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ABSTRACT

Oral mucosal wound management remains clinically challenging
due to continuous exposure to saliva, microbial colonisation, and
mechanical stress from mastication and speech. Conventional treat-
ments such as gels and mouthwashes often exhibit short-term relief,
resulting in suboptimal therapeutic efficacy. To address these
limitations, this study aimed to develop Tualang honey (TH)-loaded
oral patches for enhanced wound healing. Although TH is widely
recognised for its regenerative properties, its incorporation into a
sustained-release delivery system for oral tissue engineering
remains underexplored. The patches were fabricated using poly-
vinyl alcohol, sago starch, glycerol, and TH via solvent casting,
followed by comprehensive physicochemical, mechanical, morpho-
logical, and biological evaluations using primary oral fibroblasts.
The formulated patches demonstrated uniform surface morpho-
logy, satisfactory mechanical strength, and good biocompatibility.
Swelling analysis revealed significantly higher water uptake in
TH-loaded patches compared to placebo patches. After six months
of monitoring, the physicochemical properties of all patches
revealed no significant changes, confirming the stability of the
formulation. In vitro assessments also demonstrated TH-loaded
patches enhanced cell viability and accelerated wound closure,
highlighting the regenerative properties of TH. Conclusively,
TH-loaded patches demonstrated stability, biocompatibility, and
improved wound healing in vitro, suggesting they could serve as an
effective approach for oral mucosal wound management.

Keywords: Tualang honey, oral patches, polyvinyl alcohol, sago
starch, primary oral fibroblasts

INTRODUCTION

Oral wounds, whether caused by trauma, infections,
ulcers, or surgical procedures, are more complex to manage
compared to skin wounds (1). The oral cavity has a natural
ability to heal rapidly due to high vascularisation and
salivary components that support tissue repair (2, 3). However,
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continuous exposure to saliva, bacterial colonisation, and mechanical stresses from chewing
or swallowing can slow down the healing process, prolong inflammation, and increase the
risk of infection (4, 5). This highlights the need for therapeutic strategies that not only protect
the wound but also support controlled regeneration.

Drug delivery systems (DDS) technology has gained attention in wound care, as they
enable the introduction of therapeutic agents into the body to improve wound recovery (4,
6). Novel drug delivery systems (NDDS) involve various routes of drug administration and
are designed to provide minimally invasive and serve better localised, sustained, and con-
trolled drug transportation (5-9). Among different NDDS approaches (ointments, tablets,
films, patches, gel forms), hydrogel oral patches provide an alternative to address the defi-
ciencies related to the wound in oral and maxillofacial regions. Oral patch formulations are
particularly advantageous because they adhere directly to the wound site, maintain mois-
ture, and provide prolonged protection with reduced need for frequent application (4, 5, 7,
10, 11). Besides functioning as a biological barrier that blocks harmful foreign material from
entering the wound, oral patches were also found to effectively prolong drug residence time
and prevent overdosing in a short period (4).

The performance of these oral patches largely depends on the choice of polymers, which
determine adhesion, biocompatibility, and drug release properties. Recently, the fabrication
of patches using natural polymers has become the focus of research. Natural polymers,
specifically sago starch, are widely used because they are non-toxic, affordable, sustainable,
and biocompatible, making them suitable for wound-healing applications. However, some
limitations, such as low mechanical strength and a lack of hydrophilicity, make this polymer
unable to stand alone in fabricating patches (12). Meanwhile, various synthetic polymers
have also been used in wound-healing applications. Among them, polyvinyl alcohol (PVA)
is highly recognised among researchers as it possesses biocompatible, biodegradable, non-
carcinogenic, water-soluble, low interfacial tension, and high swelling ratio properties that
offer better functionality and mechanical strength, which can be tailored to meet the prob-
lem (10, 12). Therefore, by pairing both types of polymers, this hybridisation allows improve-
ments in stability, durability, and control of degradation rate properties (13).

Recently, the addition of natural bioactive agents, such as honey, has been explored to
enhance the healing potential of these systems further. Tualang honey (TH), in particular, has
demonstrated antimicrobial, anti-inflammatory, and tissue-regenerative effects (14-16), mak-
ing it a strong candidate for oral wound therapy. Previous studies on honey-based gels and
films also showed improved healing outcomes compared to conventional treatments (17).
Based on these considerations, this study focuses on developing a Tualang honey-loaded oral
patch comprising PVA, sago starch and TH. The aim is to combine the benefits of a localised
NDDS with the therapeutic properties of TH to accelerate epithelial regeneration, reduce
microbial contamination, and provide an effective non-invasive treatment for oral wound
healing. Furthermore, comprehensive studies regarding oral patch formulations combining
PVA, sago starch and TH are scarce, thereby reinforcing the significance of this study.

