
Academic Editors: Jelena Jovanović
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Abstract: Chronic wounds, particularly those associated with conditions like diabetes,
present significant challenges in healthcare due to prolonged healing and high susceptibility
to infections. This study investigates the development of injectable hydrogels composed
of genipin-crosslinked gelatin and Kelulut honey (KH) as novel biomaterials for wound
healing applications. Hydrogels were prepared with varying concentrations (w/v) of
gelatin (9% and 10%) and KH (0.1% and 0.5%), with genipin (0.1%) acting as a crosslinker.
The physicochemical properties were extensively evaluated, including the swelling ratio,
water vapor transmission rate (WVTR), contact angle, porosity, enzymatic degradation,
and surface roughness. The results showed that KH incorporation significantly enhanced
the swelling properties of the hydrogels, with the 9GE_0.1KH formulation demonstrating
a swelling ratio of 742.07 ± 89.61% compared to 500% for the control 9GE formulation.
The WVTR values for KH-incorporated hydrogels ranged from 1670.60 ± 236.87 g/m2h
to 2438.92 ± 190.90 g/m2h, which were within the ideal range (1500–2500 g/m2h) for
wound healing. Contact angle measurements indicated improved hydrophilicity, with
9GE_0.1KH showing a contact angle of 42.14◦ ± 7.52◦ compared to 60◦ ± 11.66◦ for the
10GE formulation. Biodegradation rates were slightly higher for KH-modified hydrogels
(0.079 ± 0.006 mg/h for 9GE_0.1KH), but all remained within acceptable limits. These
findings suggest that genipin-crosslinked gelatin-KH hydrogels offer a promising scaffold
for enhanced wound healing and potential applications in tissue engineering and three-
dimensional (3D) bioprinting technologies.

Keywords: injectable hydrogel; bioinks; 3D bioprinting; gelatin; Kelulut honey; skin;
wound healing

1. Introduction
The skin serves as the primary protective barrier for the body, safeguarding it against

pathogens and physical injuries while also help regulating temperature, water content,
and electrolyte balance [1,2]. The skin also maintains physiological hemostasis through
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immune–neuroendocrine functions [2,3]. Wounds are injuries to the skin tissues that result
from trauma, burns, or disease, and can be classified as acute or chronic based on the
healing time. Acute wounds typically heal quickly, while chronic wounds, which are
normally associated with conditions like diabetes, obesity, and vascular diseases, take
longer and may become life-threatening if not managed properly [4].

Cutaneous tissue loss refers to the loss of skin and sometimes underlying tissues
due to various causes that are similar to wounds; primarily, chronic wounds can lead
to significant physiological imbalances and potential disability [5,6]. Cutaneous tissue
loss in patients with diabetes is closely linked to diabetes-related complications. Poor
glycemic control contributes to microvascular issues like neuropathy, retinopathy, and
nephropathy, which impair skin integrity and healing. Patients with diabetes are also
more susceptible to infections, such as cutaneous candidiasis, which worsen tissue loss
due to weakened immune responses, including reduced macrophage activity and altered
cytokine production, leading to delayed healing and further damage. Cutaneous tissue
loss is a major healthcare challenge, affecting 8.5 million people in the U.S. and costing
USD 28–90 billion annually [7,8]. It severely impacts patients’ physical, mental, and social
well-being, with chronic wounds linked to psychological symptoms that reduce quality of
life, particularly in daily activities and social interactions [9].

Traditional wound care methods, such as debridement, skin flaps, grafts, and non-
surgical treatments like antiseptics and dressings, are commonly used for both acute and
chronic wounds [10,11]. However, their efficacy is often limited in chronic wounds, requir-
ing supplementary treatments like special programs to improve healing [12,13]. Tissue
engineering, which involves bioactive materials, stem cells, and skin substitutes, offers an
alternative by enhancing tissue repair and minimizing scarring [14]. Integrating 3D bio-
printing technology allows for more customized solutions using injectable hydrogels and
bioinks to support tissue regeneration and angiogenesis [15]. Three-dimensional bioprint-
ing plays a crucial role in creating customizable, biocompatible scaffolds that replicate the
natural extracellular matrix (ECM), promoting tissue integration and regeneration [16,17].
Using techniques like extrusion and laser-assisted bioprinting, it is possible to create scaf-
folds with specific micro- and macro-scale features that support multifunctional properties,
such as hemostasis and anti-inflammatory and antibacterial effects [18]. Bioinks made from
biomaterials, live cells, and bioactive compounds are applied layer by layer to form 3D
scaffolds, improving their functionality and better mimicking the dynamic nature of native
tissues [19,20].

Gelatin, derived from fish, bovine, and porcine collagen, is a versatile biopolymer
valued for its biocompatibility, non-immunogenicity, and modifiable properties, making it
suitable for drug delivery and tissue engineering [21]. Gelatin-based hydrogels, such as
GelMA, mimic soft tissue mechanics and promote wound healing [22,23]. These hydrogels
are cost-effective, derived from by-products like skin and bones, and possess non-toxicity,
biodegradability, and biocompatibility. Genipin, a natural crosslinker, enhances gelatin’s
mechanical, thermal, and biological properties, improving the tensile strength, microhard-
ness, and enzymatic resistance of 3D bioprinted scaffolds, while reducing cytotoxicity
and improving swelling properties [24–29]. Kelulut honey, produced by stingless bees,
offers potent antimicrobial, anti-inflammatory, and antioxidant properties, accelerating
wound healing and promoting dermal repair, epithelialization, and granulation tissue
formation compared to normal honey from honeybees due to its distinct composition
and physicochemical properties [30–33]. Kelulut honey has a higher moisture content,
varying from 25–35%, compared to normal honey, which typically has a 17–20% moisture
content, helping maintain a moist wound environment essential for wound healing [30].
This higher moisture content not only promotes epithelialization and accelerates tissue
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regeneration but also enhances the bioavailability of its antimicrobial and antioxidant
compounds, optimizing their efficacy in reducing infections and supporting dermal repair.
Its antioxidant and antimicrobial effects, coupled with moisture retention, aid in infection
reduction and healing [32–36]. Studies confirm its antibacterial efficacy, with a minimum
inhibitory concentration of 5–12.5%, and it has demonstrated safety in subacute oral toxicity
studies [37,38].

While previous studies have explored honey–gelatin composites, they have primar-
ily focused on conventional honey types combined with other bioactive compounds. In
contrast, this study specifically investigates the physicochemical and bioactive properties
of Kelulut honey within a gelatin–genipin-based hydrogel system. Example of previous
studies would be the usage of Manuka honey by Tomic et al. in 2023 and thyme honey by
Lahooti et al. in 2016 for wound healing application [39,40]. Both studies have different
compositions of honey–gelatin hydrogels with an investigation of different aspects of the
gelatin–honey composites. In contrast, this study specifically investigates the physicochem-
ical and bioactive properties of Kelulut honey within a gelatin–genipin-based hydrogel
system. Given Kelulut honey’s unique promotion of cell viability, polymerization time,
physicochemical properties, mechanical properties, chemical and structural composition,
and 3D bioprinting capability, its incorporation into a gelatin–genipin matrix may yield
distinct advantages in wound healing applications. The combination of genipin as a
crosslinker, known for its biocompatibility and ability to enhance mechanical properties,
with the unique properties of Kelulut honey sets this study apart.

