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A B S T R A C T   

Multifunctional hydrogel wound dressing with high hemostatic, antioxidant, and self-healing activity is desirable 
in clinical applications. In this contribution, we developed two distinct hydrogel formulations, namely PZ and 
PTBA, by employing low methoxyl pectin (P), zeolite, or 2-thiobarbituric acid (TBA) for sustained release of 
procaine (PC) in a controlled manner up to 40 h. These hydrogel systems (PZ and PTBA) utilize dynamic 
reversible hydrogen bonds between the components and a metal coordination bond between carboxyl acid 
groups of pectin chains and Ca2+ to confer self-healing properties, as demonstrated by molecular dynamics (MD) 
and rheological analyses. Moreover, PZ and PTBA hydrogels possess superior antioxidant, hemostasis, biocom
patibility, and antibacterial activities. The data from the mouse skin incision model and infected full-thickness 
skin wound model demonstrated the highest wound closure rate (wound closure area per day) was achieved 
by the PZ (4.72) and PTBA (4.62) groups on day 21, which was better than the control (4.2) and Kaltostat groups 
(4.05) (p < 0.05). PZ and PTBA’s effectiveness in wound closure and acceleration of the wound healing process, 
highlighting its significant potential in wound management.   

1. Introduction 

Wound healing is a dynamic, ordered sequential process that re
quires various chemical, biochemical, and cellular processes to perform 
tissue repair and regeneration. Today, the growing need for effective 
wound care products is driven by several factors, including the rising 
prevalence of chronic wounds, the growing elderly population, the 
increasing number of surgical procedures, and the global incidence of 
accidents such as road accidents, burns, and traumas, global disasters 
and military interventions [1]. 

Wound dressings have always been considered essential devices in 
wound healing management. Traditional wound dressings serve as a 

physical barrier but does not significantly contribute to the recon
struction of damaged tissue. Advanced wound dressings, on the other 
hand, are expected not only provide a physical barrier but also enhance 
the healing process; they have mechanical durability, long shelf life, and 
cost-effectiveness [2–4]. Furthermore, rapid and effective hemostasis is 
very crucial to improve patient survival, particularly in the case of 
emergency medical treatment [5,6]. However, many of the advanced 
wound dressings available in the market fall short of meeting all these 
requirements. With this motive, various biomaterials have been devel
oped using different chemicals in different forms, such as modified 
gauze, bandages, foams, sponges, films, hydrogels, and 3-dimensional 
(3D) scaffolds similar to the extracellular matrix (ECM) [4,7]. 
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Among these, pectin-based hydrogels have been shown to collect 
numerous features desirable for an advanced wound dressing. These 
include biocompatibility [8,9], antibacterial [10], hemostatic [11], 
antioxidant [12], self-healing [13–15], bioadhesion [8], biodegrad
ability [16], oxygen permeability [17], availability and renewability 
properties [18]. 

By utilizing pectin’s intrinsic antibacterial activity, antibiotic- 
resistant bacteria can be avoided. Pectin can provide sustained antimi
crobial protection attributed to its unique structural features and func
tional groups while minimizing tissue damage [10,19]. Additionally, 
pectin, a plant polysaccharide, possesses remarkable antioxidant capa
bilities and can modulate the overproduction of reactive oxygen species 
(ROS), which can impair wound healing. The scavenging ability of 
pectin hydrogel can reduce the levels of ROS generated during oxidative 
stress [20–22]. Furthermore, the self-healing capability of pectin 
hydrogel allows it to adapt and withstand body movement, extending 
the life of the dressing and avoiding the re-opening of wounds, which 
can cause infection and delay healing. Injectable pectin hydrogel can fill 
irregular wounds of different shapes and depths [15,23]. Therefore, 
pectin hydrogels promise to respond to the immediate need for a wound 
dressing that can serve multiple functions. 

Here, we developed two new hydrogel films based on low-methoxy 
pectin. These films are characterized by their pH-sensitivity, dual 
cross-linking structure, capability to administer drugs, and facilitation of 
wound healing. The weak mechanical properties of the pectin hydrogel 
films are significantly enhanced through the incorporation of either 
zeolite-A or 2-thiobarbituric acid (TBA). Zeolitic frameworks are 
composed of TO4 tetrahedra [SiO4]4− and [AlO4]5− interconnected by 
oxygen atoms [24], emerge as an outstanding candidate in tissue engi
neering. This is attributed to its varied and intricate pore sizes, three- 
dimensional structures, biocompatibility, non-toxic nature, and anti
bacterial qualities [25–28]. Zeolites promote wound healing through 
cell adhesion via silanol groups and by stimulating cell proliferation 
[29]. They also demonstrate remarkable hemostatic abilities, efficiently 
adsorbing high concentrations of clotting factors and platelets [30–33]. 
Recent studies further highlight their antioxidant capabilities. [34,35]. 
The integration of zeolite into the pectin matrix not only augments the 
mechanical properties but also enhances the biomedical potential of the 
wound dressing network. [17,36]. Our prior in vitro investigations on 
multiple zeolites, including zeolite A, revealed that their crystallinity 
remains unaltered in Simulated Body Fluid (SBF), without any delete
rious effects on cultured cells. Zeolites exhibit inert behavior in such 
environments, with no degradation impeding cell development. 
Concurrently, recent in vivo studies indicate that zeolite A is biocom
patible with bone tissues, fostering normal development without 
inducing necrosis or adverse reactions [37,38]. 

TBA, on the other hand, is recognized for its antioxidant, antifungal, 
antidiabetic, and anti-cancer properties, and it promotes a conducive 
environment for cell adhesion [39,40]. We have previously enhanced 
the pectin matrix by physically functionalizing it with thiol groups via 
TBA incorporation, resulting in an extended degradation timeframe and 
improved biocompatibility [41]. 

Local anesthetics (LAs), known for their effective analgesic proper
ties through voltage-gated sodium channel blockade, also exhibit anti
microbial and antifungal properties. One particular local anesthetic 
(LA), procaine hydrochloride (PC), has multiple benefits, including ap
plications in chemotherapy, modulating cell membranes, antioxidant 
activity, increasing resistance to infection and toxins, and promoting 
neuron regeneration [42–48]. PC is particularly effective in treating 
burn wounds and is used as both a pain reliever and long-term survival 
aid during oncological surgery [48–52]. 

In this research, we conducted a comparative analysis of the wound 
healing efficacies of Pectin-Zeolite (PZ) and Pectin-TBA (PTBA) hydro
gel films against Kaltostat®, a commercially prevalent alginate-based 
dressing [84,85]. Kaltostat® is recognized for its chiral structure and 
is extensively employed in the management of diverse wound types 

[86], including pressure [87], diabetic foot [88], and acute carotid 
endarterectomy wounds [89]. Moreover, Kaltostat® has been identified 
as a superior alternative to hydrofiber dressings in the context of wound 
healing, particularly notable in pediatric care [90]. 

We first conducted Molecular Dynamics (MD) simulations in explicit 
water to better understand the dynamic cross-linking behavior that can 
give zeolite- and TBA-added films self-healing properties and structural 
stiffening, which improves wound dressing stability and drug release 
profile. We then analyze the conformational, morphological, and 
structural properties of the synthesized hydrogels using scanning elec
tron microscopy (SEM), differential scanning calorimetry (DSC), contact 
angle measurements, rheology, swelling, and drug release analysis. 
Further in vitro studies revealed the self-healing ability, moldable qual
ities, biocompatibility, antibacterial, antioxidant, and hemostatic 
properties of the pectin-based hydrogels with zeolite (PZ) or TBA 
(PTBA). Finally, the efficacy of PZ and PTBA hydrogels in wound healing 
was evaluated in Sprague Dawley rats and compared with the positive 
control group using Kaltostat® dressing. The results of the study were 
confirmed through histological examination of the skin. 

2. Results and discussion 

2.1. Molecular dynamic simulations of polygalacturonic acid, TBA, and 
PC systems 

We performed all-atom MD simulations in explicit water for two 
different systems of polygalacturonic acid (PGAL): (i) with TBA (called 
TGAL) (Fig. S1a) and (ii) with TBA and procain (PC) (Fig. S1b) (called 
PTGAL) to understand the cross-linking behavior of the polymeric 
chains promoting self-healing and dynamic stability. Simulation details 
are listed in Table 1. 

Each independent 200 ns MD simulation in two replicas were 
checked for equilibrium by monitoring the energy deviation and root 
mean squared deviation (RMSD) profiles. Graphs displaying both elec
trostatic and van der Waals energies for the TGAL and PTGAL models 
were illustrated in Fig. S2. 

RMSD, Radius of gyration (Rg), and End-to-end distance (Rn) cal
culations give an idea about the globular motions and overall flexibility 
of the polymer chains. Therefore, the dynamics of models were evalu
ated for each system for each independent run, using RMSD, Rg and Rn 
distributions, which are illustrated in Fig. 1a, c, e as violin graph; and as 
a function of time in Fig. 1b, d and f, respectively. RMSD of cross-linked 
chains was calculated using the conformations at t = 0 ns as a reference 
to measure its structural deviations. The PGAL chains showed relatively 
high RMSD values of 10–15 Å, indicating that they deviated from their 
initial conformations. These deviations can be attributed to the notable 
flexibility and compactness of the cross-linked PGAL chains in the TBA 
and TBA-PC solutions. This behavior is further supported by the 
observed changes in the radius of gyration (Rg) and the end-to-end 
distance (Rn), with median values of 17.7 and 18.1 for TGAL and 
PTGAL, respectively, for Rg, and 48.4 and 46.2, respectively, for Rn (as 

Table 1 
Details of the systems investigated in this study.  

Code Number of 
TBA 
molecules 
per box 

Number of 
procaine 
molecules 
per box 

Number 
of PGAL 
chains 

Number 
of cross- 
linker 
Ca2 +
ions 

Simulation 
length (ns) 

TGAL 5 − 2 20 200 × 2 
TGAL- 

II 
5 − 2 20 200 × 2 

PTGAL- 
I 

5 5 2 20 200 × 2 

PTGAL- 
II 

5 5 2 20 200 × 2  
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shown in Fig. 1c-f and Table S1). Although the PGAL chains can establish 
dynamic dual secondary bonds through cross-linking, their flexibility 
appears to be the primary factor contributing to their high RMSD values 
with median values of of 9.6 and 9.8 for TGAL and PTGAL, respectively, 

(Fig. 1c-f, Table S1). Furthermore, the Wilcoxson rank sum test was 
employed to compare the Rg and Rn distributions of TGAL and PTGAL 
models (Table S2). The test results showed that the p-values of 1.28 x 
10− 5 for Rg distributions and 4.7 x 10− 4 for Rn distributions did not 

Fig. 1. Dynamics of cross-linked PGAL chains for TGAL and PTGAL models. Violin plots for (a) RMSD, (b) Rg, (e) Rn; plots as a function of time for (b) RMSD, (d) Rg, 
(f) Rn are displayed for independent run of each system. 

Fig. 2. Distance fluctuations between centers of masses of nearest GAL unit pairs, which face each other in the initial configurations of (a) TGAL and (c) PTGAL 
models. Dotted lines represent the average distance fluctuations of PGAL chains from ref. [53]. Snapshots of (b) TGAL and (d) PTGAL models. 
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support the hypothesis that the two distributions (TGAL and PTGAL) 
belonged to the same population. 