EXPERIMENTAL

Materials

Sago starch powder (brand Cap Bintang), manufactured by THC Sdn Bhd, was
obtained from Healthy Living Organic (organic store). Polyvinyl alcohol (PVA) (Ph Eur,
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ChP, USP, JPE grade, 85.0-89.0 % hydrolysis, 4.3-5.7 mPa s viscosity) and glycerol were
supplied by Merck (UK) and Sigma-Aldrich (UK), respectively. Distilled water was used
as a solvent to prepare the solutions. Pure Tualang honey with the brand An-Nahlu was
purchased from An-Nahlu Supplier Trading (herbal medical store). For biological testing,
primary oral fibroblasts (POF) derived from human gingival tissue were purchased from
ATCC Primary Cell Solutions (USA) with ATCC number PCS-201-018.

Chemical characterisation and identification of Tualang honey

The chemical characterisation, identification and chemical quantitation of the TH was
certified by UNIPEQ, UKM (Malaysia). The analysis involves ash content, moisture con-
tent, sugar content (fructose, glucose, maltose, sucrose), hydroxymethylfurfural (HMF)
content, pH, and free acidity. The methodology and results certificate can be referred to
Appendix 1 (available upon request).

Formulation of Tualang honey-loaded oral patches

Oral patches were prepared using the solvent-casting method. A 5 % (m/V) sago starch
dispersion was prepared by dispersing 5 g of sago starch in 100 mL of distilled water,
followed by heating at 75-80 °C under continuous stirring until complete gelatinisation
occurred, resulting in the formation of a viscous gel-like texture. Concurrently, a 10 %
(m/V) PVA solution was prepared by dissolving 10 g of PVA powder in 100 mL of distilled
water at 80 °C. Sago starch and PVA solution were mixed at a 3:7 (V/V) ratio with the addi-
tion of 2.5 % (w/V) of glycerol. The mixture was homogenised for 1 hour, cooled to room
temperature, and then blended with 2 mL of diluted Tualang honey (TH) at concentrations
of 0.19, 0.39, 0.78, 1.56, and 3.12 % (V/V) relative to the total formulation volume, followed
by stirring for another 1 hour. After that, the mixture was gently poured into approxi-
mately 20 mL or %2 Petri dish and allowed to evaporate and dry for 72 h at room tempera-
ture. The patch must be solidified and can be lifted from the Petri dishes before being cut
into 2 x 1 cm pieces and stored until further use. This formulation was also the same for
the placebo patch (without TH) group.

Patches characterisation

Scanning electron microscopy analysis. — The microstructure of the surface and the inter-
face of the oral patches was evaluated using Scanning Electron Microscopy (SEM). The
placebo and selected TH-loaded patches (0.39 and 3.12 %TH) were adhered toa 1 x 1 cm
piece of carbon tape attached to the metallic stubs (10 mm). All samples were sputter-coated
with gold, and images of the patch's surface were captured at 5 kV using scanning electron
microscopy (JEOL, Germany).

Physicochemical analysis. — This study examined the physicochemical characteristics of
oral patches: mass, thickness, and pH. The placebo and TH-loaded patches were measured
using an electronic digital balance and a digital micrometre for mass and thickness, re-
spectively. As for pH, the placebo and TH-loaded patches were immersed in 5 mL of dis-
tilled water for 30 minutes before testing the pH with a pH-meter (Mettler Toledo, US).

Mechanical properties analysis. — The folding endurance and tensile strength of oral
patches were analysed functionally to assess their flexibility and durability. For folding
properties, the placebo and TH-loaded patches were mechanically folded at the same spot
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until they broke or at least folded up to 350 times manually, as it was considered a suitable
property for good patches. For the tensile strength analysis, the placebo and TH-loaded
patches were mounted in the grips with a gauge length of 25 mm. The samples were then
stretched using a tensile tester (TA. XTplus Texture Analyzer, UK) with a motor speed of
8.30 mm s7!. All parameters were performed in triplicate, and each sample was tested three
times.

Swelling index analysis. — For this analysis, the initial mass of the placebo and TH-loaded
patches was weighed (i1,) using an electronic digital balance, followed by immersion in
5 mL of distilled water at predetermined intervals of 5, 10, 15, 20, 30, and 40 minutes. After
that, the patches were removed from the solution and were blotted with Whatman filter
paper to remove excess water before being weighed for the final reading (117,). The differ-
ence in masses between 1, and m; due to absorption and swelling was then calculated and
normalised to the initial mass () before being multiplied by 100 to express the degree of
swelling index as a percentage (Equation 1):

Swelling index (%) = [(m; — m,) / m,] x 100 )

Stability analysis. — The placebo and TH-loaded patches were subjected to short-term
stability testing. Therefore, biodegradability testing was used to observe the condition of
the patches at room temperature over six months. Changes in the characteristics of the
stored patches were investigated after storage at the end of last month.