The combination of gelatin, genipin, and Kelulut honey into a single bioink pro-
vides significant advantages for bioprinting and tissue engineering. Genipin improves
the bioink’s mechanical properties and biodegradability, while Kelulut honey adds an-
timicrobial protection, supporting cell growth and differentiation. This synergy results in
a material with tailored degradation rates that is ideal for advanced tissue engineering
and regenerative medicine applications [24,28,41]. In this study, an injectable hydrogel
composed of genipin-crosslinked gelatin and Kelulut honey was developed to promote
skin healing, with the aim of evaluating its physicochemical and cytotoxic properties for
wound care applications, as shown in Figure 1. The incorporation of Kelulut honey was
expected to enhance bioactivity, while genipin optimization aimed to improve mechanical
stability and biocompatibility, making the hydrogel a promising candidate for skin tissue
regeneration and 3D bioprinting.
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2. Study Design
The study design was approved by the Universiti Kebangsaan Malaysia Research

Ethics Committee (Code noJEP-2024-904) with research grant under Geran Fundamental
Fakulti Perubatan from Faculty of Medicine, Universiti Kebangsaan Malaysia (Grant code:
FF-2024-447).

2.1. Skin Cell Isolation and Culture

Primary human dermal fibroblasts (HDFs) were isolated from excess skin tissue
obtained from consenting patients. Skin samples were processed using 0.6% collagenase
type I (Worthington-Biochemical Corporation, 730 Vassar Ave Lakewood, NJ, USA) and
trypsin-EDTA (Gibco, Carlsbad, CA, USA), with Dulbecco’s phosphate buffered saline
(DPBS; Gibco, Carlsbad, CA, USA) washes, followed by centrifugation and resuspension in
Dulbecco’s modified Eagle’s medium/nutrient mixture F12 (DMEM/F12) supplemented
with 10% fetal bovine serum (FBS; Gibco/BRL, Carlsbad, CA, USA). Cells were seeded
in 6-well plates, cultured until 70–80% confluence, and then subcultured. Expanded
HDFs were maintained in flasks containing DMEM/F12 with 10% FBS. The experimental
workflow is illustrated in Figure 2.
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2.2. Dose–Response Test

The impact of Kelulut honey (Kuching, Sarawak, Malaysia) on cell viability was
evaluated using the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide)
assay. Cells were seeded in 48-well plates (10,000 cells/well) and incubated for 24 h.
Subsequently, cells were exposed to varying Kelulut honey concentrations (0.1%, 0.5%,
1.0%, 4.0%, and 10.0%) for 24, 48, or 72 h. Following each treatment, MTT solution (10%)
was added to each well, and the plates were incubated for 4 h at 37 ◦C. After 4 h, the
MTT solution was removed, and DMSO (dimethyl sulfoxide) was added. The plates
were incubated for 10 min. The dissolved formazan solution was transferred to a 96-well
plate, and the absorbance was measured at 540 nm using a microplate reader. Absorbance
readings are proportional to the number of viable cells.

https://BioRender.com
https://BioRender.com
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2.3. Hydrogel Preparation

Gelatin solutions (9% and 10% w/v) were prepared by dissolving gelatin powder
(Nitta-Gelatin Ltd., Yao City, Osaka, Japan) in distilled water (dH2O) at 40 ◦C with stir-
ring. KH honey solutions (0.1%, 0.5%, 1.0%, 4.0%, and 10.0% v/v) were separately pre-
pared in dH2O and then incorporated into the gelatin solutions, creating six formulations:
9GE_0.1KH, 9GE_0.5KH, 9GE_1.0KH, 10GE_0.1KH, 10GE_0.5KH, and 10GE_1.0KH. A
0.1% (w/v) genipin (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) crosslink-
ing solution was prepared in 70% ethanol (EtOH; MERCK, Darmstadt, Germany) and
subsequently added to each gelatin–honey formulation.

2.4. Polymerization Time and Injectability

The polymerization process of the hydrogels was monitored at a temperature of
23 ± 2 ◦C, and the time required for complete gelation was recorded using the inverted
tube test method.

2.5. Evaluation of the Gross Appearance

To assess the impact of Kelulut honey (KH) on the final hydrogel extrudability as a
biomaterial ink, the appearance of crosslinked formulations, both with and without KH,
was evaluated. Injectable hydrogels were evaluated by extruding the formulations through
a syringe and nozzle. The gross morphology of the control hydrogels (9GE and 10GE)
was compared to that of the KH-incorporated hydrogels (9GE_0.1KH and 10GE_1.0KH).
Images were captured from top and cross-sectional views using a digital camera (Nikon,
Tokyo, Japan).

2.6. Swelling Ratio

To assess the capacity of the hydrogels to absorb fluids, their swelling behavior was
investigated using a method adapted from a previous study [29]. Freeze-dried hydrogels
were first weighed (Wi) and then immersed in Dulbecco’s phosphate buffered saline (DPBS,
pH 7.4) at room temperature for 6 h. After this incubation period, the excess DPBS was
carefully removed using filter paper, and the hydrogels were weighed again to obtain their
final weight (Wf ). These data were then used to calculate the swelling ratio, which reflects
the hydrogel’s ability to absorb and retain fluids, a crucial property for wound healing
applications. The swelling ratio can be calculated using the following formula:

Swelling ratio(%) =
(W f − Wi)

W f
× 100

2.7. Porosity

The porosity analysis was conducted on freeze-dried hydrogels prepared using two
different methods, as outlined below.

2.7.1. SEM

To analyze the internal structure of the hydrogels, they were first freeze-dried and
then coated with a thin layer of gold to enhance image quality. Following a previously
established method [42], the hydrogels were then imaged using a high-resolution field-
emission scanning electron microscope (FESEM, Supra 55VP model, Jena, Germany). The
pore diameters were then analyzed and calculated using Image J software (V1.5, Bethesda,
MD, USA).
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2.7.2. Liquid Displacement

A porosity analysis was performed through liquid displacement using ethanol as
the displacement fluid. Due to its non-polar nature, ethanol does not interact with the
polymeric network of the hydrogel, thus preventing swelling or deformation of the scaffold.
Instead, ethanol effectively permeates the hydrogel matrix, occupying the interstitial spaces
and providing an accurate measure of the total pore volume. Freeze-dried hydrogels were
immersed in ethanol, and the percentage porosity was calculated based on the weight
difference before and after immersion, according to the following equation:

Porosity(%) =
W f − Wi

pV
× 100

In the equation, Wf represents the final weight of the scaffold after ethanol immersion,
Wi denotes the initial weight of the scaffold, ρ is the density of ethanol (0.789 g/m3), and V
signifies the volume of the scaffold.

2.8. Contact Angle

The hydrophilicity of the polymerized hydrogels was evaluated by measuring the
contact angle formed by a 10 µL droplet of dH2O on the hydrogel surface. Images of the
water droplets were captured with a digital camera and analyzed using ImageJ software
(version 1.54k, NIH, Bethesda, MD, USA) to determine the contact angle.