For a more in-depth investigation of the dynamic non-bonded in
teractions (including dual cross-linking, electrostatic, and H-bonding) 
and stiffness of the models, the extent of the cross-linking and de-cross- 
linking between TGAL and PTGAL chains was monitored. The distances 
between the center of masses of the two nearest cross-linked galactur
onic acid (GAL) units (abs(di(t) − di(0)) were plotted, where di(0) is the 
initial distance at t = 0 ns (Fig. 2a,c, Table S1). In a recent similar study, 
these distances were measured for PGAL chains in explicit water with an 
average distance of 12.75 Å [53]. The median and interquartile range 
(IQR) of |(d(t)-d(0))| distributions of PGAL were found to be 2.3 Å and 
3.9 Å, respectively. Here, the initial cross-linking of TGAL and PTGAL 
chains seems to be more conserved as opposed to the PGAL system [53], 
as indicated by higher mean distance fluctuations of PGAL chains 
(12.75 Å) as shown in Fig. 2a,c with dotted lines. Furthermore, the 
addition of PC molecules to the TGAL system increased the stability of 
the cross-linkings between PGAL chains. The median and IQR values for 
TGAL were 2.1 Å and 2.8 Å, respectively, whereas these values 
decreased to 1.5 Å and 2.7 Å for the PTGAL system (Table S1). 

Then, we visually controlled the position and motions of cross-linker 
Ca2+ ions (Fig. 2b, d). We observed that these ions lost their cross- 
linking position from time to time when interacting with a single 
COO– group, but they were quickly regained. To understand the extent 
of intermolecular interactions between the components of the models 
(Ca2+ ions, PC, TBA, and GAL chains), the radial distribution function 
(RDF) was used (Fig. S3, S4). For all investigated systems, the peak at 
around 2 Å is quite apparent between COO– groups and Ca2+ ions, 
indicating the Ca2+ induced gelation of chains with COO– groups as 
reported in the literature (Fig. S3) [53–55]. On the other hand, other 
oxygen atoms on the chains (O2, O3, O4, and O5 positions that shown in 
Fig. S4) didn’t display any significant interactions with Ca2+ (Fig. S4). 
Furthermore, in order to investigate the non-bonded interactions be
tween the system components, RDF calculations were performed be
tween the PC and TBA molecules as well as between the atoms of PC and 
TBA molecules and PGAL chains. According to the results, we observed 
an increasing amount of hydrogen bonds and electrostatic interactions 
in the PTGAL model compared to the TGAL model (Figs. S5, S6 and S7). 
The magnitude of van der Waals and electrostatic interactions was also 
found to be higher for the PTGAL model (Fig. S8). These findings suggest 
that the increased stabilization of PTGAL chains can be attributed to 
more stable non-bonded intra- and intermolecular interactions between 
TBA and PC molecules (Fig. S8). 

As a result, MD simulations for TBA and/or PC-added PGAL systems 
indicated the stability of the cross-linking between polymeric chains, 
which would result in slow degradation and dual-cross-linking behavior 
of the pectin hydrogel. Furthermore, the addition of PC molecules to the 
PTGAL model seems to further promote nonbonded interactions, and 
enhance the stability of the hydrogel. This computational study at the 
micro level offers a comprehensive perspective on the pectin hydrogel, 
paving the way for a detailed understanding of its functional properties. 

3. Experimental studies 

This study introduces two distinct types of PC-loaded multifunctional 
hydrogel structures, namely PZ (zeolite added) and PTBA (TBA added) 
hydrogels, designed for use as wound dressings. These hydrogels were 
synthesized using a facile and cost-effective sol–gel method, with dy
namic dual ionic bonds serving as the primary cross-linking mechanism. 
Synthesized PZ and PTBA hydrogel films were homogeneous without 
any cracks. They are transparent, which can enable to monitor of the 
wound. The results and discussion obtained from in vitro wound healing 
tests (Table S3) of the hydrogels are presented in Supporting Informa
tion in detail. In the following, morphological, thermal, rheological, self- 
healing, shape fitting, remoldability, release, in vivo wound healing and 
histological properties of the hydrogels are discussed. 

3.1. Morphological analysis 

Scanning electron microscopy (SEM) images of the dried cross- 
section films of PZ and PTBA samples are shown in Fig. 3 at three 
different magnifications. Both hydrogels have a smooth, irregular, 
spherical porous structure that facilitates solvent accommodation and 
procaine release. The PTBA formulation has more pores compared to the 
PZ formulation, which is expected to mimic the extracellular matrix 
(ECM) due to its high porosity [56]. Including TBA molecules in the 
PTBA hydrogel increases the diameter of spherical pores and creates 
some holes and cracks (Fig. 3). The PZ hydrogel film, containing zeolite 
particles (Fig. 3a, b) shows numerous sharp-edged crystals (marked with 
red arrows) that resemble the cubic zeolite-A morphology (Fig. 3a, b, c). 

3.2. Contact angle analysis 

The effect of zeolite particles and TBA molecules on the water con
tact angle of dry hydrogels was measured using sessile drop analysis. 
The water contact angle of the PZ hydrogel was found to be 47.7 ± 1.6◦, 
while the water contact angle of the PTBA hydrogel was 57.1 ± 3.9◦

(Fig. 4). This is because zeolites’ anionic nature and the pectin matrix’s 
high charge can interact with water through hydrogen bonding, 
increasing the surface free energy and decreasing the contact angle. 
Conversely, the addition of TBA molecules to the pectin matrix reduces 
electronegativity, reducing the interaction with water molecules and 
increasing the contact angle [57]. This is due to secondary interactions 
of TBA molecules with procaine and pectin chains, as discussed in the 
computational section. 

3.3. Thermal analysis 

We analyzed the glass transition (Tg) and melting (Tm) temperatures 
and calculated the enthalpy (ΔHm) of PZ and PTBA hydrogels through 
differential scanning calorimetry (DSC) analysis (Table 2). The Tg of the 
PZ and PTBA formulations are 46.2 ◦C and 46.8 ◦C, respectively, indi
cating that the pectin chains are not flexible at room temperature. 

Tm of both formulations is similar. However, the ΔHm of PZ hydrogel 
(81.8 ± 4.2 J.g− 1) is lower than that of PZ hydrogel (94.3 ± 2.3 J.g− 1). 
The inclusion of TBA molecules may have contributed to the improve
ment in structure stiffness and restricted the flexibility of pectin chains, 
leading to an increase in the number of crystalline regions in the pectin 
matrix [53,58,59]. The strength of molecular interactions within the 
crystalline domain is determined by factors such as the regularity of the 
chain structure (tacticity), chain stiffness, and the presence of interact
ing groups like H-bonds or electrostatic interactions. Since the PTBA 
hydrogel has more H-bond interaction sites and cross-linker capacity, 
the pectin chains require more thermal energy to melt. The enthalpy of 
melting (ΔHm) is therefore influenced by the presence of both TBA and 
PC molecules. The results suggest that the incorporation of PC molecules 
into PTBA hydrogel led to substantial increase in H-bonding in pectin 
chains and backbone crystalline regions. These findings are consistent 
with MD simulations and swelling results, implying that the PTBA 
formulation has a lower swelling ratio. 

3.4. Rheological analysis of the hydrogels 

To gain a better understanding of the relationship between the 
microstructure of hydrogels and their rheological responses, which are 
directly related to their flexibility, a detailed rheological analysis was 
conducted. Test parameters of the rheological characterization are given 
in Table S4. We can categorize the measurements into three main areas 
for examination: (i) Stiffness, viscoelasticity, and shear-thinning prop
erties were assessed through oscillation amplitude and frequency sweep 
analysis; (ii) Self-healing properties were evaluated via six-cycled 
thixotropic oscillatory strain amplitude sweep measurements [60]; 
and (iii) Stability, durability, and recovery abilities were tested by stress 
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relaxation and creep tests. 

3.4.1. Oscillatory strain and frequency sweep analysis 
The analysis of strain and frequency sweep offers a detailed under

standing of the viscoelastic characteristics of materials, which is crucial 
for comprehending their response to various deformation scenarios. 
Strain sweep analysis reveals that in both hydrogel types, the linear 
viscoelastic region predominantly exhibits solid-like characteristics. 
This is evidenced by the storage modulus (G’, indicating the material’s 
capacity to store energy under deformation) being consistently higher 
than the loss modulus (G’’, reflecting the material’s energy dissipation 
ability) as seen in Fig. S9 [61]. The storage modulus of both formulations 
is highest at the smallest strain amplitude (Ɣ0; G’0) and decreases to a 
lower value at the highest strain amplitude (Ɣ∞; G’∞) (Fig. S9a, 
Table S5). This trend is likely due to the disruption or rearrangement of 
the numerous hydrogen bonds and electrostatic interactions during 
deformation at the flow point [59]. Furthermore, the integration of 
zeolite particles within the PZ matrix enhances resistance to 

deformation, a result of robust polymer-zeolite and zeolite-zeolite in
teractions [62] 

For both hydrogels, the strain amplitude at the flow point (Ɣf) is the 
same, where the internal structural failure results in viscous behavior 
(crossover (gel) point, Gf; G’=G“) (Table S4). On the other hand, PTBA 
hydrogel has a greater storage modulus at the flow point G’f (Table S5). 
The connected network of filles, i.e., zeolite particles, disrupts as the 
strain amplitude increases, which causes the formation of massive 
agglomeration chains and cluster breakup in the PZ hydrogel [63]. The 
increase of the aggregates and polydispersity in the polymer network 
indicates an increase in the loss modulus, as seen in the increasing 
amount of G’’ in PZ with strain amplitude [64]. 

Both G′ and G″ as a function of angular frequency are shown in 
Fig. S9b. The data revealed that both G′ and G″ values show a slight 
dependence on frequency in the range tested, with G′ consistently being 
greater than G″. These results suggest that PTBA and PZ hydrogel films 
have solid-like viscoelastic structures with extensive interconnectivity 
[17]. The correlation between frequency and dynamic modulus adheres 
to the Power Law model (Eq. S1), k’ (gel strength) and n’ (indicator of 
the gel strength) coefficients for both hydrogels are listed in Table S5 
and elaborately discussed in the Supplementary Information. Calcula
tions suggest that PTBA hydrogel is a more robust gel [65]. 

The hydrogels’ shear thinning properties were investigated by a 
frequency sweep test under oscillatory mode using complex viscosity 
curves (Fig. 5a). The results demonstrate a linear decrease in complex 
viscosity corresponding to the frequency on a double logarithmic scale, 
marked by a significantly steep slope (0.9), indicative of a pronounced 
shear-thinning behavior in the formulations [66]. This phenomenon 
facilitates the alignment of polymer chains with the flow direction, 
enhancing the shape-fitting (Fig. 5b), remolding (Fig. 5c), and self- 
healing (Fig. 5d, e) capabilities of the structures. As shown in Fig. 5b, 
the PZ and PTBA hydrogels exhibit dynamic adaptability to finger 
movements, owing to their shear thinning and self-healing properties 
[67,68]. This feature enables them to endure diverse body movements 
and deformations at various angles, rendering them ideal for advanced 
wound dressing applications. To further illustrate their shape adapt
ability, dried hydrogel films were placed in a semi-spherical mold 
(Fig. 5c) and subsequently swollen in a pH 8.0 buffer solution mimicking 
wound exudate. As observed in Fig. 5c, the hydrogels swiftly conformed 
to the mold’s shape without any cracking and maintained this shape 
even upon drying, underscoring the self-healing and shear-thinning 
properties of these synthesized pectin-based hydrogels [69,70]. 