Biological characterisation

Cell cytotoxicity analysis. — The toxicology of TH, sago starch, and TH-loaded patches
was analysed using the MTT assay (MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
-2H-tetrazolium bromide) on a primary oral human cell line, primary oral fibroblasts
(POF). Briefly, for toxicology analysis of TH, POF cells were seeded at a density of 1.0 x 10*
cells per well in 100 pL per well of Dulbecco’s Modified Eagle’s Medium (DMEM), in a
96-well plate and incubated in 95 % air and 5 % CO, at 37 °C for 24 hours. After incubation,
the media was discarded and replenished by 100 uL per well culture medium containing
various percentage of TH (0.09, 0.19, 0.39, 0.78, 1.56, 3.12, 6.25, 12.5, 25, 50 and 100 %) which
make 12 groups of treatment including control group and subsequently incubated in a
time-dependent manner (24, 48 and 72 h). After incubation, the treatment medium was
discarded, and the cells were washed before exposure to 0.5 pg mL™ MTT solution for 2
hours. After that, 50 uL of DMSO was added to solubilise the blue formazan, and the
absorbance (OD value) of the sample was measured using a microplate reader (SpectraMax®
iD3, Software, California) at 570 nm, with a 630 nm reference correction. The data were
then expressed as cell viability percentages. The same procedure was done to test the
toxicology of sago starch. The percentage of the starch remains the same as TH: 0.09, 0.19,
0.39, 0.78, 1.56, 3.12, 6.25, 12.5, 25, 50 and 100 % (m/V'). To achieve the concentrations, sago
starch was weighed and diluted in 100 mL of sterile distilled water, then filtered before
treating the cells.

For oral patch toxicology, the placebo and TH-loaded patches were sterilised using UV
light for 10 minutes. Then, each sample was incubated in DMEM at 37 °C overnight until
it dissolved, after which the solutions were filtered. Concurrently, POF cells were seeded
in a 96-well plate at 1.0 x 10* cells per well in 100 pL DMEM and incubated in 95 % air and
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5% CO, at 37 °C for 24 hours. After incubation, the media was discarded and replaced with
100 uL per well filtered solution of patches, and the plates were incubated at 37 °Cin 5 %
CO, for 3 different periods (24, 48, and 72 h). After incubation, the treatment medium was
discarded, and the cells were washed before exposure to 0.5 ug mL™ MTT solution for 2 h.
After that, 50 uL of DMSO was added to solubilise the blue formazan. Finally, the absor-
bance (OD value of the sample) was measured in a microplate reader (SpectraMax® iD3,
Software, USA) at 570 nm, with a 630 nm reference correction. The cell viability was then
expressed as a percentage relative to the untreated control group by dividing the OD value
of the sample by the OD value of the control before multiplying the value by 100 using
Equation 2:

Cell viability (%) = (OD,,, / ODyypror) * 100 @)

sample

Scratch wound healing analysis. — For wound healing properties, oral patches were tested
in vitro using two-dimensional (2D) models. Briefly, the placebo and selected TH-loaded
patches (3.12 %) were sterile for wound closure analysis, as confirmed by UV light for 10
minutes. Then, each sample was incubated in DMEM at 37 °C overnight until it dissolved,
after which the solution was filtered. Concurrently, POF cells were seeded at 2 x 10* cells
per well in 2 mL DMEM into a 12-well plate and incubated overnight at 37 °C in 5 % CO,.
After overnight incubation, the culture medium was discarded, and the monolayer cells
were scratched with three perpendicular lines using a sterile 200 pL pipette tip. The
12-well plate was filled with 2 mL DMEM as the control group (without the oral patch), and
with 2 mL of the filtered patch solutions for the placebo group and the 3.12 % TH group.
The diameter of the wound and the image migration of cells in the scratch area of each well
were observed under an inverted microscope (Olympus BX51, Germany), and were
recorded at 0, 24, 48, and 72 h, respectively. The data were presented as the percentage of
wound closure, calculated based on the reduction in the mean wound width. The average
of multiple horizontal distances measured at 0 hours (D) was subtracted from the average
of multiple horizontal distances measured at the selected time point (D,), normalised to the
initial wound width and multiplied by 100 using Equation 3:

Wound closure (%) = [(D, — D,) / D] x 100 3)

Each value represents the mean of at least three independent measurements across the
wound area.
Statistical analysis

The data from this study were statistically analysed using the Statistical Package for
the Social Sciences (SPSS) for Windows, version 25.0 (SPSS Inc., USA), and reported as
mean + SD. Statistical significance was analysed using one-way analysis of variance
(ANOVA) and was considered significant when p < 0.05.