2.9. Water Vapor Transmission Rate

The water vapor transmission rate (WVTR) of the hydrogels was evaluated according
to the American Society for Testing and Materials (ASTM) standard [42,43] to evaluate
their capability for moisture regulation and gas exchange, crucial factors in promoting
wound healing. In this experiment, each hydrogel was placed on the mouth of a cylindrical
jar containing 10 mL of dH2O. The assembly was then incubated at 37 ◦C in a controlled
atmosphere with 5% CO2. The following equation was used to calculate the WVTR, where
Wi represents the initial weight of the assembly, Wf denotes the final weight after the
incubation period, and A is the surface area of the cylindrical cup:

WVTR =
(W f − Wi)
(A × Time)

2.10. Enzymatic Degradation

To assess enzymatic degradation, hydrogels were weighed (W1) and subsequently
immersed in a solution of 0.0006% (w/v) collagenase type I (Worthington, Lakewood, NJ,
USA) within a 24-well plate. Following a 6 h incubation period at 37 ◦C, the collagenase
solution was removed, and the hydrogels were rinsed with dH2O to eliminate the residual
enzyme. The hydrogels were then subjected to a second weighing (W2) to determine the
mass remaining after enzymatic degradation. The percentage weight loss, indicative of the
extent of biodegradation, was calculated using the following equation:

Weight Loss(%) =
(W2 − W1)W1

W1
× 100

2.11. Mechanical Testing
2.11.1. Compression

The mechanical properties of the hydrogels were evaluated using a modified compres-
sion test adapted [42,44]. Cylindrical hydrogel samples, approximately 2 cm in diameter
and 3 mm in height, were subjected to compression at room temperature. The compressive
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modulus (E), a measure of the hydrogel’s stiffness, was determined using the following
formula [44,45]:

E =
σ

ε

σ = compressive force per unit area (stress)
ε = changes in volume per unit volume (strain)

2.11.2. Resilience

The resilience of the hydrogels, or their ability to recover their original shape after
compression, was evaluated using a modified method adapted from [42]. A 300 g metal
load was applied to each hydrogel for 5 min. Images of the hydrogels were captured before
and after compression using a digital camera equipped with a scale to ensure accurate
measurements. Changes in hydrogel thickness were then analyzed using ImageJ software
(version 1.54k, NIH, Bethesda, MD, USA). The percentage resilience (R) was calculated
using the following equation:

Resilience(%) =
Ai
A f

× 100

where Ai is the area of thickness area before compression and Af represents the thickness
after the compression, indicating the hydrogel’s ability to revert to its original size.

2.12. Surface Roughness

The surface roughness of the freeze-dried hydrogels was analyzed using atomic force
microscopy (AFM) (Park Systems NX-10 instrument, Suwon, Republic of Korea). Images
were obtained in non-contact mode at a scan rate of 0.2 Hz, with a scan size of 5 × 2 nm
and a resolution of 256 × 256 pixels. The resulting AFM images were processed using
the XE Image Processing Program to quantify the surface roughness of the 5 × 5 mm
hydrogel samples.

2.13. Sample Characterization
2.13.1. FTIR Analysis of the Hydrogel’s Functional Groups

To investigate the chemical structure of the hydrogels and any alterations induced by
crosslinking or the incorporation of water-soluble Kelulut honey, Fourier transform infrared
(FTIR) spectroscopy was utilized. A Perkin Elmer spectrometer (Waltham, MA, USA) was
used to acquire spectra over a wavenumber range of 4000 cm−1 to 500 cm−1, enabling the
identification of characteristic functional groups through their absorbance peaks.

2.13.2. EDX

Furthermore, an energy-dispersive X-ray (EDX) analysis was carried out to assess the
elemental composition of the hydrogels. A Phenom Pro X SEM EDX microscope (Phenom,
Eindhoven, The Netherlands) was used to perform this analysis. The controls for this step
were commercial gelatin, genipin powder, and Kelulut honey.

2.14. Statistical Analysis

The statistical analysis of the data was performed using GraphPad Prism (V10.0,
GraphPad Software Inc., San Diego, CA, USA). One-way and two-way ANOVA were
employed to assess significant differences between multiple groups. All quantitative data
are presented as means ± standard deviations, and statistical significance was determined
using a p-value < 0.05. All measurements and experiments were obtained from three
independent replicates (N = 3).
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3. Results
3.1. Dose–Response Test with Kelulut Honey

Figure 3 illustrates the viability of fibroblasts following exposure to varying concen-
trations of Kelulut honey (0.1%, 0.5%, 1.0%, 4.0%, and 10.0%) for 24, 48, or 72 h. At lower
concentrations of Kelulut honey (0.1%, 0.5%, and 1.0%), cell viability remained relatively
high, often surpassing 100% at 24 and 48 h. This suggests that lower concentrations may
promote cell proliferation or do not have any cytotoxic effect. Among these, the 0.1% con-
centration resulted in the highest viability, especially at the 24 h time point. In contrast, at
4.0%, cell viability dropped significantly, indicating a cytotoxic threshold. The most severe
cytotoxic effect was observed at 10.0%, where cell viability approached 0% at all time points,
confirming that high concentrations of Kelulut honey were detrimental to fibroblasts. A
significant reduction in cell viability was observed at the highest concentration (10.0%)
compared to the 0.1%, 0.5%, and 1.0% concentrations at 24 h, as indicated by the significant
difference marker (****, p < 0.0001) and the decrease in the percentage of viable cells. There
was also a significant reduction in the viability of the fibroblasts for a 4.0% concentration of
Kelulut honey at the 72 h time point compared to the 0.1% concentration at the 24 h time
point. This strong dose-dependent cytotoxic effect suggests that while Kelulut honey may
have beneficial or non-cytotoxic effects at low concentrations, exceeding a certain threshold
results in harmful consequences for fibroblast survival. Additionally, the trend across all
concentrations revealed a general decrease in cell viability with increasing incubation time,
highlighting the cumulative cytotoxic effects of Kelulut honey after longer exposures.
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toward human dermal fibroblasts measured using the MTT assay. FDC represents the control media
used in the MTT assay. **** Indicates p < 0.0001.

3.2. Gross Appearance and Polymerization Time

The graph in Figure 4a illustrates the effects of various biomaterial ink formulations
on the polymerization time. While a higher polymer concentration generally corresponds
to faster polymerization, the interaction with Kelulut honey (KH) reveals a more complex
relationship. Specifically, formulations with 0.1KH exhibit significantly slower polymer-
ization, whereas those with 1.0KH demonstrate the most rapid polymerization, regardless
of the base polymer (9GE or 10GE). Interestingly, all formulations containing KH achieve
polymerization within the critical 3 min threshold, except for 10GE_0.1KH, which has the
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lowest KH concentration, highlighting the potential of KH addition at higher concentra-
tions to accelerate the process. This suggests that the KH concentration plays a critical role
in optimizing the polymerization time, potentially exceeding the influence of the polymer
concentration alone.
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Figure 4b presents the results of the inverted tube assay, visualizing the polymerization
of different concentrations of gelatin incorporating Kelulut honey (KH) and 0.1% genipin
crosslinking. The images illustrate the samples after a set period in the inverted position,
providing a qualitative assessment of gel formation.

Figure 5 presents the injectability of all ink formulations from both the top and lateral
views. The inks exhibit a light blue or teal hue and display a gel-like or viscous consis-
tency, as evidenced by their ability to maintain a spiral shape. Additionally, the materials
appear translucent or semi-transparent. Notably, some formulations have a greater width
than others.
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3.3. Physicochemical Analysis

The physicochemical properties of gelatin–KH hydrogels were evaluated by measuring
the water vapor transmission rate (WVTR), contact angle, swelling ratio, biodegradation
rate, and pore size. Figure 6 displays the results of a detailed examination of the quantitative
data for KH-incorporated hydrogels with their non-KH-incorporated counterparts.