Fig. 3. SEM images of hydrogels. (a-c) Zeolite added PZ; (d-f) TBA added PTBA with different scales.  

Fig. 4. Contact angle images of hydrogels. (a) Zeolite added PZ; (b) TBA 
added PTBA. 

Table 2 
DSC data for PZ and PTBA hydrogels.   

PZ PTBA 

Glass transition temperature (Tg, ◦C) 46.2 ± 0.3 46.8 ± 0.1 
Melting temperature (Tm, ◦C) 221.8 ± 0.3 222.5 ± 0.6 
Melting enthalpy (ΔHm, J.g− 1) 81.8 ± 4.2 94.3 ± 2.3  
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3.4.2. Thixotropic strain sweep measurements 
Thixotropic strain sweep analysis, a critical technique, was utilized 

to evaluate the self-healing or recovery characteristics of hydrogels 
following the application of constant shear. This aspect is pivotal in 
determining the hydrogel’s capacity to flow into and mend cracks or 
voids, a fundamental aspect of self-healing. Thixotropy refers to a ma
terial’s propensity to flow under shear due to a reduction in viscosity and 
subsequently recover its original state upon the removal of high shear 
force [15,71,72]. Hydrogels with efficient self-healing capabilities could 
enable rapid recovery when the surface of the hydrogel is damaged by 
frequent body movements [73]. Thereby, these materials improve the 
lifespan of the wound dressing [22]. Pectin hydrogel inherently exhib
iting shear thinning and self-healing properties since it has a consider
able amount of dual dynamic and reversible physical interactions, as 
demonstrated by MD studies [13–15]. 

The self-healing properties of the PZ and PTBA hydrogels are 
investigated through rheological evaluations and macroscopic tests 
involving visual inspections. The rapid recovery ability of the materials 
after network breakdown at high strains was demonstrated by 

performing a six-cycle thixotropic measurement (Fig. 5d). The test 
started at a low strain (1%) step for 1 min, followed by a high strain 
(1000%) step for 1 min per cycle. The thixotropy diagram displayed a 
solid-like behavior at low strain with G′ > G″ and a liquid-like structure 
at high strain with G’’ > G’. Both hydrogel formulations exhibited full 
recovery, with a rapid sol-to-gel transition and no decrease in G’ 
observed throughout the cycles. The PZ hydrogel demonstrated 97.2% 
recovery after six cycles, while the PTBA hydrogel exhibited a remark
able 100% recovery, as shown in Table S5 and Fig. 5d. These results 
demonstrate the outstanding self-healing capabilities of both hydrogel 
formulations [73]. The exceptional self-healing feature is attributed to 
the high level of dynamic charges in the pectin matrix, which combines 
strong hydration, reversible H-bonding, and metal coordination be
tween Ca2+ and COO– as identified by RDF results of MD simulations 
(Fig. 2). The reversibility of ionic associations rapidly triggers the 
healing process. Additionally, it’s noteworthy that the hydrogel’s heal
ing efficiency is substantially influenced by the extent of its cross- 
linking, as indicated in studies [74,75,76]. Literature reveals the 
development of hydrogel films using pectin with self-healing properties. 

Fig. 5. (a) Complex viscosity of PZ and PTBA hydrogels by oscillation frequency sweep, (b) The tensile of hydrogels on the surface of different postural fingers, (c) 
Photographs of shape filling and remolding process: Dry hydrogel swelled in pH 8.0 media and placed in a semi spherical-shaped container. It dried without any crack 
and remolded the container’ s shape, (d) Rapid self-healing determination of PZ and PTBA hydrogels by oscillation strain steps (1% strain to 1000% strain and back to 
1% strain, each step for 1 min), (e) Photographs of the self-healing process of the hydrogels: Two pieces of PZ and PTBA stained with different colors; hydrogel 
cylinders were brought into contact with each other in line for a visualized self-healing test with no external force applied. The hydrogel cylinders were self-healed 
within 10 min. The self-healed PZ and PTBA hydrogels lift and support themselves and dried hydrogels withstoodd a weight of 50 g, (f) Schematic illustration of self- 
healing mechanism and dual dynamic secondary interactions on galacturonic acid monomer. (*We only used one because both materials produced the same 
photograph for (b), (c), and (e)). 
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Literature highlights the development of hydrogel films using pectin 
hydrogel with self-healing properties. However, in contrast to our facile 
and biocompatible preparation method, these hydrogels often require 
chemical modifications, which might negatively affect the cyto
compatibility and other functionalities of the hydrogel. 

Macroscopic visual analysis further examined the self-healing phe
nomena (Fig. 5e). The results of the visual self-healing test showed that 
the cut hydrogel was completely healed in 10 min, and the contact 
surface of the hydrogels was fused, as observed by the formation of a 
diffusion layer. The healed hydrogels could support a weight of 50 g 
even after drying, demonstrating their strong self-healing properties. 
Compared with the difficulty in the “movement” of molecules at a higher 
degree of cross-linking, a low degree of cross-linking degree results 
inadequate self-healing due to lower ionic bonds and excess vacancies 
(or free volume) within the matrix for healing recovery. At an optimum 
degree of cross-linking, the free volume allows the molecules to ‘move’ 
easily, resulting in an increase in healing efficiency [75]. The cross- 
linking concentration used for both PZ, and PTBA hydrogels is an opti
mum value for self-healing properties. A schematic illustration of the 
self-healing mechanism and dual dynamic secondary interactions on the 
galacturonic acid monomer is shown in Fig. 5f. 

3.4.3. Creep-recovery and stress relaxation 
Creep recovery and stress relaxation analyses are utilized to 

comprehend the viscoelastic behavior of materials. These measurements 
are crucial for assessing the durability and reliability of materials in 
long-term applications [77,78]. 

Creep recovery analyses were conducted at 25 Pa for a 300 s creep 
phase followed by a 600 s recovery phase. According to the creep- 
recovery results, both PTBA and PZ hydrogels exhibit a combination 
of elastic solid–viscoelastic and elastic viscous fluid properties. The re
sults are in accordance with the literature as expected for gels with 
flexibility [79]. PTBA hydrogel had a higher compliance value; thus, it 
can be strained more efficiently (Fig. 6) [80]. However, PTBA hydrogel 
showed a higher RC% (55.61) when compared to PZ (40.34) (Equation 
S2, Table S5). PZ hydrogel has low Jmax, Jmin, and RC% values; here, 
the zeolite particles inside the matrix act as a barrier to the strain and 
probably result in phase separation when the shear is applied. On the 
contrary, enhanced interlayer interactions through cooperative 
hydrogen bonds and electrostatic interactions in PTBA hydrogel result in 
a viscoelastic material with a higher RC% value. Creep-recovery results 
demonstrate that TBA addition to the hydrogel (PTBA) allowed the 
formation of more elastic gels, which may be related to TBA and PC 
interactions. 

The stress relaxation modulus of hydrogels at four different tem
peratures (15, 25, 35, and 45 ◦C) was monitored to understand the 
temperature dependence of the characteristic relaxation time (τ) 
(Fig. 6b,c, Fig. S10a, b and Tables S6, S7). The resulting stress relaxation 
curves were normalized as the ratio of stress to initial strain (G/G0), 

plotted on a logarithmic scale, and the characteristic time (τ) was 
defined as the time required to reach 37 % of the initial stress [81]. 
Because of the reversibility of cross-linking ionic bondings and H-bonds 
and superior self-healing ability of the PZ and PTBA formulations, both 
samples are expected to rearrange the gel structure through dynamic 
electrostatic interactions and hydrogen bondings. Distinctly, both 
hydrogels released stress faster at higher temperatures. With the 
exception of PTBA at 15 ◦C, both samples significantly released stress at 
the temperatures being measured. Here, the association of H-bond in
teractions at lower temperatures is strong and can act like a weak cross- 
link between the chains [44]. On the other hand, due to dissociation of 
H-bond interactions at higher temperatures, the samples released stress 
more efficiently. Moreover, the hydrogels are characterized with acti
vation energy (Ea) (Equation S3, S4, Fig. S10, Tables S6, S7). The Ea 
value of PTBA (82.38 kJ/mol) is significantly higher than the Ea of 
(37.68 kJ/mol) PZ hydrogel, indicating the dynamic exchange of the 
secondary bonds inside the hydrogel matrix. High stability, which is 
related to a high amount of secondary bonds, restricts chain mobility, 
hindering bond re-shuffling and raising activation energy [82]. 

3.5. Swelling 

Hydrogel dressings have a high capacity to effectively absorb wound 
exudate and create a moist environment that promotes wound healing. 
However, this swelling process can also cause structural changes in the 
hydrogel matrix, impacting the mobility of drugs and cross-linkers and 
therefore affecting drug release. Water, acting as a plasticizer, reduces 
the glass transition temperature (Tg) of the system, facilitating the 
polymer chains’ transition from a glassy to a rubbery state [83]. Due to 
the inclusion of water, pectin hydrogel swells, resulting in dramatic 
changes in polymer and drug concentrations, and increasing the di
mensions of the system. 

Polymeric hydrogels swelling is governed by two fundamental 
mechanisms: diffusion-controlled (Fickian) and relaxation-controlled 
(non-Fickian). The swelling mechanism depends on the diffusion of 
water molecules into the hydrogel’s porous framework, subsequently 
initiating the relaxation of the macromolecular chains [35]. Particularly 
in pectin-based hydrogels, the abundance of ionizable COOH groups is a 
critical factor. These groups cause the pectin’s inherently coiled chains 
to expand, markedly increasing the swelling capacity of the hydrogel 
[36]. Additionally, the presence of –COO- groups within the pectin 
structure causes intermolecular repulsion, further facilitating the 
relaxation of these chains. 

The swelling ratio of hydrogels increased until it reached a 
maximum, after which degradation began. Understanding the degra
dation behavior of hydrogels is crucial in their evaluation as wound 
dressings. Fig. 7a illustrates the swelling profiles of PZ, PTBA, and pectin 
hydrogels (P) in pH 6.4 TRIS buffer. The swelling of P (9.89 ratio/h) and 
PZ (3.2 ratio/h) hydrogels was more rapid compared to PTBA (2.79 

Fig. 6. (a) Creep analysis, and stress relaxation analysis of (b) PTBA, (c) PZ hydrogels.  
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ratio/h). Notably, The P hydrogel demonstrated an accelerated swelling 
rate relative to PTBA and PZ hydrogels, which exhibited a more gradual 
degradation process. This reduced rate of swelling in PZ hydrogels can 
be attributed to the high crystallinity of Zeolite A, which serves as a 
robust physical cross-linking juncture within the hydrogel structure, 
thereby enhancing the overall stability of the hydrogel matrix [17,36]. 
These results are consistent with the SEM analysis and MD simulations, 
which suggest that PC and TBA molecules contribute to an increased 
formation of secondary bonds within the polymer matrix, as illustrated 
in Figs S5, S6, and S7. 