RESULTS AND DISCUSSION

Characterisation of oral patches structure

Scanning Electron Microscopy (SEM) analysis was performed to analyse the surface
and cross-sectional morphology of placebo and TH-loaded patches (Fig. 1). The SEM analysis
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showed that both the placebo and TH-loaded patches exhibited irregularities and a
rougher top surface. The cross-sections of both patches further confirmed that the rough
surface may be attributed to the distribution of clumping molecules, which may result
from starch agglomeration.

The selection of starch molecules at a lower ratio, specifically below 10 %, was highly
recommended for patch formulation (18, 19), as it offers a balanced combination and is
characterised by non-toxicity, low immunogenicity, cost-effectiveness, and natural degra-
dation without harmful residues (20, 21). However, agglomeration might occur due to
exchange temperature during preparation (22, 23).

Concurrently, the addition of TH also increases surface roughness, as the irregulari-
ties increase with its high ratio. Apart from that, honey agglomeration might occur due to
strong hydrogen-bond interactions between TH particles and the polymer network, spe-
cifically PVA, during temperature changes during solvent evaporation (24). Nevertheless,
the roughness characteristic was reported not to affect drug release (25) and, at the same
time, to contribute to swelling properties, as the rough surface enhanced the surface area
for fluid absorption (26, 27). This characteristic is particularly beneficial for wound healing
applications, as it provides a larger surface area, allowing the patch to absorb exudates
while maintaining a moist environment conducive to tissue regeneration (28, 29).

Overall, the SEM analysis demonstrated that incorporating TH into the patches
resulted in desirable morphological properties, including enhanced surface roughness
and a denser internal structure. These characteristics align with the requirements for
effective oral patches, as they contribute to improved adhesion (30), enhanced fluid absorp-

Top surface Cross-section

Fig. 1. SEM images of oral patches with different percentages of Tualang honey: a) 0 % (placebo); b 0.39 %
TH; ¢) 3.12 % TH taken at 100x (scale bar = 100 um) (SEM — scanning electron microscope, TH — Tualang
honey).
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tion (28), and greater structural durability (29). Therefore, future optimisation of the for-
mulation process, such as controlling the honey cooling rate (31) and improving starch
dispersion techniques (32), could further refine the morphology of the patches for enhanced
therapeutic performance.

Physicochemical characterisation of oral patches

The physicochemical properties of the patches were assessed using three analyses:
mass, thickness, and pH. When incorporating a few concentrations of Tualang honey (TH)
(0.19,0.39, 0.78, 1.56, and 3.12 %) in the oral patch, there are no significant changes (p > 0.05)
in the mass value as TH-loaded patches were recorded with 0.114 + 0.020 g to 0.150 + 0.031 g
compared to the placebo patches with 0.133 + 0.026 g (Fig. 2a). Similar to thickness, the
presence of TH somehow does not interfere with the thickness value, as the thickness
recorded was in a range between 0.372 + 0.002 mm to 0.459 + 0.004 mm. In contrast, the
placebo patch thickness was 0.391 + 0.009 mm (Fig. 2b). However, for pH value, the pres-
ence of TH influenced the value as it fell into a range between 5.984 + 0.050 and 7.231 + 0.057,
decreasing as the honey concentration increased, compared to placebo patch that was almost
neutral (pH 7.65 + 0.097) (Fig. 2c).

The mass and thickness properties of oral patches are critical parameters that influ-
ence the uniformity of drug content, stability, and the release mechanism during the appli-
cation. When both placebo and TH-loaded patches exhibit a non-significant difference,
this indicates the consistent reproducibility across batches by using the solvent-casting
method. To maintain consistency, the solvent-casting method was an effective choice, as it
has been shown to allow precise control over the thickness, composition, and cohesive
properties of gellan gum-pectin films and polyvinyl alcohol-chitosan hydrogels (33, 34).
According to previous studies, the ideal average thickness of the patches that demon-
strated rapid drug release was between 0.1 and 0.5 mm (35-37). Since the thickness of the
oral patches ranged from 0.372 + 0.002 mm to 0.459 + 0.004 mm, within the ideal range, this
formulation ensured adequate comfort during adhesion to the oral mucosa, avoiding
excessive bulkiness that could interfere with speaking or chewing.

The higher thickness observed in the placebo may be attributed to the higher effective
polymer network density between PVA and sago starch, resulting in increased polymer
solid content per unit volume (13) compared to TH-loaded patches. The incorporation of
TH at a lower ratio likely disrupted the polymer-polymer hydrogen bonding due to its
sugar and higher water content, resulting in thinner films. Interestingly, patches loaded
with 3.12 % TH, showed a slight increase in thickness compared to placebo, which may be
associated with the higher sugar content in the TH contributing to increased solid mass
and potential conformation rearrangement within the polymer networking between
sugar, starch and PVA molecules, leading to the slight swelling and conformational
changes. This was in line with previous studies, in which hydrophilic additives, such as
honey, increased patch thickness and mass due to their dense molecular structure and
high solids content, which help retain moisture and disrupt compact polymer packing (10,
34). However, since the increment showed no significant deviation compared to the
placebo, this suggests that incorporating TH into the formulation maintains homogeneity
and produces consistent patches suitable for oral wound-healing applications.