The water vapor transmission rate (WVTR) results in Figure 6a demonstrate dynamic
relationships between the gelatin concentration, KH incorporation, and water vapor trans-
mission. As shown in the bar graph, comparing different biomaterial formulations reveals
that the 9GE formulation exhibits the highest WVTR, which is 2438.92 ± 190.90 g/m2h−1,
significantly surpassing 10GE, as indicated by the *** (p < 0.001) statistical significance
marker. The 10GE formulation shows a lower WVTR (1670.60 ± 236.87 g/m2h−1), suggest-
ing reduced permeability. The addition of Kelulut honey (KH) at both 0.1% (9GE_0.1KH)
and 0.5% (10GE_0.5KH) results in WVTR values that appear comparable to or slightly
higher than 10GE. Specifically, the 9GE_0.1KH formulation shows a moderately significant
difference compared to 9GE formulations, with the two asterisks ** (p < 0.01) indicating a
significant reduction in the WVTR between 9GE_0.1KH and 9GE with the addition of KH.
However, the significant difference between 10GE_0.1KH and 10GE_0.5KH shows a differ-
ent observation, as the addition of KH shows a moderately significant difference, as can
be seen with the ** p < 0.01; but, the addition of a higher concentration of KH significantly
increases the WVTR of 10GE. This shows that the addition of KH and a higher concentration
of KH affect the WVTR, as an increase in the KH concentration in the 10GE formulation
increases the WVTR. Notably, all KH-incorporated hydrogels fall within the acceptable
WVTR range of more than 1500 g/m2h−1, highlighting their potential for applications
requiring controlled moisture transfer.

Figure 6b displays the contact angles for different gelatin and gelatin–KH hydrogel
formulations. All formulations exhibited a contact angle below 90◦, indicating a degree of
hydrophilicity. The highest contact angle (60◦ ± 11.66◦) was observed for the 10GE hydrogel.
Notably, incorporating KH consistently lowered the contact angle. For instance, 9GE_0.1KH
showed a contact angle of 42.14◦ ± 7.52◦, while 10GE_0.5KH had a contact angle of
45.22◦ ± 9.41◦. This suggests that KH enhances the hydrophilicity of the hydrogel surface.
Furthermore, a comparison between 9GE and 10GE revealed a significant difference, with
the 10GE formulation exhibiting a more hydrophobic nature, as the contact angle increased
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significantly, as can be seen with the *** (p < 0.001) statistical significance marker. The
addition of Kelulut honey (KH), especially at higher concentrations, further decreased the
contact angle, enhancing the hydrogel’s hydrophilic properties. The contact angle of 10GE
was significantly higher than 9GE_0.1KH and can be seen by the high significance difference
**** (p < 0.0001) statistical significance marker, demonstrating that the addition of 0.1%
KH markedly enhanced hydrophilicity by reducing the contact angle. The contact angle
of 10GE decreased significantly with the addition of 0.5% KH *** (p < 0.001), indicating a
dose-dependent enhancement in the hydrophilicity of the hydrogel. These observations
collectively indicate that while a higher gelatin concentration increases hydrophobicity, KH
incorporation counteracts this effect by enhancing hydrophilicity. The strong statistical
significance of these differences underscores the effectiveness of KH in modifying the
hydrogel’s wettability.
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Effective wound exudate absorption requires a hydrogel dressing with a high wa-
ter absorption capacity. In this study, according to Figure 6c, all hydrogel formulations
demonstrated excellent swelling properties, exceeding 500%. Notably, the 9GE_0.1KH
hydrogel exhibited the highest swelling capacity (742.07 ± 89.61%), followed closely by
10GE_1.0KH (692.28 ± 46.40%). Furthermore, the statistical analysis revealed highly sig-
nificant differences in swelling behavior among the hydrogel formulations. The most
significant difference, as indicated by the **** (p < 0.0001) marker, was observed between
10GE and 9GE_0.1KH, where 9GE_0.1KH exhibited a significantly higher swelling ratio,
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indicating that 0.1% KH greatly enhanced water absorption. A moderately significant
decrease (**, p < 0.01) was observed in 10GE compared to 9GE, suggesting that a higher
gelatin concentration reduced swelling. Another significant difference (**, p < 0.01) was
found between 10GE and 10GE_0.5KH, where 10GE_0.5KH had a higher swelling ratio,
indicating that 0.5% KH improved water absorption compared to 10GE but to a lesser
extent than 0.1% KH. This indicates that the incorporation of KH enhances the swelling
properties of the hydrogels compared to their non-KH counterparts.

Figure 6d illustrates the biodegradation rates of the gelatin–KH hydrogels. Control
hydrogels (9GE and 10GE) exhibited lower degradation rates (0.065 ± 0.017 mg/h and
0.085 ± 0.006 mg/h, respectively) compared to their KH-containing counterparts. The
addition of KH increased degradation, with 9GE_0.1KH degrading at 0.079 ± 0.006 mg/h
and 10GE_0.1KH at 0.090 ± 0.006 mg/h. Furthermore, the statistical analysis revealed sig-
nificant differences in the biodegradation rates among the hydrogel formulations. The most
significant difference (****, p < 0.0001) was observed between 9GE and 10GE_0.5KH, where
10GE_0.5KH exhibited a significantly higher biodegradation rate, indicating that 0.5% KH
strongly enhanced hydrogel degradation. A highly significant increase (***, p < 0.001) was
observed between 9GE and 10GE, suggesting that higher gelatin concentrations promoted
biodegradability. Additionally, a significant difference (**, p < 0.01) was found between
9GE and 9GE_0.1KH, where 9GE_0.1KH exhibited a higher biodegradation rate, further
supporting the role of KH in accelerating degradation.

These findings suggest that both an increased gelatin concentration and KH incor-
poration enhance biodegradation, with the most pronounced effect observed at 0.5% KH.
However, despite these differences, all formulations maintained a degradation rate below
0.1 mg/h, ensuring controlled degradation over time.

3.4. Mechanical Strength of the Fabricated Hydrogels

Figure 7a presents the compression analysis performed to assess the mechanical
strength of the hydrogels, a key factor for successful implantation. No significant differ-
ences in compressive strength were observed between the scaffold groups. All scaffolds
demonstrated the ability to support approximately 80% of a 300 g weight.
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The resilience of the hydrogels, as shown in Figure 7b, defined as their capacity to
regain their initial conformation following compressive deformation, was assessed. The



Polymers 2025, 17, 1129 13 of 26

statistical analysis revealed no significant intergroup differences in resilience. All hydrogels
demonstrated complete shape recovery.

3.5. Chemical Characterization

FTIR spectroscopy provides a molecular fingerprint for identifying polymers, crosslink-
ers, and their chemical bonds. The spectra of the gelatin-based hydrogels reveal character-
istic amide and hydroxyl regions, confirming their structural composition (Figure 8).
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The broad absorption band at 3280–3745 cm−1 corresponds to O-H and N-H stretching
(Amide A), indicating hydrogen bonding within the hydrogel matrix. The presence of
Amide I (1625–1645 cm−1, C=O stretching) and Amide II (1525–1545 cm−1, N-H bending
and C-N stretching) confirms the protein backbone of gelatin. Peaks within 1300–1370 cm−1

represent C-OH bending, characteristic of gelatin and genipin crosslinking, while C-H
bending vibrations (1400–1450 cm−1) and C-O stretching (1080–1030 cm−1) further support
the scaffold’s structure.

With the addition of Kelulut honey (KH), a shift in O-H stretching (~3289 cm−1)
suggests enhanced hydrogen bonding between honey and gelatin. The emergence of peaks
at 2800–2950 cm−1 (C-H stretching) confirms the presence of sugars from honey, while
peaks at 875–699 cm−1 (C-O and C-H vibrations) indicate further sugar-related interactions.
Additionally, new absorption bands at 2166–2212 cm−1 suggest the presence of C≡C or
C≡N stretching, likely from bioactive compounds in honey.