3.6. Drug release profile 

The release profiles of procaine (PC) from PZ and PTBA hydrogels are 
illustrated in Fig. 7b. The initial concentration of PC for the PZ hydrogel 
was selected as 30 mg/g-hydrogel, and the loading medium was main
tained at a pH of 9.1. This choice was informed by comparative analyses 
of release profiles obtained at two distinct procaine concentrations (30 
and 60 mg/g hydrogel) and across a range of pH levels (6.4, 9.1, 9.8), as 
shown in Fig. S11. Additional details can be found in the Supplementary 
Data. The PTBA hydrogels were synthesized as an extension of our 
previous research [84]. 

Initially, during the UV scan analysis, our aim was to detect any 
peaks corresponding to the pectin hydrogel. Importantly, the hydrogel 
composed exclusively of pectin (identified as P) did not show a notable 
release peak. Therefore, the contribution of the pectin (neat) hydrogel 
was considered insignificant and consequently excluded from the cu
mulative PC release calculations (Fig. S12). 

There exists a significant correlation between the swelling ratio and 
the drug release pattern of the hydrogels (Fig. 7a, b). In a swelling- 
controlled system like these, the release of drugs is influenced not 
only by their diffusion from the polymer matrix but also by the diffusion 
and dissolution (chain relaxation) of the polymer chains within the 
matrix. This phenomenon, often termed “anomalous transport,” is 
characteristic of swelling-controlled systems, combining both diffusion 
and chain relaxation dynamics [85]. Our kinetic calculations provide 
empirical evidence supporting this phenomenon (Fig. S13, S14). Rassu 
et al. (2016) highlight that in particle-containing polymeric systems, 
drug release is typically governed by two primary mechanisms: drug 
diffusion and polymer degradation [86]. Our experimental results 
corroborate this, showing that both hydrogels exhibit a burst release 
phase, releasing approximately 60% of initial PC in a controlled manner 
within approximately two days, indicative of long-term controlled 
release (Fig. 7b). This initial burst release is particularly advantageous 
for wound healing applications, providing immediate relief followed by 
a controlled, prolonged release for gradual healing [87]. Zare et al. 
demonstrated that the initial burst release phase is largely due to drug 
diffusion or the presence of drugs near the surface that rapidly diffuse 
into the buffer solution. Subsequently, as the polymer matrix begins to 

degrade, the simultaneous drug diffusion and matrix degradation can 
accelerate the drug release rate [86]. The hydrophilic nature of procaine 
molecules further contributes to the initial burst release phase [85]. 

The PTBA hydrogel, characterized by a stiffer and more compact 
structure with slower degradation due to robust molecular interactions 
(as detailed in the Molecular Dynamics (MD) section), exhibits a pro
longed relaxation time and consequently a reduced initial burst release 
compared to the PZ hydrogel. Berg et al. [88] supports this, showing that 
drug release from polyelectrolyte multilayers is dependent on the 
structural characteristics of the film, such as pore size and the number of 
bilayers. Secondary interactions among the components in our study 
also alter the drug release pattern by modifying the morphology of the 
structures. 

Regarding zeolite-A or TBA incorporation into hydrogels, our pre
vious studies have shown significant alterations in drug release patterns. 
Our earlier research revealed that the addition of TBA significantly 
extended the release duration of theophylline from 4 hours to as much as 
four days, as noted in our previous publication [84]. This finding aligns 
with Pakulska et al. (2016), who demonstrated that increasing PLGA 
nanoparticle concentration in hydrogels correspondingly prolongs the 
drug release rate. Similarly, Shi et al. (2016) reported that nanoparticle 
integration within hydrogels facilitates a more gradual drug release 
[89,90]. 

With zeolites, as with any microporous system, the rate of drug 
release is controlled by the process of diffusion from the microporous 
channels [91]. In our previous study, we observed that the PC molecule 
exhibited a release duration of 8 hours, followed by a plateau phase. 
Contrasting this, our current study demonstrates that, when the PC 
molecule is encapsulated within zeolite-A particles surrounded by a 
pectin matrix, the PC molecule is released in a controlled manner over 
an extended period of approximately 40 hours [92]. The same controlled 
release pattern was also evident in our previous studies involving 
zeolite-A and theophylline [36,93]. 

Despite PC’s inherent water solubility, its sustained and controlled 
release from the pectin-zeolite (PZ) and pectin-2-thiobarbituric acid 
(PTBA) hydrogel matrices can be primarily attributed to the robust 
intra- and intermolecular hydrogen bonding of the PC molecules. This 
characteristic is analyzed in detail in the Molecular Dynamics (MD) 
section of our study. Two amino groups are present in the procaine 
molecule, a primary amine and a tertiary amine. Therefore, depending 
on the acidity of the medium, PC can exist as a neutral molecule (No), a 
monocation (NoH+), or a dication (NoH2

+). Hydrogen bonding plays a 
pivotal role in moderating the release dynamics of PC, effectively 
slowing its diffusion through the hydrogel matrices. Moreover, due to 
the extensive intra- and intermolecular hydrogen bonding of PC mole
cules, clusters of these molecules might be formed within the matrix. 
These clusters act as barriers along the diffusion pathway. This phe
nomenon also provides a plausible explanation for the incomplete final 
release of PC, as these clusters remain entrapped within the matrix. The 

Fig. 7. (a) Swelling behavior P, PZ and PTBA hydrogels, (b) Drug release profile of PZ and PTBA hydrogels.  
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degradation of the diffusion path further complicates the release pro
cess, resulting in the entrapment of larger procaine clusters within the 
matrix. As a result, PC exhibits a sustained release profile, which is not 
typically expected from a water-soluble molecule. This phenomenon 
underlines the complex interplay between the physicochemical prop
erties of the drug and the structural attributes of the hydrogel matrices, 
leading to a controlled release mechanism that defies the conventional 
expectations of solubility-driven diffusion. Toews and Bates (2023) re
ported in the same line with us. They reported that as hydrogen bonding 
is the best mechanism allowing for the controlled, sustained release of 
drugs from a hydrogel matrix, the backbone selection was catered to 
ensure it was achievable with hydrophilic drugs [94]. 

3.7. Drug release kinetic 

The drug release data from our study were analyzed using various 
kinetic models, with the findings presented in Table 3. The models 
which include zero order, first order, Kornsmeyer-Peppas, Higuchi and 
Hixon-Crowell, are fundamental in understanding the mechanisms 
controlling drug release from various formulations (Table 4 and 
Table S8). This methodology provides a systematic approach to analyze 
drug release data and identify the governing release kinetics, which is 
crucial for the development and optimization of effective drug delivery 
systems. 

The effectiveness of these models in characterizing the drug release 
kinetics is quantified by the regression coefficient value (R2), where a 
value closer to 1 indicates a more accurate fit. 

In our observation of the 40-hour release period, both PZ and PTBA 
hydrogels demonstrated the most significant adherence to the 
Korsmeyer-Peppas model, as indicated by the highest R2 value of 0.9774 
and 0.990, respectively (Table 4, Table S8, Table 3, Figs. S13, S14). This 
semi-empirical equation is viewed to be the most comprehensive 
mathematical model used to determine the drug release proile of water- 
swellable polymers. The applicability of this model is limited to the first 
60% of the released solute (Mt/MN < 0.60), when the drug release is 
proportional to time [95]. According to this kinetic release model, for 
PTBA, n = 0.7 indicates a non-Fickian (anomalous) release mechanism, 
where both diffusion and relaxation influences are significant [96,97]. 
With increasing water content, the diffusion coefficient of the drug in
creases substantially [83]. Initially, diffusion dominates the drug 
release, primarily through the hydrogel’s surface layers. As time pro
gresses, the role of diffusion diminishes while pectin chains relaxation 
becomes increasingly significant for releasing drug molecules that are 
located deeper in the matrix. This n value, ranging between 0.45 and 
0.89, represents the non-Fickian diffusion, indicating a release pre
dominantly governed by swelling-controlled diffusion, accompanied by 
minor surface erosion. This finding aligns with existing literature on 
pectin hydrogel kinetic studies [95,98–100]. For instance, Grolut et al. 
described their pectin based hydrogel using the Korsmeyer-Peppas 
model with an n = 0.58, typical for anomalous transport, where both 
solvent diffusion and polymer relaxation are key considerations [100]. 

In comparison, the inclusion of zeolite-A particles in the pectin ma
trix (PZ) reduced the n-value to 0.35, indicative of Fickian diffusion, 
suggesting a slower drug diffusion rate relative to the relaxation rate. 
This phenomenon can be attributed to the zeolite particles acting as 
obstacles to diffusion, thereby hindering the motion of pectin chains and 
ultimately affecting macromolecular motion. Pore tortuosity, influenced 

by the distribution of nanoparticles during nanocomposite preparation, 
also plays a role in this anomalous release mechanism. A similar 
explanation is reported by Silva et al. They found that the release 
mechanism of Vit-B12 from hydroxyethyl methacrylate-added pectin 
hydrogels was predominantly anomalous. This suggests that the release 
is governed by a combination of Fickian diffusion and macromolecular 
relaxation. The same release mechanism was observed for the pectin- 
TiO2 nanocomposites, but with a tendency towards Fickian diffusion (n 
< 0.45) [95]. The disruption of these bonds leads to a gradual process of 
chain relaxation. During the initial 60% of the release, primarily in tris 
buffer, erosion is not significant. 

Rheological results, particularly those focusing on strain sweep 
analysis, revealed a gradual decrease in the storage modulus (G’) and a 
slow increase in the loss modulus (G″) (Table S5, Fig. S9). This behavior 
indicates chain relaxation within the PTBA matrix, which can be 
attributed to the breaking of inter- and intramolecular secondary bonds 
within the PTBA components. In creep-recovery analysis, the PZ 
hydrogel exhibited a lower strain and creep compliance compared to 
PTBA, most likely a result of the zeolite particles’ restrictive effect on the 
mobility of pectin chains, acting as a barrier to strain, potentially leading 
to phase separation under applied shear stress as elucidated by the 
release kinetics. 

Other kinetic models, including first-order, Hixson-Crowell, and 
zero-order, displayed lower fitting quality, as evidenced by their lower 
regression coefficients. Nonetheless, these models offer valuable insights 
and contribute to a more comprehensive understanding of the drug 
release characteristics inherent to the system. 

Table 3 
The regression coefficient of kinetic models fitted for PZ and PTBA.  

Code Zero-order First-order Higuchi K.-Peppas Hixon-Crowel 

K0(µg.mL− 1.t− 1) R2 K1(t− 1) R2 KH(µg.mL− 1.t− 1/2) R2 K1P(t− n) R2 KS0(µg1/3.mL− 1/3) R2 

PZ  0.0178  0.82111  0.0001  0.6837  1.2665  0.9249  0.35  0.9774  − 0.0008  0.8323 
PTBA  0.0389  0.835  0.0004  0.42421  1.75  0.835  0.7  0.9909  − 0.0015  0.7705  

Table 4 
Kinetic model equations [156–159].  

Model Equation Parameters and 
descriptions 

Graphical 
presentation 

Zero 
¡Order 

Qt = Q0 + Kot Qt : concentrationount of 
drug released at time t, 
Q0: initial drug 
concentration in 
solution, Ko: zero-order 
release constant. 

Cumulative 
percentage of 
drug 
release versus 
Time 

First-order LogC =

logC0 − K1t/2.303 
C: percentage of drug 
remaining at time t, C0: 
initial drug 
concentration, K1: First- 
order release constant 
expressed in time^(¡1). 