The incorporation of TH resulted in a concentration-dependent reduction in pH, with
values ranging from 7.231 +0.057 to 5984 + 0.050. A gradual decrease in pH value was observed
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with increasing TH ratio, with the lowest value (5.984 + 0.050) recorded in patches incorpo-
rated with 100 % TH. According to previous studies, changes in pH corresponded to the
honey’s natural pH, reported as 3.55 to 4.00 (20, 38). This suggests that slightly acidic environ-
ments aid in suppressing bacterial growth and enhancing oxygen release, which are crucial
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Fig. 2. Placebo and TH-loaded patches (0.19, 0.39, 0.78, 1.56 and 3.12 %) are characterised for a) mass;
b) thickness and c) pH value with three different batches. Data are presented as the mean + SD from
three independent experiments. Each was performed in triplicate, and p < 0.05 was considered sig-
nificant compared to the placebo group (TH — Tualang honey, SD — standard deviation).
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for the tissue repair process (39). Since the pH of TH-loaded patches falls within the pH range
of the physiological oral mucosa (5.5-7.6) (40), this suggests that incorporating TH can main-
tain the balance of the oral mucosa during healing and prevent mucosal irritation.

Mechanical characterisation of oral patches

The mechanical characterisation of the patches was assessed through folding endur-
ance and tensile strength analysis to evaluate their flexibility and resilience, and to deter-
mine their resistance to mechanical stress that could lead to breakage. Based on the result,
the incorporation of TH inside the formulation showed no significant increases (p > 0.05)
in the folding endurance with value 389 + 2.60 to 485.667 + 1.986 compared to placebo
patches with 366.111 + 6.819 (Fig. 3a). Similar to tensile strength, the addition of TH does
not significantly interfere (p > 0.05) the tensile strength as the result showed that TH-loaded
patches exhibited slightly higher tensile strength with value 0.215 + 0.012 MPa when
exposed to 1.56 % TH-loaded patches while the lowest tensile strength exhibit by 3.12 %
TH-loaded patches with value 0.166 + 0.016 MPa compared to placebo patches 0.168 + 0.003
MPa (Fig. 3b).
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Fig. 3. Placebo and TH-loaded patches (0.19, 0.39, 0.78, 1.56 and 3.12 %) are characterised for: a) folding
endurance; b) tensile strength with three different batches. Data are presented as the mean + SD from
three independent experiments. Each was performed in triplicate, and p < 0.05 was considered sig-
nificant compared to the placebo group (TH — Tualang honey, SD — standard deviation).
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Mechanical characteristics are crucial properties that need to be studied to create
durable, resilient patches for use during oral movements such as speaking and chewing
(41). The presence of TH in oral patches resulted in greater endurance and tensile strength
than placebo patches, suggesting a stronger interaction between TH and polymer mole-
cules within the patches. This finding aligned with a previous study, which found that the
presence of honey can enhance hydrogen bonding between biopolymers and active com-
pounds, leading to stronger integrity of the composition (42). Besides, the data pattern is
also in line with the exposure of the Manuka honey-sodium alginate hydrogel film at a
lower ratio, specifically 2 %, which exhibited the highest tensile strength (43). Vice versa,
the highest ratio of Manuka honey-sodium alginate hydrogel film (10 %) shows the lowest
tensile strength. According to the same study, although a higher honey ratio indicates
stronger hydrogen bonding, solution concentration still affects stickiness, which, in turn,
affects tensile stress and strain values.

On the other hand, this oral patch formulation also showed folding endurance values
exceeding 350 folds for both placebo and TH-loaded patches, indicating that the patches
maintained their structure without breaking. This might be attributed to the addition of
the plasticiser, glycerol, which functionally enhances flexibility and prevents brittleness
in the formulation (44, 45). Therefore, combining TH and glycerol in the formulation sug-
gests an optimised balance of strength and flexibility, making it suitable for prolonged
mucosal adhesion in the oral region .

Swelling index of oral patches

The swelling index used in this study was designed to evaluate a patch’s absorption
and moisture retention over a specific period of time. From Fig. 4, the results show that the
percentage of swelling index increased with increasing immersion duration. The presence
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Fig. 4. Placebo and TH-loaded patches (0.19, 0.39, 0.78, 1.56 and 3.12 %) are characterised by swelling
index ratio across three different batches. Data are presented as the mean + SD from three indepen-
dent experiments. Each was performed in triplicate, and p <0.05 was considered significant compared
to the placebo group (TH - Tualang honey, SD - standard deviation).
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of TH specifically at concentration 0.78 %, shows significantly highest rate of swelling
index in minutes 5 until minutes 25 of immersion compared to other groups with value
40.232 + 4.526 % to 214.453 + 6.232 %, while in minutes 30 and 40, the significant highest
percentage were shown by 0.19 % TH-loaded patches with value of 287 + 13.255 % and
315.709 + 18.561 % respectively. For TH-loaded patches at 0.39 % concentration, swelling
was higher after 5-15 minutes, but at 20 minutes or more, it decreased compared to other
concentrations. Apart from that, for TH-loaded patches with concentrations above 0.78 %
(1.56 % TH and 3.12 % TH), the swelling ability was lowest but slightly higher than that of
placebo patches.