3.6. 3D-Microporous Structure Hydrogel

The SEM micrographs of gelatin-based hydrogels, with and without Kelulut honey
(KH) addition, revealed heterogenic porous structures (Figure 9a). The non-Kelulut honey-
infused hydrogels, 9GE and 10GE, exhibited more compact microstructures with fewer and
larger pores compared to the Kelulut honey variants. In contrast, the crosslinked hydrogels,



Polymers 2025, 17, 1129 14 of 26

especially with KH addition, showed more pronounced porosity and higher intercon-
nectivity. 9GE_0.1KH displayed a rougher, irregular pore structure, while 10GE_0.5KH
demonstrated a highly porous and interconnected network. All images were analyzed
using ImageJ software (version 1.54k, NIH, Bethesda, MD, USA)showing that KH enhances
porosity and interconnectivity in the crosslinked hydrogels. After the freeze-drying pro-
cess, it was found that 10GE had the highest average pore size of 241.793 ± 39.327 µm
followed by 9GE with an average pore size of 226.174 ± 50.915 µm, while 9GE_0.1KH
and 10GE_0.5KH had 186.784 ± 20.936 µm and 206.292 ± 17.615 µm average pore size,
respectively, as can be seen in Figure 9b.
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The addition of Kelulut honey both at 0.1KH and 0.5KH correspondingly increased
the porosity of the hydrogels, which could be attributed to the interaction between honey
and the gelatin–genipin network, enhancing the scaffold’s ability to form a more porous
structure. The percentage of the hydrogel’s porosity can be found in Figure 9c. The mi-
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crostructure of these hydrogels shows a promising resemblance to natural tissue, especially
with higher KH concentrations.

The EDX analysis revealed the elemental composition of gelatin–genipin hydrogels
with and without Kelulut honey, which can be seen in Table 1. Both 9GE and 10GE showed
similar carbon (56.07 ± 0.23 and 56.70 ± 1.07%), oxygen (28.7 ± 1.11 and 28.2 ± 1.90%),
and nitrogen (15.2 ± 0.86 and 15.1 ± 1.72%) levels. Adding 0.1% Kelulut honey to 9GE
significantly increased the carbon (60.3 ± 4.99%) and oxygen (30.6 ± 1.50%) levels while
decreasing the nitrogen level (13.7 ± 0.65%), consistent with honey’s carbohydrate con-
tent. Similarly, 0.5% honey in 10GE increased the oxygen level (29.6 ± 0.19), with a less
pronounced change in the carbon level (54.6 ± 0.52%) and a slight increase in the nitrogen
level (15.7 ± 0.57%). These changes confirm honey incorporation and suggest differing
interactions based on the gelatin and honey concentrations.

Table 1. Elemental analysis of hydrogels with EDX. All hydrogels possessed different elemental
compositions, including oxygen, carbon, and nitrogen.

Sample C (%) O (%) N (%)

9GE 56.07 ± 0.23 28.7 ± 1.11 15.2 ± 0.86

9GE_0.1KH 60.3 ± 4.99 30.6 ± 1.50 13.7 ± 0.65

10GE 56.7 ± 1.07 28.2 ± 1.90 15.1 ± 1.72

10GE_0.5KH 54.6 ± 0.52 29.6 ± 0.19 15.7 ± 0.57

Figure 10 shows the surface topology of the hydrogel samples based on AFM scanned
images, including the mean surface roughness for all samples. The surface roughness of the
hydrogel samples will affect cell adhesion and cell behavior. Overall, Figure 10a,c, which
represent gelatin and genipin-crosslinked hydrogels without the addition of Kelulut honey
(KH), exhibit a rougher surface topology with distinct peaks, valleys, and significant height
variations, indicating a rougher surface. Among them, 10GE has the roughest surface
topology and highest mean surface roughness, while 9GE_0.1KH has the smoothest surface
topology and mean surface roughness.
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Figure 10e shows the roughness average (Ra) value, with 10GE having the highest
Ra value of 90.279 ± 0.113 nm followed by 9GE (73.827 ± 6.271 nm) and 10GE_0.5KH
(56.078 ± 3.631 nm), and 9GE_0.1KH (41.369 ± 4.413 nm) having the lowest Ra value and
being the smoothest hydrogel sample. A moderately significant difference (**, p < 0.01) was
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observed between 10GE and 9GE_0.1KH, confirming that 9GE_0.1KH exhibited a signifi-
cantly lower roughness, emphasizing the smoothing effect of KH. Additionally, a lower
level of significance (*, p < 0.05) was found in three comparisons, 9GE_and 9GE_0.1KH,
9GE and 10GE_0.5KH, and 10GE and 10GE_0.5KH, further indicating that KH incorpora-
tion plays a role in modifying the surface characteristics. As the percentage of gelatin is
increased, the mean surface roughness increases, while the addition of Kelulut honey will
reduce the mean surface roughness and make the hydrogel samples smoother.

4. Discussion
The findings present the impacts of Kelulut honey addition and genipin crosslinking

on the physicochemical and mechanical properties of the resulting hydrogels for all four
hydrogel samples. All four groups presented different impacts on polymerization behavior,
physicochemical properties, tensile strength, and chemical composition. The dose–response
study showed that fibroblast viability varied across the samples, with Kelulut honey (KH)
addition influencing cellular responses. Differences in the polymerization time across
the groups showed that KH played a role in gelation. Further analysis of the hydrogels’
physicochemical and tensile properties showed that KH influenced their swelling behavior,
stability, and structure. The chemical analysis confirmed crosslinking success, with micro-
porosity measurements providing insights into the hydrogels’ potential for influencing
cellular behavior. These findings provide a foundation for further discussion on the impacts
of the addition and crosslinking with genipin, in this case, their potential for cutaneous
tissue loss. This section will discuss these findings in more detail with respect to their
relevance and broader value.

4.1. Kelulut Honey’s Effect on Human Dermal Fibroblasts (HDFs)

The findings of this study provide significant insights into the dose-dependent effects
of Kelulut honey on fibroblast viability over time. The highest viability was observed at
a 0.1% concentration, particularly at 24 h, which aligns with previous studies indicating
that certain natural honey components, such as flavonoids and phenolic compounds, can
promote cell proliferation by providing antioxidant and anti-inflammatory benefits [34,46].
However, at higher concentrations (4.0% and 10.0%), a significant reduction in cell viability
was observed. At 4.0%, the decline in cell viability was noticeable, particularly at the
72-h time point, suggesting that prolonged exposure to this concentration exerts cytotoxic
effects. The cytotoxicity became even more pronounced at 10.0%, where fibroblast viability
was nearly eliminated across all time points. These findings align with prior research
demonstrating that high concentrations of honey, particularly those with strong osmotic
potential and a high sugar content, can lead to hyperosmotic stress, ultimately causing cell
death [47].

The observed cytotoxicity for higher concentrations of Kelulut honey may be attributed
to several factors. One possible mechanism involves oxidative stress, where high concentra-
tions of Kelulut honey led to the excessive production of reactive oxygen species (ROS) [48].
While low concentrations of Kelulut honey may act as antioxidants, mitigating oxidative
damage, higher concentrations may paradoxically induce oxidative stress, triggering apop-
tosis or necrosis in fibroblasts. This oxidative imbalance could be due to the presence of
phenolic compounds, which, at high levels, can act as pro-oxidants rather than antioxidants.
Additionally, the hyperosmotic nature of honey at elevated concentrations may cause the
dehydration of cells, leading to a loss of membrane integrity and subsequent cell death [49].

The trend of decreasing viability over time across all concentrations confirms that pro-
longed exposure to even moderately high concentrations of Kelulut honey can exacerbate
cytotoxic effects. This cumulative impact might be attributed to the gradual accumulation
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of ROS or other cytotoxic metabolites present in honey [48]. Additionally, the metabolic
burden imposed by honey’s high sugar content may interfere with normal cellular energy
homeostasis, further compromising fibroblast survival. While studies on alginate bioinks,
like Datta et al., 2018, show beneficial effects of honey at 1–5%, prolonged exposure to
even slightly higher concentrations, as seen in this study, raises concerns about long-term
stability and biocompatibility [50].