Logarithmic 
percentage of 
drug remaining 
versus Time 

Higuchi Q = KHt1/2 Q: Cumulative amount 
of drug released in time 
t, KH: Higuchi 
dissolution constant 

Cumulative 
percentage drug 
release versus 
Square root of 
Time 

Korsmeyer- 
Peppas 

Mt

M∞
= KPtn Mt/M∞: racFtion of 

drug released at time t, 
KP: Korsmeyer release 
constant, n: diffusion 
exponent. 

Logarithmic 
cumulative 
percentage drug 
release versus 
Log Time 

Hixon- 
Crowell 

W
1 /3
0 − W

1 /3
t =

KHt  

W0: the initial amount of 
drug, Wt : the remaining 
amount of drug, KH: 
Hixson release constant 

Cube root of 
drug percentage 
remaining in 
matrix versus 
Time  
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3.8. In vitro blood clothing property 

The assessment of the coagulation effectiveness of P, PZ, and PTBA 
samples was conducted through the analysis of the Blood Clotting Index 
(BCI) as outlined in Equation (6). It is pivotal to note that a reduced BCI 
value indicates a higher proficiency in blood clotting. The BCI values for 
PZ (25.02 ± 9.2) and PTBA (25.89 ± 9.5) samples were found to be 
significantly lower neverthless, the blood build-up effect of PC molecule, 
nearly half, compared to P (56.65 ± 15.7) (Fig. 8a, b). Although PC is a 
local anesthetic which does not include dopamine structure, it does not 
directly contribute to blood clotting. Instead, it may increase blood 
accumulation, thereby aiding in dilation. This observation emphasizes 
their superior coagulation capabilities of the hydrogels, as shown in 
Fig. 8a, b. The structural composition of these hydrogels, characterized 
by their intricate, interconnected porous architecture and substantial 
swelling properties, enables them to absorb substantial quantities of 
blood. This absorption facilitates the concentration of red blood cells 
and platelets, thereby enhancing the hemostatic process [101]. Addi
tionally, according to Quan et. al. the presence of COO– groups in pectin 
chains may further enhance the hemostatic process by stimulating the 
interface of red blood cells and platelets [102]. Furthermore, the in
clusion of zeolites in the PZ hydrogels plays a ciritical role in their he
mostatic efficacy. Zeolites are microporous aluminosilicate minerals are 
distinguished for their ability to adsorb toxins from the blood, thereby 
promoting coagulation [5,6]. In the case of PTBA, the presence of 
cationic moieties and thiol groups is hypothesized to activate tissue 
factor (TF) and platelets, consequently accelerating blood coagulation 
[103]. Moreover pectin-calcium hydrogels owe their hemostatic 

characteristics to calcium ions and the ability of the alginate hydrogel to 
serve as a matrix for the accumulation of erythrocytes and platelet 
accumulation. In addition, release of Ca2+ ions from the wound dressing 
to the wound site might enhance the generation of pro-inflammatory 
cytokines, such as interleukin (IL)-6), IL-1, tumor necrosis factor 
(TNF), and the chemotactic cytokine IL-8. A similar observation was 
reported by Pereira et al. [104]. 

This phenomenon is further enhanced by the inherent characteristics 
of pectin hydrogels − their soft, hydrophilic nature, high water ab
sorption and retention capacities, and an their ability to adsorb plasma 
proteins, which are vital for blood coagulation [17,105]. Additionally, 
the stiff network and increased swelling ratio of PTBA contribute 
significantly to its clotting efficacy. The structural integrity of PTBA 
hydrogels potentially plays a crucial role in facilitating this hemostatic 
action. 

3.9. Antioxidant property 

When the skin is damaged, large amounts of ROS are produced in the 
inflammatory phase of wound healing, which cause biological damage 
such as the breakdown of lipids, proteins, and nucleic acids, and ulti
mately cell death, leading to delayed healing or even tissue destruction. 
Antioxidants can help to prevent oxidative damage and promote a 
healthy wound healing environment by scavenging free radicals and 
preventing oxidative stress [106]. 

According to the results illustrated in Fig. 8c, both formulations have 
a certain degree of free radical scavenging capacity. This is due to the 
antioxidant capabilities of the pectin polymer, which have been 

Fig. 8. (a) Visual images of hemostatic assay, (b) Blood clothing index, (c) Antioxidant evaluation, (d) Cell viability, (e) Visual images of antibacterial zone of 
hydrogels to E. coli and S. aureus after incubation for 24 h, (f) Quantified antibacterial zone of hydrogels to E. coli, (g) Quantified antibacterial zone of hydrogels 
to S. aureus. 
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demonstrated through several phenomena, including (i) scavenging of 
free radicals such as hydroxyl and superoxide radicals, reducing their 
oxidative potential and preventing oxidative damage to lipids, proteins, 
and DNA; (ii) chelation of metal ions, such as iron and copper, which can 
contribute to the generation of reactive oxygen species (ROS) and 
oxidative stress. In this way, pectin helps to prevent the generation of 
ROS and protect against oxidative damage; (iii) anti-inflammatory ef
fects, which can help to reduce oxidative stress and inflammation and 
support the healing of wounds and tissues subjected to oxidative stress 
[107]. Besides all these, crosslinker Ca2+ ions play a role in regulating 
oxidative stress and antioxidant defense. Some studies have indicated 
that calcium may influence antioxidant defense by modulating the ac
tivity of antioxidant enzymes and reducing oxidative stress [108–110]. 

It is worth mentioning that the free radical scavenging efficiency of 
PTBA hydrogel is 89.84 ± 2.08% (Fig. 8c). This efficiency surpasses that 
of other hydrogels prepared with pectin [10,111]. This exceptional 
performance can be attributed to the presence of sulfur ions within the 
2-thiobarbituric acid, which participate in numerous essential metabolic 
processes [112,113]. Small molecules containing sulfur and selenium 
compounds are also studied for their antioxidant properties and ability 
to prevent disease [113]. The protective effects of sulfur and selenium 
compounds against disease can be attributed to radical scavenging and 
enzymatic decomposition of oxygen metabolites [114]. Sulfur is a crit
ical component of the antioxidant molecule glutathione, which acts as a 
ROS scavenger and helps to maintain cellular redox balance [115]. 
Metal binding may enhance GPx activity and ROS scavenging for sulfur 
ions [113]. 

3.10. In vitro cytotoxicity 

The results, presented in Fig. 8d, demonstrate that the PZ and PTBA 
formulations improve cell viability when compared to the control group. 
These results suggest that these formulations will encourage cell growth 
and survival in the wound area, reducing inflammation, preventing 
infection, and facilitating more effective cell repair and regeneration. 
The inherent biocompatibility of the pectin polymer is well-established 
in the literature, as indicated by numerous significant studies focusing 
on wound dressings made from pectin that exhibit high cell proliferation 
ratios [76,116–118]. 

However, despite these advancements, there remains a gap in the 
literature regarding the use of hydrogels for controlled delivery that 
specifically improves cell viability. This highlights the innovative aspect 
of our PZ and PTBA formulations in bridging this gap and offering a 
promising avenue for enhanced wound healing applications. 

3.11. In vitro antibacterial analysis 

Effective wound care requires preventing bacterial infections, which 
can lead to slow or delayed healing, scarring, and other complications 
[119]. Song et al. prepared pectin-chitosan hydrogel with ciprofloxacin 
release, and Hasan at. al prepared alginate/pectin/hyaluronic acid 
hydrogel with clindamycin release which effectively exert antibacterial 
activity [118,120]. However, in order to avoid antibiotic-resistant bac
teria, advanced wound dressings must possess intrinsic antimicrobial 
activity. 

To assess the antibacterial efficacy of P, PZ, and PTBA formulations 
against E.coli and S.aureus, an inhibition zone assay was conducted. The 
results indicate that the P, PZ, and PTBA hydrogels exhibited inhibitory 
effects with diameters of 11 mm, 8 mm, and 9 mm against E.coli and 12 
mm, 7 mm, and 9 mm against S.aureus, respectively (Fig. 8e, f, g). These 
findings suggest that the synthesized hydrogels retain their antibacterial 
properties while enhancing cell viability (Fig. 8d) without the inclusion 
any antibiotics. 

3.12. In vivo compatibility of hydrogel wound dressings 

In in vivo studies, the commercial Kaltostat® wound dressing, known 
to be effective for wound healing but costly, was also used as a positive 
control group next to the control group. Kaltostat® is a wound dressing 
produced by ConvaTec Limited and has been clinically used for over 25 
years for various types of wounds. It has been proven to be clinically safe 
and effective. In a study conducted by Brenner and colleagues in 2015, 
they demonstrated that it is an optimal wound dressing, especially for 
healing children’s wounds, when compared with hydrofiber wound 
dressings [121]. It is demonstrated in the literature that it can be used 
for different indications. Its effectiveness has been determined in pres
sure sores [122], diabetic foot wounds [122], and acute carotid endar
terectomy wounds [123]. Kaltostat® is an alginate-based wound 
dressing. Alginate is an anionic polysaccharide that has a mirror image 
structure similar to pectin. Due to its significant structural similarity to 
pectin hydrogel and its substantial successful use in clinical studies, it 
has been chosen as the positive control group. In animal experiments, 
the negative control group consisted of rats that did not receive any 
wound dressing, referred to as the ‘control group’. 

We photographed the wound healing progress over 21 days and 
presented it in Figs. S15 and S16 Fig. 9a. Each experimental group 
exhibited a progressive decrease in the size of the open wound on days 7, 
14, and 21. Notably, we did not administer antibiotics to any group. 
Visually, there were no signs of excessive redness, irritation, or infection 
in the animals. 

Some animals managed to remove their dressings and occasionally 
broke pieces off the silicone splints. In these instances, we re-sutured the 
broken splints at each dressing change until day 14. By the end of the 
14th day, the wounds had significantly healed (as seen in Fig. 9a), 
eliminating the need for splints to prevent skin contraction. Conse
quently, we chose not to replace them thereafter. If an animal removed 
its bandage and removed the dressing, we replaced them.. Importantly, 
we observed no significant impact on wound healing in animals that 
either removed their bandages or broke their splints, likely due to the 
absence of infection. 

Replacing the PZ and PTBA hydrogel wound dressings was a 
straightforward process. We could easily separate the hydrogel from the 
wound without any difficulties. In comparison, the PZ and PTBA 
dressings could be effortlessly removed using an isotonic serum wash, 
unlike the positive control Kaltostat®, which adhered strongly to the 
wound bed and impeded new skin formation. The transparency of the PZ 
and PTBA hydrogel films facilitated easy monitoring of the wound 
healing process. 

The data displayed in Fig. 9b indicates a normal distribution for all 
measured variables, as confirmed by the Shapiro-Wilk test. We present 
these results as mean values along with their standard deviations. In all 
groups, macroscopic analysis showed a significant reduction in wound 
size from the day of surgery to the final evaluation at 21 days. This 
reduction is indicative of neoepithelialization and the replacement of 
damaged tissue with new tissue, as illustrated in Fig. 9. It’s worth noting 
that superficial wounds often heal naturally through physiological 
mechanisms when left untreated, as referenced in studies [124,125]. 
However, patient non-compliance and the risk of secondary infections 
can adversely affect healing rates, particularly in the treatment of deep 
wounds, chronic conditions, or burns. Thus, accelerating the healing 
process is crucial to mitigate post-wound complications, as suggested in 
a study [126]. 