Swelling properties are an essential characteristic of oral patches, as they determine
absorption capacity, adhesion, and drug release (46-48). From the result, TH exhibited a
higher swelling percentage than placebo patches, indicating that TH has a greater capacity
to enhance the moisture retention of the patches (49). This might be attributed to the TH’s
hygroscopic nature, which enhanced the fluid absorption by attracting and retaining
moisture from the environment into the patches (50, 51). Since the incorporation of TH
enhanced the moisture-retaining capacity of the patches, this may create an optimal envi-
ronment for healing, drug delivery, and patient comfort.

Stability of oral patches

Stability analysis comprising mass, thickness, pH, folding endurance, and colour
change parameters was evaluated for 1, 3, and 6 months, and the data were tabulated in
Table I. Across all parameters, no significant changes were observed during the time inter-
val. The results show that all parameters, such as weight, thickness, pH value, and folding
endurance, were maintained for 6 months. The colour of the patches also remains the same
over the time interval observed with the naked eye, indicating their stability under con-
trolled storage conditions. These findings suggest that the patches can retain their thera-
peutic efficacy and physical properties over extended storage periods, making them suit-
able for commercialising as an alternative oral healing application.

Cell cytotoxicity analysis and biocompatibility of oral patches

Toxicology analysis was conducted on primary oral fibroblasts (POF) using 0.5 mg mL~!
of MTT to assess cell metabolic activity at various concentrations of TH, starch and
TH-loaded patches. Exposure of POF cells to TH showed a non-significant increase (p >
0.05) in percentage viability at concentrations below 0.78 % TH. It was noted that the per-
centage viability of POF cells at concentrations 0.09 % TH (100.126 + 6.649 %), 0.19 % TH
(110.828 +5.953 %), 0.39 % TH (111.868 + 8.418 %) and 0.78 % TH (106.711 + 8.214 %) was above
100 % when culturing for 24 hours, compared to the control group. After 48 h of exposure,
only treatments with 0.09 % TH (101.584 + 3.960 %) and 0.19 % TH (101.577 +2.108 %) showed
increased percentage viability. The same holds for the 72-hour treatment; only the 0.09 %
and 0.19 % TH concentrations showed higher viability, with values of 112.453 + 8.636 % and
114.568 + 2.279 %, respectively, compared to the control. At concentrations above 0.78 % TH,
POF cells exhibited a time-dose-dependent reduction in viability, with viability dropping
sharply at 6.25 % TH (Fig. 5a).
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Table I. Stability testing data for the placebo and TH-loaded patches (0.19, 0.39, 0.78, 1.56 and 3.12 %)

Test parameter®

Time (Mean + SD) (1 = 9)
Patch interval Foldi Colour
: olding changes
(months) Mass (g) Th(llil;;l)e S8 pH endurance &
(folds)
0 0.139 + 0.001 0.397 £ 0.010 8.21 +0.07 371. 67 +4.50
1 0.133 £ 0.026 0.393 + 0.029 8.27 £ 0.05 366.33 + 8.45
Placebo No
3 0.133 £ 0.001 0.391 + 0.009 8.26 +0.06 366.11 + 6.82
6 0.128 + 0.001 0.383 +0.014 8.27 +£0.05 360.33 = 7.50
0 0.115 + 0.002 0.397 £ 0.010 7.23 +0.06 391.67 +1.03
1 0.115 £ 0.001 0.384 + 0.004 7.30 £0.11 389.00 +2.56
0.19 % TH No
3 0.115 + 0.009 0.383 +0.019 7.24 +0.07 389.00 +0.89
6 0.113 £ 0.003 0.373 £0.019 7.21 £0.02 386.33 £5.75
0 0.129 + 0.004 0.460 +0.018 6.83 £ 0.09 404.33 +3.14
1 0.115 + 0.026 0.400 +0.003 6.84 +0.01 404.00 +4.73
0.39 % TH No
3 0.112 £ 0.003 0.363 +0.010 6.86 +0.01 403.89 £ 4.61
6 0.103 +0.001 0.363 +0.014 6.85 +0.01 403.33 +5.96
0 0.131 £ 0.006 0.417 +0.014 6.74 +0.09 427.67 +6.95
1 0.118 £ 0.023 0.372 +0.002 6.71 £0.02 424.56 +4.01
0.78 % TH No
3 0.112 £ 0.001 0.353 +0.010 6.72 +0.05 423.33+3.72
6 0.112 +£ 0.001 0.347 +0.014 6.73 +0/03 422.67 +1.37
0 0.139 £ 0.005 0.420 + 0.009 6.57 +0.10 468.00 = 8.62
1 0.123 £ 0.005 0.397 £ 0.023 6.46 +0.02 460.78 + 3.67
1.56 % TH No
3 0.121 +0.031 0.392 + 0.006 6.41 +0.09 457.67 +0.52
6 0.102 + 0.002 0.360 + 0.015 6.40 £ 0.09 456.67 + 1.86
0 0.161 +0.004 0.467 +0.014 6.41 +0.02 495.00 + 3.22
1 0.150 £ 0.031 0.459 + 0.004 6.44 +0.07 492.33 +1.99
3.12% TH No
3 0.146 + 0.001 0.456 + 0.021 6.45+0.10 491.33 +1.37
6 0.144 + 0.001 0.453 + 0.014 6.45 +0.04 490.67 + 1.37