4.2. Successful Fabriction and Crosslinking

Advancements in tissue engineering for wound healing are crucial to address the limi-
tations of current treatments and achieve functional skin regeneration. These advancements
focus on developing biomaterial inks that enhance biocompatibility, mimic the natural
extracellular matrix, and maintain cell viability during the bioprinting process. Specifically,
these inks must possess appropriate mechanical properties for withstanding physiological
stress, facilitate vascularization and skin appendage regeneration for full functionality, and
exhibit ease of printing for precise fabrication of complex skin structures [51]. To this end,
this research aims to design an optimal, polymerizing, and non-toxic injectable hydrogel
suitable for cell therapies and as a potential biomaterial ink for future 3D bioprinting.

This study successfully formulated hydrogels by combining natural polymers, gelatin,
and Kelulut honey across several formulations, demonstrating potential therapeutic efficacy
for chronic skin wounds. Genipin was incorporated to enhance the hydrogel’s structural
integrity and promote wound healing via the stimulation of cellular proliferation [52].
Optimal formulations, specifically 9% GE with 0.1% Kelulut honey (9GE_0.1KH) and 10%
GE with 0.5% Kelulut honey (10GE_0.5KH), were identified, exhibiting a three-minute
polymerization time at room temperature. This controlled polymerization rate allows for
an adequate clinical application time before gelation [29], while also preventing premature
solidification that could hinder extrusion during 3D bioprinting. Genipin’s presence
facilitates this through the formation of covalent crosslinks with gelatin’s amino-polymeric
constituents [53].

One pathway involves nucleophilic attack by the free amino groups in gelatin on
the C3 carbon of genipin, triggering the opening of the dihydropyran ring in the genipin
structure [53]. This reaction leads to the formation of an interconnected gelatin network,
reinforcing the hydrogel’s mechanical strength and stability. In the second pathway, the
amino groups in gelatin react with the genipin carboxyl group, forming amide bonds [53].
These covalent amide linkages act like molecular zippers, strengthening the hydrogel
and improving its resistance to degradation. Together, these mechanisms create a robust,
crosslinked network that enhances the hydrogel’s mechanical properties and durability.
Beyond these primary crosslinking mechanisms, oxygen radical-induced polymerization
of genipin may also occur, resulting in further stabilization of the hydrogel network.
This additional reaction contributes to the characteristic bluish hue observed in genipin-
crosslinked hydrogels, which serves as a visual indicator of successful crosslinking [53].
The controlled formation of this crosslinked structure ensures that the hydrogel remains
structurally stable while maintaining sufficient elasticity for biomedical applications.

4.3. Physicochemical Properties and Wound Healing

The performance of an ideal hydrogel was also evaluated by examining its physic-
ochemical characteristics. Unlike healthy skin, injured skin tends to lose a considerable
amount of water and moisture. The swelling ratio of the fabricated gelatin–genipin-
crosslinked hydrogels, both with and without Kelulut honey (KH), demonstrated an
acceptable level that enables them to effectively absorb excess wound exudate at injury
sites. All four hydrogels exhibited a swelling ratio exceeding 500%, especially with the
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addition of KH, making them ideal candidates for wound healing applications. Gelatin,
a primary component, inherently exhibits hydrophilic characteristics due to the presence
of polar amino acid residues such as those containing hydroxyl (-OH), carboxyl (-COOH),
and amine (-NH2) groups [51]. These functional groups readily engage in hydrogen bond-
ing with water molecules, facilitating the initial uptake of fluid into the gelatin–genipin
hydrogel matrix. 9GE_0.1KH showed the highest swelling capacity (742.07 ± 89.61%),
significantly outperforming 10GE (692.28 ± 46.40%), as indicated by the **** (p < 0.0001)
significance marker. This highlights that the addition of Kelulut honey at a low concentra-
tion (0.1%) significantly enhances the swelling capacity of the hydrogel. With a 500% water
retention capacity, these hydrogels can prevent the buildup of exudates in the wound
area while effectively absorbing water [54–56]. These results are influenced by and cor-
relate with the hydrophilic properties of both gelatin and Kelulut honey. Kelulut honey
possesses hydrophilic characteristics due to its hygroscopic nature attributed to its high
sugar content, which enables it to absorb moisture from the surrounding environment [57].
These sugars are characterized by the presence of numerous hydroxyl (-OH) groups, which
are highly effective at forming hydrogen bonds with water molecules, thereby enhancing
the overall water absorption capacity of the hydrogel [58]. Additionally, Kelulut honey
contains phenolic compounds and flavonoids, which also possess polar functional groups
that contribute to their hydrophilic nature [58]. Furthermore, the retained water contributes
to maintaining a moist wound environment, which is widely recognized as essential for
facilitating cellular activities such as cell migration, proliferation, and the deposition of new
extracellular matrix components, all critical for successful tissue repair.

The increase in Kelulut honey concentration within the composite hydrogel scaffold
enhances the ratio of hydrophilic to hydrophobic groups, as well as water retention, which
leads to scaffolds that are more flexible and capable of withstanding mechanical stress [59].
The contact angle measurements provide additional evidence of how KH incorporation
improves the hydrophilicity of the hydrogel. A significant decrease in the contact angle was
observed upon the addition of KH. Specifically, 9GE_0.1KH and 10GE_0.5KH demonstrated
reduced contact angles, which were statistically significant **** (p < 0.0001), indicating
enhanced wettability and thus a better interaction with fluids. The moderately significant
difference (**, p < 0.01) between 9GE and 9GE_0.1KH further supports the claim that KH
enhances the hydrophilic properties of the hydrogels, which is beneficial for maintaining an
optimal moisture balance at the wound site [60]. Notably, 10GE exhibited a more hydropho-
bic nature compared to 9GE_0.1KH, as shown by the higher contact angle (***, p < 0.001),
reinforcing the idea that the inclusion of KH overcomes the inherent hydrophobicity of
higher gelatin concentrations and improves fluid absorption, which is necessary for wound
healing. Kelulut honey contains various hydrophilic compounds, including sugars like
trehalulose, aliphatic organic acids, short-chain fatty acids, flavonoids, phenolic acids,
and polyphenols [58]. The hydroxyl groups present in sugars and the polar functional
groups in phenolic compounds and flavonoids can readily interact with water molecules
at the hydrogel’s surface through hydrogen bonding [61]. This interaction increases the
surface energy of the hydrogel, making it more attractive to water and thus improving
its wettability, which is reflected in a reduced contact angle. The incorporation of these
hydrophilic compounds likely alters the surface chemistry of the hydrogel, increasing the
density of water-attracting functional groups. This highlights the potential of Kelulut honey
to modulate the surface properties of gelatin-based hydrogels, making them more suitable
for interacting with the aqueous environment of a wound.

Furthermore, hydrogels need to have an adequate WVTR to maintain the proper
moisture level in the wound area. WVTR characterization is a crucial factor for wound
healing applications to ensure the wound stays moist. The ideal WVTR level for a potential
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skin substitute should be above 1500 g/m2/h, as this helps keep the wound hydrated
and prevents excessive dehydration. Hence, all the fabricated gelatin–genipin-crosslinked
hydrogels both with and without Kelulut honey have good WVTRs, as the results are
within the hydrogel range and allow for a good moisture balance [62]. This suggests that
within the tested ranges of concentrations of both Kelulut honey and gelatin, the variations
in the crosslinking density might not have significantly altered the overall water vapor
permeability, even though they could have affected the pore morphology.