By day 14 of wounding and dressing, notable macroscopic differ
ences were observed among the groups (as shown in Fig. 9a and 
Fig. S16). Measurements taken on the 7th and 14th days revealed that 
the control, PTBA, and PZ groups achieved better wound closure 
compared to the Kaltostat® group, as documented in Fig. 9a, Fig. S16, 
and Tables S9, S10, and S11. 

When analyzing the median wound closure area and the interquartile 
range (IQR) values of the groups over time, we observed that the control 
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group exhibited a decrease after day 14, while the PZ group showed the 
highest median value on day 21 (as seen in, Fig. S16, and Table S10). 
The exceptionally high IQR value (21.5) in the control group during the 
first week can likely be attributed to the animals’ varied immune re
sponses. Generally, the deviations from the median were larger, which 
could be due to differences in the animals’ behaviors. 

On the final day of treatment, the PZ group exhibited the highest 
percentage of wound closure at 91.89% ± 7.3, as detailed in Table S9. 
This was closely followed by the PTBA group at 91.02% ± 6.0, the 
control group at 90.88% ± 4.7, and the Kaltostat group at 84.8% ± 6.2. 
Notably, the highest rates of wound closure per day (wound closure 
area/day) were achieved by the PZ group (4.72) and the PTBA group 
(4.62) on day 21, outperforming both the control group (4.2) and the 
Kaltostat group (4.05) with statistical significance (p < 0.05) 
(Table S11). Additionally, the efficacy of the healing process was further 
validated by the emergence of hair follicles in the treated wounds [127]. 

When comparing the wound closure time in our study groups to 
those in previous studies on wound dressings, as cited in studies 
[128,129], our results show a relatively rapid closure rate. By day 21, 
the wound sizes in our study were comparable to those reported in 
earlier research. However, it’s important to note that we used splints to 
prevent skin contraction and spontaneous closure, a necessary step due 
to the presence of the panniculus carnosus muscle in the dorsal area of 
rats, as discussed in studies [130,131]. This methodology yields more 
realistic and comparable results to what might be expected in human 
wound dressings, as indicated in a study [132]. It’s conceivable that the 
closure percentages might have been even higher if the use of splints had 
been omitted. 

3.13. Histological analysis of hydrogel wound dressings 

Wound healing is a dynamic process that can be divided into three 
phases as: inflammation, proliferation, and maturation, respectively. 
The process is not linear and often wounds can progress both forwards 
and back through the phases depending upon intrinsic and extrinsic 
forces at work within the case [133,134]. 

The inflammatory phase is morphologically characterized by a pre
dominance of neutrophils and macrophages. Since samples were taken 
on the 21st day, no morphological sign representing this stage could be 
observed. During proliferation, the wound is ‘rebuilt’ with new granu
lation tissue, which is comprised of collagen and extracellular matrix, 
and into which a new network of blood vessels develops. Epithelial cells 
finally resurface the wound, a process known as ‘epithelialization’. 

Epithelialization is vital in wound healing, during which, several 

types of cytokeratins are expressed in different stages of this process 
[135]. Stratification and keratinization were accomplished in all groups 
on the 21st day of healing. Immune staining intensity of both 
cytokeratin-16, one of the markers expressed in basal cells during the 
initial period of epithelialization, and cytokeratin 10, a marker indi
cating keratinocyte differentiation in the suprabasal layers are promi
nent in the control group, while staining is weak to moderate in the PZ, 
PTBA and Kaltostat® groups (Figs. 10 and 11). This finding may relate to 
the early stabilization of keratinocyte proliferation and differentiation as 
a consequence of enhanced and moist wound healing due to the dressing 
material [136]. 

Maturation is the final phase and occurs once the wound has closed. 
This phase involves remodeling of collagen from type III to type I. The 
samples from all groups were taken presumably in the maturation phase. 
The abundance of mature (type I) collagen fibers is highest in PZ, PTBA, 
and Kaltostat® groups, respectively, compared to the control group in 
which immature (type III) collagen fibers were prominent. This result is 
consistent with the enhanced healing process associated with the 
dressings used in the study (Figs. 12 and 13). Cellular activity reduces, 
and the number of blood vessels in the wounded area regresses and 
decreases in the late maturation phase [137]. Vascular structures stained 
with the CD-31 antibody were observatory less in the control group and 
more abundant in Kaltostat® group, while the differences were insig
nificant (Fig. 14). Nevertheless, the relative difference may relate to 
fluctuating rate of healing among groups and hence is a reflection of 
different stages of the maturation phase. 

CD-68 is used as a marker for macrophages in the healing tissue 
(Fig. 15). The activity of macrophages is expected to decrease in the late 
stages of healing due to the remodeling of the wound. Subtle differences 
in the late phases of healing may result from the composition of dress
ings interacting with stroma which may have a critical role in chronic 
wound healing [138]. 

4. Conclusion 

In conclusion, our study presents the successful development of two 
distinct pectin-based multifunctional hydrogel formulations utilizing 
either zeolite or TBA through a straightforward sol–gel method. Our in 
silico analysis explored the complex molecular interactions among these 
components, revealing a complex interplay. The subsequent compre
hensive in vitro evaluations demonstrated the hydrogels’ remarkable 
stability, biodegradability, porous structure, self-healing properties, 
antioxidant and hemostatic capabilities, antibacterial efficacy, and 
biocompatibility. We performed a deep rheological analysis in order to 

Fig. 9. (a) Photographs of wound treated Control, PZ, PTBA, Kaltostat® groups on 0, 7, 14 and 21 days of post wounding, (b) Wound healing rate with 
different treatments. 
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describe the function-structural relationship. This research not only 
advances the field of multifunctional wound dressings but also repre
sents a significant contribution to polyscahharide science literature, 
with in silico, in vitro, and in vivo methods. Our investigation, employing 
comprehensive full-thickness skin wound models, has revealed that PZ 
and PTBA hydrogel dressings are capable of accelerating the wound 
healing process and enhancing tissue regeneration. Notably, the highest 
rate of wound closure was observed in the group treated with the PZ 

group. This finding is demonstrating the therapeutic potential of PZ 
formulations. 

Another critical component of our study was the detailed histological 
examination conducted during the maturation phase, also known as the 
remodeling phase, of wound healing. Here, we observed a prevalence of 
mature (type I) collagen fibers in the groups treated with PZ and PTBA, 
in contrast to the control group, which predominantly exhibited 
immature (type III) collagen fibers. This observation underscores the 

Fig. 10. Immune histochemical staining of cytokeratin16 in epidermal cells. In control group (A), strong immune staining reaction are observed. Immune staining 
intensity is moderate and comparable in Kaltostat®, PTBA and PZ groups (B, C and D respectively). Scalebar 50 µm. 

Fig. 11. Immune histochemical staining of cytokeratin-10 in epidermal cells. In control group (A), strong immue staining reaction are observed; In Kaltostat® group 
(B) intensity of staining is low and moderate in PTBA and PZ groups (C and D respectively). Scalebar 50 µm. 
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efficacy of our hydrogel formulations in supporting and advancing the 
critical processes inherent in the maturation phase of wound healing. 

The reason for these observations may be due to; (i) the superior 
properties of pectin polymer in wound healing [139,140], (ii) antioxi
dant capacity of the TBA molecule, (iii) high oxygen permeability of the 
zeolite particles [17], (iv) the high structural integrity of the PTBA 
formulation, (v) shear thinning and pH-dependent adhesion properties 
of PZ and PTBA hydrogels that impart to the structures self-healing ca
pabilities and facilitate filling and sealing of cavities and irregular edges, 
providing a moist interface that might facilitate cell mmigration and 
signaling as a scaffold for fibroblasts, (vi) antibacterial property of 
pectin hydrogel, (vii) the long term controlled delivery of PC molecules 
that have bacteriostatic, bactericidal, fungistatic, or fungicidal 

properties against a variety of microorganisms such as Enterococcus 
faecalis, Escherichia coli, Pseudomonas aeruginosa, Borrelia spp, and S. 
aureus [42–44,141] and cell membrane modulation, increasing resis
tance to infection and toxins, antioxidant activity, neuron regeneration, 
and reducing carpal tunnel syndrome [46]. 

All these findings highlight that these hydrogels hold great potential 
in clinical applications as multifunctional wound dressing materials. 

5. Materials and methods 

5.1. Molecular dynamics simulations 

The three-dimensional structures of 2-thiobarbituric acid (TBA) 

Fig. 12. Micrographs of A. Control, B. Kaltostat®, C. PTBA, D. PZ groups. Immature (blue) and mature (red) collagen fibers can be visualized by Herovici staining. 
Scalebar 150 µm. 

Fig. 13. Micrographs of the preparations stained with picro-sirius dye, were taken with a light microscope on the left and a polarized microscope on the right. Mature 
collagen fibers are seen as red bundles in the micrographs taken with the polarized microscope on the right. Reticular fibers and immature collagen fibrils are seen as 
green blots. Scalebar: 100 µm. 
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(Fig. S1a) and procaine (PC) (Fig. S1b) were downloaded from the Zinc 
Database [142]. Both molecules were protonated according to the 
experimental conditions. Geometric optimizations of the PC and TBA 
molecules were carried out with Gauss 5.0 [143] using the B3LYP 
approach of the 6–31 + G** basis set. To parameterize the systems for 
molecular dynamics (MD), the CHARMM force field was utilized 
through CHARMM-GUI [144]. Preparing the systems for MD simulations 
involved using PyMol and VMD interfaces [145,146]. 

Since the majority of pectin chains are composed of linear poly- 
galacturonic acid (PGAL) forms, galacturonic acid (GAL) monomers 
with deprotonated carboxyl groups were created to mimic the 

experimental conditions (Fig. 16). Two linear, 21-unit long oligo- 
galacturonic acid chains were modeled using Glycan Reader [145] and 
placed 10 Å apart using PyMol. Ca2+ ions were randomly distributed 
between the chains to maintain an egg-box configuration. Additionally, 
5 TBA molecules for the TGAL model and both 5 TBA and 5 PC molecules 
for the PTGAL model were randomly placed approximately 3–15 Å apart 
from the PGAL chains. The details of the two systems studied are listed in 
Table 1. 

The simulation boxes were solvated with TIP3P water using 20 Å 
padding and neutralized to a physiological salt concentration of 150 mM 
by randomly adding Na+ and Cl− ions. The systems’ energy was 

Fig. 14. Immunohistochemical staining of CD31 for endothelial cells showing immun-positive cells (red) in A. Control, B. Kaltostat®, C. PTBA, D. PZ groups. 40x. 
Scalebar: 50 µm. 

Fig. 15. Immunohistochemical staining of CD68 in control, Kaltostat®, PTBA, and PZ groups respectively. Scalebar: 50 µicrons.  
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minimized to remove any steric clashes, using 5000 steps of a conjugate 
gradient with a tolerance of 0.01 kcal/mol. Following energy minimi
zation, the systems underwent equilibration under NPT (constant 
number of particles, constant pressure, constant temperature) condi
tions for a duration of 10 ps at 300 K. Subsequently, a 200 ns long NVT 
(constant number of particles, constant volume, constant temperature) 
simulation was employed, where temperature was controlled by the 
Nose− Hoover thermostat [147], and pressure was controlled by the 
Langevin barostat [148]. Non-bonded interactions were cut off at 12 Å, 
and the Periodic Electrostatic Particle Mesh method [149] was used for 
electrostatic interactions. Total simulation time was set as 200 ns with a 
time step of 2 fs while using the SHAKE algorithm [150]. The 
CHARMM_all36 force field [144,151] was utilized for both energy 
minimization and molecular dynamics (MD) simulations, with the 
NAMD 2.7 package serving as the computational tool [152]. 