* There is no significant difference observed for all parameters. TH — Tualang honey, TH-loaded patch — Tualang
honey-loaded patch, SD - standard deviation.

Meanwhile, when POF cells were exposed to starch, there was a slight increase in the
percentage of viability compared to the control group, as shown in Fig. 5b. After 24 hours
of incubation, the rate of viability increased from 101.482 + 7.735 % to 111.060 + 10.018 %
when exposed to concentrations of 0.09-50 % starch. A similar range of concentrations
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also showed the same effect after 48 hours of exposure, with percentage viability ranging
from 103.808 + 8.120 % to 112.012 + 8.932 %. In 72 hours of exposure, only concentrations
of 0.19 % to 3.12 % starch showed viability above 100 %, with values of 101.102 + 10.466 %
to 125.324 + 8.673 %. As for 100 % starch, the percentage viability drops drastically at the
three-time interval, indicating that an inhibitory effect might be due to the high saturated
solution.

Based on both results in Fig. 5a, several TH concentrations, such as 0.19, 0.39, 0.78, 1.56
and 3.12 %, were selected for loading into the patch formulation. While the selection of 5 %
starch concentration in the formulation that based on previous study also falls in safer
range to be used on POF cells (Fig. 5b). Fig. 5¢ showed that exposure with placebo patches
slightly increased the percentage viability of POF cells particularly after 48- and signifi-
cantly increase (p < 0.05) at 72-hours incubation time with value of 140.753 + 0.531 % and
144.814 + 0.749 % respectively compared to control group. This increased pattern persisted,
along with the increased TH exposure, with values ranging from 145.154 + 0.383 % to
165.077 + 0.295 % for 48-hour incubation periods and from 148.817 + 0.482 % to 197.264 +
0.434 % for 72-hour incubation periods. For 48-hour incubation, compared with the placebo
patch group (140.753 + 0.531 %), TH-loaded patches with 1.56 % and 3.12 % TH showed the
highest viability, with values of 165.077 + 0.157 % and 165.077 + 0.295 %, respectively. After
72 hours of incubation, TH-loaded patches with a concentration of 3.12 % TH showed the
significantly highest percentage (p < 0.05) at 197.264 + 0.434 %, compared to the placebo
patch group (144.814 + 0.749 %).

From the data, TH at concentrations below 0.78 % exhibited a proliferative effect,
while concentrations above that level inhibited monolayer POF cells. This is consistent
with previous studies, in which TH at concentrations below 1.0 % (approximately 0.02 %),
were safe for the growth of the primary murine epidermal keratinocyte cell line (PAM212)
and human periodontal ligament fibroblast (HPDLF) cells (52, 53). This was further
demonstrated in this study by the cytotoxicity of oral patches, whereby both placebo and
Tualang honey (TH)-loaded formulations exhibited cell viability above 70 %, indicating
their biocompatibility and non-toxicity, as per ISO 10993-5 guidelines (54).