In addition, another crucial factor to be tested and considered is the in vitro biodegra-
dation of the hydrogel formulation, as a fast biodegradation rate of the biomaterials after
implantation on the wound site is the current existing problem with other hydrogel for-
mulations. Figure 6d shows the results of the rate of biodegradation of the hydrogels.
The crosslinked gelatin–genipin hydrogels, which are the control hydrogels, showed pro-
longed durability and lower degradation rates compared to hydrogels with Kelulut honey,
signaling that the addition of Kelulut honey increases the biodegradation rate while still
maintaining a degradation rate below 0.1 mg/h, which is within the acceptable range
of degradation. The selected hydrogel for wound healing applications should remain
intact for a minimum of 14 days before fully degrading at the implantation site, which
should have a maximum degradation rate of 0.2 mg/h. The experimental results show
that gelatin–genipin-crosslinked hydrogels without Kelulut honey demonstrated extended
durability and slower degradation rates. This is likely due to the genipin-crosslinked
network providing resistance to enzymatic breakdown. However, incorporating Kelulut
honey led to a higher biodegradation rate, though it remained within an acceptable range
(below 0.1 mg/h). This acceleration in degradation may be linked to several possible
mechanisms, including the presence of various enzymes in Kelulut honey, such as diastase
and invertase [30,63].

4.4. Mechanical Properties and Their Significance

The mechanical properties of the hydrogels, which are essential for wound healing
applications, were assessed via compression and resilience testing (Figure 7). All formu-
lations exhibited statistically similar compression percentages (Figure 7a), indicating that
Kelulut honey addition did not substantially alter compressibility. Resilience, a measure
of the hydrogel’s capacity to recover its initial form following deformation, is essentially
linked to the polymer network’s crosslinking density and the mobility of the polymer
chains within that network. The general consistency in resilience across the formulations
implies that Kelulut honey, even at a higher 0.5% concentration, does not induce substantial
alterations in the hydrogel’s elastic behavior. While minor variations in resilience were
observed (Figure 7b), particularly a slight decrease with 0.1% Kelulut honey (9GE_0.1KH),
these differences were not considered significant. These results suggest that the incorpo-
ration of Kelulut honey, within the tested concentrations, does not critically impact the
overall mechanical behavior of the hydrogels, maintaining their suitability for supporting
tissue regeneration.

The observed maintenance of consistent mechanical behavior across the hydrogel
formulations, despite the inclusion of Kelulut honey, is a crucial factor for their potential
application in wound healing, as it important to ensure that the bioactive compounds in
Kelulut honey do not affect the hydrogel’s overall polymeric network. These properties are
essential for providing structural support to regenerating tissues and facilitating optimal
cell migration and proliferation [64]. The preservation of these mechanical attributes
underscores the hydrogel’s suitability as a mechanically robust and biocompatible scaffold
for tissue regeneration. It is important to note that the mechanical properties of hydrogels
are essential for their application in wound healing, because the mechanical properties
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of the hydrogel need to be similar to the elasticity and flexibility of the tissues that the
hydrogel is replacing [64].

4.5. Chemical and Structural Characterization

FTIR spectroscopy provides insights into the molecular structure of the gelatin-based
hydrogels, revealing key functional groups associated with gelatin, genipin crosslink-
ing, and interactions with Kelulut honey (KH) (Figure 8). The broad absorption band
between 3280 and 3745 cm−1 corresponds to O-H and N-H stretching (Amide A), indicat-
ing hydrogen bonding within the hydrogel matrix, which contributes to its stability and
mechanical properties.

Peaks at 1625–1645 cm−1 (Amide I, C=O stretching) and 1525–1545 cm−1 (Amide II, N-
H bending and C-N stretching) confirm the presence of gelatin, while peaks between 1300
and 1370 cm−1 (C-OH bending) reflect the crosslinking of gelatin with genipin. Additional
C-H bending (1400–1450 cm−1) and C-O stretching (1080–1030 cm−1) further validate the
hydrogel’s structure [65].

The addition of KH shifts the O-H stretching band to ~3289 cm−1, indicating enhanced
hydrogen bonding between honey and gelatin, which may improve the hydrogel’s sta-
bility. New peaks in the 2800–2950 cm−1 region (C-H stretching) confirm the presence of
sugars from the honey, while peaks at 875–699 cm−1 (C-O and C-H vibrations) suggest
interactions between the honey’s sugars and the gelatin matrix. Furthermore, bands at
2166–2212 cm−1, attributed to C≡C or C≡N stretching, likely indicate bioactive honey
compounds contributing to the hydrogel’s functional properties.

An EDX analysis was performed to assess the elemental composition of gelatin–
genipin hydrogels with and without Kelulut honey (KH). The 9GE and 10GE samples
showed similar elemental contents of approximately 56% carbon, 28% oxygen, and
15% nitrogen, reflecting the gelatin network structure [66]. Adding 0.1% KH to 9GE sig-
nificantly increased the carbon (60.3 ± 4.99%) and oxygen (30.6 ± 1.50%) contents while
decreasing the nitrogen content (13.7 ± 0.65%), consistent with the high carbohydrate
content of honey. This suggests that Kelulut honey’s sugars were incorporated into the
hydrogel matrix, replacing some of the nitrogenous gelatin components. In contrast, in
10GE_0.5KH, the carbon content showed a smaller change (54.6 ± 0.52%), but the oxy-
gen content increased (29.6 ± 0.19%) and the nitrogen content was slightly increased
(15.7 ± 0.57%). This indicates a saturation effect where a higher concentration of Kelulut
honey resulted in a more subtle incorporation of sugars, with a modest increase in oxygen
levels, likely from bioactive compounds in Kelulut honey and possibly due to a shift in the
interaction mechanism [65].

The concentration-dependent nature of KH incorporation suggests that lower concen-
trations favor direct sugar–gelatin interactions, while higher concentrations may involve
additional intermolecular forces or phase separation effects. The greater incorporation
of oxygen in both cases supports the presence of hydroxyl-rich sugar molecules within
the hydrogel. The smaller change in the carbon content at higher KH concentrations may
indicate a shift in how honey integrates into the network, possibly through more complex
hydrogen bonding or even minor phase separation.

Furthermore, the observed nitrogen reduction in 9GE_0.1KH suggests that gelatin’s
proteinaceous regions are partially replaced by Kelulut honey sugars, altering the hydro-
gel’s molecular composition. The slight increase in the nitrogen content in 10GE_0.5KH
may be due to the presence of nitrogen-containing bioactive compounds from KH, which
could enhance the hydrogel’s biological activity. These shifts in elemental composition
provide valuable insights into the material’s chemical modifications, which could influence
its mechanical properties, degradation rate, and potential biomedical applications.
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These results confirm that Kelulut honey is incorporated into the hydrogels, with
varying interactions depending on the honey concentration, which could influence the
hydrogel’s properties for biomedical applications.

4.6. Microporous Structure and 3D Bioprinting

As the goal is to characterize the formulation of the injectable hydrogel as a potential
bioink for 3D bioprinting, the initial data were gathered by assessing the overall appearance,
as well as evaluating the average pore sizes through an analysis of the SEM micrographs
shown in Figure 8. The porosity of the hydrogels was also tested through the water
displacement method and the surface roughness of the hydrogels was analyzed through
AFM images to estimate the porosity and surface roughness of the hydrogels once printed.