The dynamic behaviors of PGAL and PTGAL models were analyzed, 
focusing on root mean square deviation (RMSD), the radius of gyration 
(Rg), end to end distance (Rn). RMSD of the modeled chains is one of the 
critical parameters illustrating the particle’s position’s deviation rela
tive to their reference position at each time (Equation (1)). 

RMSD =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N

∑N

i=1
(rX

i − rY
i )

2

√
√
√
√ (1)  

Here, ri is the position of atom i in the structurally aligned structures X 
and Y, and N is the total number of equivalent atoms. The initial 
structure of the NVT production run is used as the reference (Y) 
structure. 

The calculation of the radius of gyration (Rg) and end-to-end dis
tances analysis (Rn) provide insight into the degree of compactness and 
the time required for structural and conformational equilibrium [153]. 

R2
g =

∑N
i=1mid2

i
∑N

i=1mi
(2)  

Where mi is the atomic weight, and di is the distance between I th atom 
and the center of mass. To determine significant non-bonded in
teractions, the radial distribution function (g(r)) of selected atom pairs 
or groups is examined. 

6. Experimental section 

6.1. Materials 

Amidated LM pectin was provided by Herbstrith & Fox company 
(Neuenbürg, Germany). Glycerol (purity-99%) and CaCl2⋅2H2O were 
purchased from Labkim (Istanbul, Turkey). TRIS (2-amino-2-(hydrox
ymethyl) propane-1,3-diol), procaine HCl and 2-thiobarbituric acid 
were supplied by Sigma-Aldrich (Düsseldorf, Germany). Sodium silicate 

(Merck, Darmstadt, Germany), granular sodium aluminate (Riedel-de 
Haen, Bucharest, Romania), and NaOH pellets (Carlo Erba, Val-de Reuil, 
France) were purchased for the zeolite synthesis. All chemicals were of 
analytical grade and were not further purified. Double deionized water 
was used throughout the experiments. 

6.2. Zeolite-A synthesis 

Zeolite-A, each measuring 2–3 µm in size, was synthesized with a 
molar composition of 3.165 Na2O:1 Al2O3:1.926 SiO2:128 H2O in Na 
form (NaA) from a gel-type reaction mixture [154]. The synthesis was 
carried out in an oven at 99 ◦C for 3.5 h in a polypropylene vessel. So
dium silicate, granular sodium aluminate, NaOH pellets, and de-ionized 
water were utilized as reagents. 

6.2.1. Preparation of PZ and PTBA hydrogels 
Zeolite-added (PZ) and 2-thiobarbituric acid added (PTBA) hydro

gels were fabricated through a host–guest interaction with CaCl2 as the 
cross-linker and glycerol as the plasticizer. PZ hydrogels were prepared 
based on diffusion into a membrane-controlled system. Initially, we 
dehydrated zeolite particles, which served as a reservoir for procaine 
molecules, at 120 ◦C under vacuum overnight. Subsequently, we mixed 
the zeolite-procaine suspension (30 mg drug at pH 9.1 / 30 mg zeolite). 
We stirred it for 24 h at room temperature and 100 rpm in a dark 
environment to immobilize PC to zeolite particles. The concentration of 
the immobilized drug was measured at 289.9 nm using a LAMBDA 1050 
UV/Vis Spectrophotometer. Next, we prepared a pectin-glycerol solu
tion (600 mg pectin/300 mg glycerol in ultra-deionized water) and 
stirred it for two hours at 150 rpm. We added the procaine-loaded 
zeolite suspension to the pectin-glycerol solution and stirred it for 
another 24 h at room temperature and 150 rpm. Finally, we poured the 
suspension onto 70 mg CaCl2 solution in a Petri plate and left it to gel 
spontaneously for 24 h on an orbital shaker at 27 ± 1 ◦C, resulting in the 
dry hydrogel. 

For the PTBA hydrogels, we followed a similar process. Initially, we 
mixed 30 mg of TBA molecules in a TRIS buffer solution at pH 6.4 with 
the pectin-glycerol solution. Subsequently, we gently added the pro
caine solution at pH 9.1 to the hydrogel film. The hydrogel film with 
procaine was left on a magnetic stirrer for an additional 24 h under the 
same conditions to ensure complete adsorption. Finally, the PTBA 
hydrogel was dried. 

6.3. Rheological behavior of hydrogels 

Rheological analyses were conducted using an Anton Paar Physica 
MCR 301 rheometer (Anton Paar, Graz, Austria) equipped with a plate 
temperature-controlled base (Viscotherm VT2) and a hood using a PP25 
measuring plate. Throughout the measurements, the samples were 
tightly sealed to prevent any material loss, and a solvent trap was used to 
prevent solvent evaporation from the samples. The dynamic measure
ments included amplitude sweep, frequency sweep, thixotropy analysis, 
creep and recovery, and stress relaxation. The experimental setup is 
detailed in Table S5. 

Strain sweep tests, ranging from 0.1% to 1000% of storage modulus 
(G’) and loss modulus (G’’) at 1 Hz and 25◦ were carried out to evaluate 
(i) the Linear viscoelastic (LVE) region or critical strain, (ii) (ƔL), the 
elastic modulus at the critical strain (G’LVE), and (iii) the flow point (Ɣf, 
Gf). 

Frequency sweep tests were conducted over a range of 0.1 to 100 
rad/s to determine the storage modulus (G’), loss modulus (G’’), and loss 
factor (damping factor; tan δ) within the LVE range. 

To assess the rapid self-healing capability of the cross-linked wet PZ 
and PTBA hydrogels, we conducted an oscillation strain test at 25◦C. The 
test was performed using a 25 mm parallel plate geometry with a 1 mm 
gap. The procedure involved six cycles, beginning with a low strain of 
1% applied for 1 min, followed by a high strain of 1000% for 1 min to 

Fig. 16. Geometrically minimized structures. (a) Protonated procaine, (b) 
Protonated TBA (c) cross-linked PGAL chains. Structures are shown in the sticks 
and in CPK coloring. Ca2+ are shown as yellow spheres in (c). 
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complete one cycle. 
We applied a 25 Pa shear stress for 300 s (creep phase) for the creep 

tests, and then released it. We allowed the hydrogels to recover their 
strain for an additional 600 s (recovery phase) and recorded the strain as 
a function of time during both phases. 

Stress relaxation tests were conducted at four different temperatures 
(25, 35, 45, and 60◦C) to investigate the temperature dependence of the 
hydrogel’s characteristic relaxation time (τ). PTBA and PZ hydrogels 
were first equilibrated at the set temperature for 15 min, and 1% strain is 
applied. The relaxation modulus was monitored over time, and the 
characteristic time (τ) was defined as the time to reach 1/e (37%) of the 
initial stress. 

6.4. Visual inspection of the self-healing property of the hydrogels 

PZ and PTBA hydrogels were shaped into circle-shaped samples for 
visual inspection, one of which was stained with a dye for better visual 
inspection. The self-healing process was conducted by cutting two semi- 
circular pieces from a single sample and re-joining them after 15 min. 
The re-joined hydrogels were then stored at 25◦Cin for 10 min to allow 
for self-healing, resulting in PZ and PTBA self-healed hydrogels. When 
the hydrogels dried, a hole was punched in the middle, and a 50 g weight 
was attached to the middle of the hydrogel. 

6.5. In vitro drug release 

The in vitro drug release of PTBA and PZ hydrogel films was evalu
ated in TRIS buffer at pH 6.4. To carry out this evaluation, equal- 
diameter drug-loaded pectin (P), PTBA and PZ hydrogel disks were 
placed in vials containing buffer solution and are stirred on an orbital 
shaker at 25 ± 1 ◦C. The drug release is monitored with a UV/Vis 
Spectrophotometer (Perkin Elmer Corp, Waltham, MA, USA) specifically 
at a wavelength of 289.9 nm. Throughout the duration of the experi
ment, samples were periodically collected using a 900 μL pipette. Upon 
collection, the absorbance of each sample was measured, and the solu
tion was promptly returned to its respective vial to maintain consistency 
in the testing environment. The use of the pure pectin (P) hydrogel 
served as a baseline control. This control was essential to verify at 289.9 
nm whether any degradation products from the pectin hydrogel itself 
could potentially interfere with the absorbance readings of the drug- 
loaded PTBA and PZ hydrogels, as detailed in the Supplementary 
(Fig. S12). For accurate determination of the drug concentration, Lam
bert–Beer’s law was employed [155]. 

6.6. In vitro drug release kinetic 

PC release kinetics from PZ and PTBA hydrogels was investigated via 
linear fitting of five kinetic models: Zero-order, First-order, Higuchi, 
Korsmeyer-Peppas, and Hixson-Crowell (Table 4). Finally, each graph of 
the model was plotted, and the R2 value determined the most appro
priate fitted model. 

6.7. Swelling degree 

To determine the swelling degree, the equal-sized circular pieces of 
hydrogel specimens were cut from the dry film. These samples were then 
immersed in 25 ml of pH 6.4 TRIS buffer solution in a Petri dish, kept at 
room temperature. At specific intervals, the samples were removed from 
the Petri dish, weighed, and then placed back into the buffer solution. To 
ensure accurate measurements, any excess moisture on the sample 
surface was carefully removed by placing it between two sheets of filter 
paper before each weight measurement. The swelling ratio is calculated 
using the Equation (3). 

Swelling Ratio =
Ws − Wd

Wd
(3)  

Where Ws and Wd are the weights of the swelled and dry samples, 
respectively. 

6.8. In vitro characterization of the hydrogels as wound dressing material 

Flexibility, mean mass per unit area (g.m− 2), and thickness (mm) of 
hydrogel films are tested, as well as fluid handling capacities, dehy
dration rate, dispersion characteristics, and pH shifting capacity of 
wound dressings [160,161] and compared to those of commercial 
dressing Kaltostat® (Table S4). The flexibility of PZ and PTBA hydrogels 
was measured by the D522-93a [162] standard test methods for mandrel 
bend test of attached organic coatings, American Society for Testing and 
Materials (ASTM) using an Erichsen Model 266S cylindrical mandrel 
bending tester [162]. The apparatus contains 14 stainless steel mandrels 
from 2 to 32 mm in diameter. The smallest cylinder diameter is reported 
when a sample does not show cracking or flaking after bending 
(Table S4). Mass per unit area (g.m− 2) and thickness (mm) of hydrogel 
films are determined according to BS EN 12127:1998 [163] and BS EN 
ISO 9073-2:1997 [164], respectively (Table S4). The hydrogels’ absor
bency or fluid handling behavior is measured according to BS EN 
137261:2002 [165] test methods. The salt solution for the measurement 
(2.298 g NaCl and 0.368 g CaCl2⋅2H2O in 1 L of de-ionized water) was 
prepared. 5 cm × 5 cm sized PZ and PTBA samples are weighed (W2) 
and placed in a Petri plate. The Petri is placed in an incubator at 37 ±
1◦C for 30 min, and the salt solution at 37 ± 1◦C is added to the Petri 
with a ratio of 1:40 (w/v). After 30 min, hydrogel films were removed 
from the incubator and weighed. Before each weighing, excess moisture 
on the sample surface is removed by gently placing the film between two 
filter sheets. The absorbency ratio was calculated as the mass loss by 
using Equation (4). 