Contrary to the result of 3.12 % TH directly treated with POF, the combination of TH
in TH-loaded patches, particularly at concentration 3.12 %, showed higher cell viability at
48 and 72 hours compared to other TH concentrations. Since the 3.12 % TH concentration
falls beyond the range of proliferative effect of TH, the popular explanation might be that
the interaction of direct TH, especially at concentrations above 0.78 %, supplies an imme-
diate burst effect of full-spectrum bioactive components inside the honey that can create
a high osmolarity, leading to an unsuitable environment for cell growth (55, 56). In con-
trast, the eluate from TH-loaded patches contains only the fraction of honey that leaches
from the patch matrix and is often diluted by the polymer mixture (57). Moreover, the data
suggested that the addition of TH to TH-loaded patches enables sustained, controlled
release of the treatment over a more extended period, as the TH is encapsulated or embed-
ded within a polymeric matrix. A similar pattern was found in previous studies wherein
the addition of honey inside chitosan/gelatin/PVA and chitosan/PVA hydrogel films can
sustain the biocompatibility up to 14 and 30 days when exposed to human fibroblast and
normal human dermal fibroblast (NHDF) cells, respectively, without affecting the cell
activities (10, 51).
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Fig. 5. Cell viability assay: a) various TH concentrations; b) various starch concentrations; c) placebo
and TH-loaded patches (0.19, 0.39, 0.78, 1.56 and 3.12 %) against POF cells using MTT assay. Data are
presented as the mean + SD from three independent experiments. Each was performed in triplicate,
and p < 0.05 was considered significant compared to the control group (TH — Tualang honey, POF —
primary oral fibroblasts, SD — standard deviation, MTT - 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltet-

razolium bromide).
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In vitro wound closure mechanism of oral patches

Since POF cell viability was higher with 3.12 % TH-loaded patches, this concentration
was chosen as the optimal for the patches to undergo wound closure analysis. In this
analysis, wound closure rate was expressed as a percentage of wound closure based on the
average multiple horizontal measurement reduction across the wound area, recorded at 0,
24,48, and 72 h. As shown in Fig. 6, the percentage of wound closure for POF were increased
when treated with placebo patches with percentage value of 47.15 + 4.26 %, 63.25 + 6.57 %,
and 77.56 +7.67 %, for 24, 48, and 72 hours, respectively compared to control group (37.09 +
5.35 %, 57.02 + 4.82 %, and 74.55 + 6.65 %). Meanwhile, 3.12 % TH-loaded patches resulted
in slightly higher percentage wound closure than placebo and control group with the
value of 57.09 + 5.34 %, 73.71 + 417 %, and 87.02 + 4.60 %, respectively for time intervals of
24, 48, and 72 hours, indicating the gap width of the wound closed rapidly as the presence
of TH enhance the proliferation of POF cells inside the culture.

Based on the result, the incorporation of TH into oral patches enhanced wound heal-
ing, cell migration, and proliferation, suggesting an active role in accelerating tissue repair.
These findings are consistent with a previous study, in which honey-based biomaterials
significantly promoted fibroblast migration due to the presence of bioactive sugars and
phenolic compounds (34). Besides, honey has been reported to contain antioxidant com-
pounds and natural sugars that play a crucial role in stimulating cell growth and ECM

Control (without patch) Placebo 8:12TH

0Oh

4715+ 4.26%

24 h

73.71 = 4.17%

57.02 £ 4.82% 63.25 = 6.57%

48 h

74,55 % 6.65%

72h 87.02 % 4.60%

Fig. 6. Placebo and TH-loaded patches (3.12 %) were tested for wound healing properties of POF cells
using the scratch assay protocol. Data are presented as the mean + SD from three independent experi-
ments. Each was performed in triplicate, and p < 0.05 was considered significant compared to the
control group (TH - Tualang honey, POF — primary oral fibroblasts, SD — standard deviation).
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formation (10). Similar findings were reported in previous research, where honey-incorpo-
rated biomaterials improved fibroblast growth due to the presence of sugars that serve as
an energy source for cell metabolism (51). This suggests that honey's bioactive compounds,
including flavonoids and phenolic acids, contributed to enhanced cell proliferation.

CONCLUSIONS

The successful incorporation of Tualang honey (TH) into PVA-sago starch matrix
demonstrated a stable and reproducible formulation for oral wound management. The
addition of TH did not compromise the physicochemical integrity, mechanical strength, or
stability of the patches over six months of storage, confirming the sturdiness of the formu-
lation. Notably, incorporating TH, particularly at concentrations of 3.12 % or lower,
enhanced physicochemical and mechanical properties, including swelling capacity, flexi-
bility, as well as biological performance, leading to improved primary oral fibroblasts
proliferation and accelerated wound closure. Overall, these findings highlight that TH
functions not only as a bioactive agent but also as an enhancer within the polymeric
matrix. In conclusion, this study proposes TH-loaded oral patches as a structurally stable,
biologically active, and clinically translatable platform for promoting oral mucosal cell
regeneration.

Abbreviations and acronyms. — DDS — drug delivery system; DMEM - Dulbecco’s Modified Eagle’s
Medium; DMSO - dimethyl sulfoxide; ECM — extracellular matrix; MTT - 3-(4,5-dimethylthiazo-
lyl-2)-2,5-diphenyltetrazolium bromide; NDDS — novelty drug delivery system; OD — optical density;
POF - primary oral fibroblasts; PVA — polyvinyl alcohol; SD — standard deviation; SEM — scanning
electron microscopy; TH — Tualang honey; TH-loaded patches — Tualang honey-loaded patches.
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