The SEM micrographs of gelatin-based hydrogels, with and without Kelulut honey
(KH), reveal distinct differences in their microstructure. The non-KH hydrogels (9GE and
10GE) showed a more compact structure with fewer, larger pores, suggesting a denser
matrix due to stronger gelatin–genipin interactions [67]. As gelatin and genipin interact
and form covalent bonds, they reinforce the hydrogel network, resulting in a denser matrix
and more compact structure [54]. The concentration of gelatin in the hydrogel matrix
directly affects the density of these functional groups, with higher concentrations (10GE)
providing a greater number of potential interaction sites compared to lower concentrations
(9GE), making the hydrogel even denser and compact, as revealed by the SEM data.
In contrast, the hydrogels with KH exhibited increased porosity and interconnectivity.
This enhancement is likely due to KH interacting with the gelatin, either by introducing
additional crosslinking or reducing rigidity, which facilitates the formation of smaller,
interconnected pores. As KH contains high percentage of sugars, especially maltose and
fructose, it alters the hydrogen-bonding structure of nearby water molecules in the gelatin–
genipin matrix, leading to a less dense network with smaller pores [58]. Additionally, KH’s
reducing sugars, such as maltose, fructose, and glucose, can undergo the Maillard reaction
with gelatin’s free amine groups, competing with genipin for binding sites and altering the
overall crosslinking density [58,68]. The 9GE_0.1KH sample displayed a rougher, irregular
pore structure, while the 10GE_0.5KH variant showed a highly porous and interconnected
network [67]. The ImageJ (version 1.54k, NIH, Bethesda, MD, USA) analysis confirmed
that KH addition consistently increased both porosity and interconnectivity. This aligns
with findings from similar studies, where natural additives like Kelulut honey alter the
hydrogel’s pore structures by acting as plasticizers, reducing the overall gelatin–genipin
matrix rigidity [69].

After freeze-drying, the average pore size was largest in 10GE (241.793 ± 39.327 µm)
and 9GE (226.174 ± 50.915 µm), while 9GE_0.1KH and 10GE_0.5KH had smaller pore sizes
(186.784 ± 20.936 µm and 206.292 ± 17.615 µm, respectively), indicating that KH reduces
the pore size while increasing the overall porosity. This can be attributed to more efficient
crosslinking and the formation of a lesser dense honey–gelatin network [70]. Another
factor would be Kelulut honey’s high water content, which could lead to the dilution of the
gelatin concentration within the hydrogel, potentially hindering the efficient formation of a
dense crosslinked network and contributing to a reduced average pore size [71].

The increased porosity in KH-infused hydrogels is likely due to the honey’s ability to
disrupt the gelatin network, creating a more porous structure. The components of Kelulut
honey, particularly the organic acids that lower the pH, can significantly influence the
effectiveness of genipin crosslinking [71]. While genipin can crosslink gelatin under slightly
acidic conditions, lower pH values can hinder the reaction. The acidic nature of KH might
slow down or reduce the extent of genipin crosslinking in KH-containing hydrogels. This
could result in a less dense crosslinked network compared to non-KH hydrogels at the
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same gelatin concentration, potentially explaining the higher porosity and interconnectivity
observed in the KH-containing hydrogels. This is significant for biomedical applications,
where porosity influences cell infiltration and tissue regeneration. Hydrogels with higher
porosity and interconnected pores better resemble natural tissues, making them suitable for
tissue engineering, as they mimic the porous structure of native extracellular matrices and
are particularly advantageous for regenerative medicine because they provide an optimal
environment for cell attachment, migration, and differentiation [72].

As the gelatin concentration increases, the mean surface roughness tends to rise due to
the formation of a denser, more rigid polymer network. However, the addition of Kelulut
honey (KH) consistently reduces the surface roughness, resulting in smoother hydrogels.
This can be attributed back to the plasticizing effect of KH, which could reduce the rigidity
of the gelatin network and facilitate the formation of a smoother surface [69]. In addition,
honey’s inherent viscosity and its capacity to form a cohesive layer on surfaces can assist
in smoothing out the surface roughness by filling micro-voids and producing a more
consistent surface layer [69].

In conclusion, the data indicate that increasing the gelatin concentration increases the
surface roughness due to better crosslinking with genipin and a denser network, while Kelulut
honey reduces the roughness as it alters the structural network of the hydrogel, contributing
to smoother hydrogel surfaces more conducive to cell adhesion and behavior [67].

4.7. Limitations and Future Directions

The current study primarily focuses on in vitro analyses of the hydrogels’ properties
and their impacts on cell viability. While promising results were obtained, these findings
may not fully reflect the behavior of the hydrogel in a living organism [19]. The in vivo
application of these hydrogels remains unexplored, and assessing their long-term safety
and effectiveness in an animal model or clinical trials is critical. Additionally, the study
utilized primary human dermal fibroblasts (HDFs) for assessing KH’s cytotoxicity and
effects on cell growth. However, the use of other cell types, such as keratinocytes or
endothelial cells, could provide a more comprehensive understanding of KH’s performance
in wound healing, particularly regarding epithelialization and vascularization.

Moreover, while the study evaluated basic physicochemical properties such as the
swelling ratio, biodegradation, and contact angle, it did not incorporate external factors
like infection or the presence of various inflammatory mediators, which could impact
hydrogel functionality in a wound environment. The biodegradation of the hydrogels was
tested over a short period, and a longer-term evaluation is required to understand the full
degradation timeline. Premature degradation or persistence in the wound site could affect
the healing process and tissue regeneration. Lastly, the study explored the effects of genipin
crosslinking at a single concentration. It would be beneficial to assess the impact of varying
genipin concentrations on the mechanical properties and cytotoxicity of the hydrogels, as
this could offer insights into optimizing the formulation for clinical use.

As for the future directions, it will be beneficial to conduct in vivo studies to eval-
uate the performance of the gelatin–Kelulut honey hydrogels in animal models [72,73].
These studies will help determine the biocompatibility, wound healing efficacy, and long-
term stability of the hydrogels in real biological systems, particularly for chronic wound
treatment. Upon obtaining successful preclinical data, clinical trials involving human
participants should be conducted. These clinical trials would provide critical insights into
the hydrogel’s safety, efficacy, and practicality in real-world wound care and allow for
further optimization [71].

Additionally, future research can expand on the combination of gelatin with other
bioactive materials, such as chitosan, alginate, or silk fibroin. These materials could
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further enhance the hydrogel’s mechanical strength, biocompatibility, and wound healing
properties [14]. Another promising direction is the development of “smart” hydrogels that
can respond to changes in the wound environment, such as variations in pH, temperature,
or enzyme activity. Incorporating responsive elements into the hydrogel could allow for the
controlled release of therapeutic agents like growth factors, antibiotics, or anti-inflammatory
compounds, thereby improving wound healing.

5. Conclusions
In conclusion, the development of gelatin-based hydrogels crosslinked with genipin

and incorporating Kelulut honey has shown promising results for wound healing appli-
cations. The study demonstrated that these hydrogels possess favorable physicochemical
properties, including an excellent swelling capacity, biodegradation rates, and hydrophilic-
ity, making them suitable for chronic wound care. Furthermore, the addition of Kelulut
honey provides enhanced antimicrobial and anti-inflammatory effects, which are crucial
for promoting tissue regeneration and reducing the risk of infection in wound sites.

Despite the encouraging in vitro findings, further research is required to assess the
hydrogels’ performance in vivo, particularly regarding their long-term biocompatibility,
biodegradation, and effectiveness in real-world clinical scenarios. The integration of 3D
bioprinting and the incorporation of additional bioactive materials could further improve
the functionality and customization of these hydrogels, offering a more tailored solution
for individual patients. Moreover, future studies exploring the combination of hydrogels
with stem cells, growth factors, and other therapeutic agents may accelerate the healing
process and improve the overall clinical outcomes.
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