Mass loss upon drying (g.g− 1) =
W1 − W2

W2
(4)  

W1 and W2 are the weights of the hydrogel film before and after the test, 
respectively. 

To determine the dehydration rate of the PZ and PTBA hydrogel films 
(5 cm × 5 cm), they were dried for 24 h at 37 ± 1◦C in an incubator 
before the test. They are immersed in de-ionized water for 30 min at 37 

± 1◦C. After 30 min, they were removed from the incubator and weighed 
(W1) [166]. The samples were then re-dried for 24 h at 37 ± 1◦C and re- 
weighed (W2). Before each measurement, excess moisture on the sample 
surface was removed by gently placing the film between two filter 
sheets. Dehydration rate (g.min-1) was calculated by, 

Dehydration rate (g .min− 1) =
W1 − W2

T
(5)  

Dispersion characteristics of the dressings were watched following the 
standard BS EN 13726-2:2001 test methods for primary wound dressings 
[167]. First, the 5 cm × 5 cm square-shaped hydrogel film dressings 
were immersed in a 250 mL conical flask with 50 ± 1 mL of the salt 
solution described above. After that, the flask is slowly swirled for 60 s 
without causing a vortex, and the dispersion of the sample was visually 
determined and photographed. 

The effect of the presence of the hydrogel films on the pH of the 
external solution was examined in de-ionized water at a ratio of 1:100 
(w/v) at room temperature [161]. The pH was measured after 3 h and 
24 h using WTW—Portable pH meters. 

6.9. Blood clothing test 

Whole bovine blood was collected from the slaughterhouse and 
stored in citrate tubes. The punched hydrogel films (5 mm in diameter) 
were swelled in PBS for 15 min, and samples are placed in a centrifuge 
tube. 40 μL of whole blood containing sodium citrate were slowly added 
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into the tube. Coagulation was initiated by adding 3 µL of 0.2 M CaCl2 
solution. The tubes are kept in a 37◦C incubator until the pre-set time 
point; 1 mL of water was slowly pipetted to dissolve unbound blood and 
simultaneously avoid disturbing the clot. The absorbance of the super
natant was measured at 540 nm using an ELISA reader (BMG LABTECH 
SPECTROstar® Nano). The blood-clotting index (BCI) is calculated using 
the following Equation: 

BCI (%) =
A
B

x100% (6) 

Where A represents the absorbance of hydrogel samples, and B 
represents the reference value [168]. A higher BCI value indicates a 
lower level of hemostatic effect. 

6.10. Antioxidant activity test 

The antioxidant properties of hydrogel films were investigated with 
α,α-diphenyl-picrylhydrazyl (DPPH) free radical scavenging method, 
following a protocol with slight modifications [169–171]. Circular 
hydrogel films were prepared using a 5 mm biopsy punch. The hydrogel 
films were soaked in 1 mL of methanol and vortexed. After 90 min of 
incubation at 37◦C in the dark, 1 mL of 200 mM DPPH solution was 
mixed with 1 mL of extract solution and incubated for 30 min at room 
temperature in the dark. The antioxidant properties of hydrogel films 
were determined by spectrophotometric measuring the absorbance at 
515 nm against control after 30 min at room temperature using an ELISA 
reader (BMG LABTECH SPECTROstar® Nano). The scavenging activity 
on DPPH radicals was calculated using the following formula: 

DPPH Scavenging (%) =
Acontrol − Asample

Acontrol
x100 (7) 

Acontrol represents the absorbance of the DPPH solution in methanol 
at 517 nm, and Asample represents the absorbance of the samples with 
DPPH solution at 517 nm. 

6.11. In vitro cell viability assay 

The effects of the samples on the cell viability were assessed using the 
WST-1 cell proliferation assay (Roche, Mannheim, Germany), following 
the manufacturer’s prescribed procedure. Initially, PCS-201–012 human 
dermal fibroblast cells (ATCC) were seeded into a 96-well tissue culture 
plate at a density of 5 × 103 cells/well and were cultured at 37◦C in a 
humidified atmosphere with 5% CO2 for 24 h for attachment of the cells. 
Subsequently, the medium was removed and replenished with 300 μL 
fresh medium. Two mg of samples were placed into each well. After 24 h 
of incubation, the medium and the samples were removed and replaced 
with 100 μL of fresh culture medium and 10 μL of WST-1 reagent. The 
absorbance of formazan crystals was measured at 450 nm using a 
microplate reader (Molecular Devices, CA, USA). The absorbance values 
of the treated groups were presented as a percentage of the absorbance 
versus the control group. Triplicates of samples were used in each 
experiment, and three independent experiments were performed. The 
results were analyzed with a one-way analysis of variance (ANOVA) 
followed by the Bonferroni post hoc test using SPSS version 13.0 (SPSS, 
Chicago, IL, USA). 

6.12. Anti-bacterial analysis 

Overnight cultures of E. coli ATCC® 25922™ and S. aureus ATCC® 
29213™ in Mueller-Hinton broth were used to prepare bacterial sus
pensions within the same broth. The turbidity of these suspensions was 
adjusted to the 0.5 McFarland turbitidy standart, corresponding to a 
concentration of 1–2 × 108 CFU/mL, using spectrophotometric mea
surements. Both suspensions were inoculated on Mueller-Hinton agar 
plates using an automated plate inoculator. Hydrogels (P, PZ, and PTA) 
were applied (5 mm in diameter) on the surface of bacteria-inoculated 

Mueller-Hinton agar plates. Ampicillin-containing paper disks (2 μg 
and 10 μg) were used as controls for S. aureus and E. coli, respectively. 
Plates were incubated at 37 ◦C for 24 h, and growth inhibition zones 
around disks were measured for antibacterial activity evaluation. 

6.13. In vivo Animal experiments 

Animal experiments were carried out with the standard ethical 
guidelines approved by Animal Experiments Center Ethics Committee 
(Turkey) and the Koc University Local Ethics Committee of Animal Ex
periments approves the experiment methodology. Thirty-two adult male 
Wistar rats, weighing 380–410 g, were given ad libitum access to com
mercial food and water. 

The experiment was divided into four groups: control, PTBA, PZ, and 
Kaltostat®. Anesthesia was induced through an intraperitoneal injection 
of Xylazine HCl (Alfazyne 2%, Alfasan International B.V., Holland) (3 
mg/kg) and Ketamine HCl (Alfamine 10%, Alfasan International B.V., 
Holland) (75 mg/kg) and maintained with inhalation of isoflurane. Pain 
management is achieved through subcutaneous administration of 
Meloxicam (Metacam, Boehringer Ingelheim, Germany) (1 mg.kg-1) on 
days 0, 2, 4, 7, and 9. 

The dorsal skin of the rats was shaved, and a full-thickness 16 mm 
punch biopsy was taken from the dorsolateral side under sterile condi
tions. The wound dressings were prepared by punching to a diameter of 
20 mm and sterilized with UV before the operations. Silicone splints 
(Manufacturer: Silicone MYS 301, Baltalı Silicone Rubber Industry and 
Trade. Ltd. Sti. Çerkezköy, Tekirdag) were prepared from the silicone 
sheet by punch cutting with an inner diameter of 1.6 cm and an outer 
diameter of 2.5 cm and sterilized with UV before operations. The wound 
dressings were placed over the wound and fixed around the skin with six 
sutures. The edge of the dressing was left under the skin [172]. The skin 
on the outer side of the splints was disinfected with baticone. Sterile 
gauze was placed over the splint and body of the rats are covered with 
medical plaster (Fig. S13). Antibiotics were not given to the rats for more 
objective results. 

Bandage changes were performed on days 0, 2, 4, 7, 9, 11, 14, 16, 18, 
and 21. Photographing was administered on days 0, 7, 14, and 21 days. 
Animals are anesthetized with isoflurane using an induction chamber 
and mask for these procedures. On the 9th and 11th days, wounds were 
washed superficially with polygyl (brand) for preventive purposes. 
During bandage changes, the PTBA, PZ, and Kaltostat® dressings on the 
wound area were moistened with an isotonic solution, and the bandages 
were renewed. PTBA, PZ, and Kaltostat ® dressings have adhered to the 
bandage or removed by the animals and were prepared again with 
sterile spare dressings, according to the size of the wound, and placed on 
the wound area. The skin outside the splint was cleaned with baticon at 
each bandage renewal. On day 21, the rats were euthanized and a 2.5 cm 
wide, 4 cm long skin sample was taken and placed in formaldehyde- 
filled containers, leaving the wound area in the middle. 

6.13.1. Calculating wound healing rate 
Wounds were photographed at predetermined time, following a 

specific schedule. The photos were taken in a standardized method from 
a height of 15 cm. The wound surface areas were analyzed using ImageJ 
Software. All measurements are made in triplicate. The wound reduction 
ratio over time was calculated using the formula described by as Giusto 
et al. described [173]. 

Wound area reduction rate (warr) =
At

A0
x100 (8)  

A0 is the area of the wound on day 0. At is the area of the wound on the 
specified day. 
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6.14. Histochemistry 

Biopsies were fixed with 10% buffered formaldehyde solution, 
passed through a series of ascending alcohol and embedded in paraffin 
blocks. Sections with a thickness of 2.5–3 µm were evaluated by histo
chemical and immunohistochemical methods. 

Histochemical staining: Herovici and Picro-Sirius stains showed 
collagen maturation levels in granulation tissue of each group. Sections 
were evaluated using bright field and polarized microscopes. 

6.15. İmmunohistochemistry 

Sections were kept at 56◦C for 1 night and then treated with toluol 
for 30 min for deparaffinization. They were passed through the 
descending alcohol series (100, 90, 70%) for dehydration and thenwere 
taken into distilled water. To block endogenous peroxidase activity, 
sections were kept in 5% hydrogen peroxide solution for 15 min in the 
dark. For antigen retrieval, sections were heated in a microwave pH 6.0 
citrate buffer three times for 5 min and were washed again with phos
phate buffer. After 5 min of incubation with UltraV block (Ultravision 
anti-polyvalent kit, (Thermo Scientific)), the sections were incubated 
with CD-68 (ab125212; 1:200), CD31 (Santa Cruz sc-365804; 1:100), 
cytokeratin-16 (Santa Cruz sc-53255; 1:100) and cytokeratin-10 (Santa 
Cruz sc-23877; 1:500) primary antibodies at +4◦C overnight. Sections 
were then incubated with secondary antibody, streptavidin biotin so
lution, and AEC chromogen (Thermo Scientific) for 10 min, respectively. 
Counter staining was done with Mayer hematoxylin. 

Sections were sealed with water based medium were evaluated by 
three histologists with light microscope (Olympus OM45, Japan). 

6.16. Statistical analysis 

Data were analyzed with the Shapiro-Wilk test to evaluate the 
normality and statistical differences were disclosed using one-way 
ANOVA for parametric values. Statistical significance was set at p <
0.05. All tests are performed using IBM SPSS Statistics 27 software. 
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