cohesion, such
as keratin-rich matrices.

The water absorption study reinforces also these
observations. VAC cross-linked films demonstrated mod-
erate swelling ratios, indicating controlled moisture
absorption and structural stability, which are critical
attribute for prolonged wound treatments. Among the
samples analyzed, the film containing 30% acacia gum and
3% VAC demonstrated superior water absorption and
retention performance while maintaining its structural
integrity during the immersion duration. This illustrates a
balanced network that combines robust internal cohesion
with surface hydrophilicity, creating an optimal environ-
ment for moisture-sensitive biomedical applications. In
contrast, CMC-based films dissolved swiftly, underscoring
the importance of formulation compatibility and cross-
linker interactions.

The FTIR data further supports the crosslinking action
of VAC. Samples exhibiting elevated VAC content,
particularly in conjunction with acacia gum, demonstrated
AI/AA ratios approaching 1.0 and DV values, signifying
the stabilization of protein structure. Samples with keratin
demonstrated good AI/AA ratios; nevertheless, the
elevated enthalpy values in DSC suggest a less homogenous
crosslinking network. These structural insights emphasize
the VAC’s capacity to maintain or enhance the molecular
architecture of collagen, particularly when integrated with
appropriate polysaccharides.

This study also fills a notable gap in the literature; the
applicationofVitexagnus-castusasacollagencross-linkerhas
not been previously documented. The composition of iridoid
glycosides seems to promote Schiff base formation with
collagen’s amino groups, serving both a structural enhancer
and a possibly bioactive compound. The dual function of
VAC, enhancing both crosslinking and heat and hydration
properties, indicates a novel category of multifunctional
additives for sustainable biomaterial advancement.

As a conclusion, ideal film composition was identified as
30% acacia gum and 3% VAC, which provides the most
favorable balance of water absorption, structural integrity,
and thermal performance. The results not only illustrate
the effectiveness of VAC in biomedical matrix design but
also promote future investigation of plant-derived iridoids
as eco-friendly substitutes for synthetic crosslinking
agents.

In addition to the physicochemical and thermal
outcomes discussed above, the material system developed
in this study also holds broader relevance within sustain-
able material design frameworks. The use of a plant-
derived cross-linker (VAC) and the reinforcement of
collagen with naturally sourced polysaccharides and
keratin demonstrate a bio-based approach that can
support circular material flows by valorizing agricultural
and animal by-products. The improved thermal stability,
moisture regulation, and structural integrity obtained
particularly in VAC–acacia gum formulations suggest that
these films may hold potential not only for biomedical use
but also for future low-impact applications that require
tunable performance and biodegradability. While indus-
trial scalability, end-of-life behavior, and comparative eco-
efficiency require further investigation, the present findings
illustrate how material engineering strategies centered on
natural chemistry can contribute to emerging bioeconomic
and design-for-circularity paradigms.
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