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INTODUCTION pathogens, external substances, and dehydration [1].
Additionally, the skin fulfills many important functions
such as protecting internal organs, providing sensory sen-
and serving as both a physical and chemical barrier against ~ sation, self-repair, and maintaining selective permeability

The skin is the body’s largest organ, covering its entirety
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[2]. The skin is structurally composed of three main layers:
the epidermis, the dermis, and the hypodermis [3]: Wounds
are generally classified according to the skin layers involved
and the extent of the affected area. “Superficial wounds”
involve only the outermost layer, the epidermis. “Partial-
thickness wounds” affect both the epidermis and deeper
dermal layers and may potentially involve blood vessels,
sweat glands, and hair follicles. “Full-thickness wounds,”
on the other hand, result from injuries that extend from
the epidermis and dermis to the subcutaneous fat tissue or
deeper tissues [4,5].

A wound is any disruption in the skin’s natural state
caused by various medical factors, including mechanical,
thermal, electrical, chemical, or physiological disturbances
[6]. Wounds are generally categorized as either acute or
chronic based on their healing process [7]. The primary
goal of wound management is to facilitate rapid healing to
prevent infection and reduce pain, discomfort, and scar-
ring. Consequently, significant research has focused on
developing wound dressings that support the healing pro-
cess. These dressings can be produced in several forms,
such as films, hydrocolloids, hydrogels, microneedles, and
foams, using natural biomaterials like chitin, alginate, poly-
vinyl alcohol, cellulose, hyaluronic acid, starch, collagen,
and gelatin [1,8].

An effective wound dressing should ideally [9]: i) enable
quick and cost-effective healing, ii) create a suitable envi-
ronment for epidermal regeneration, iii) offer mechanical
support, iv) be biocompatible, v) maintain a moist environ-
ment conducive to healing, vi) possess anti-inflammatory
and antimicrobial properties, and vii) be easy to manu-
facture and store. Wound healing is a complex biological
process that involves a range of interactions between dif-
ferent cells and matrix components to restore the integrity
of damaged tissue. This process unfolds through a series
of stages that require the coordinated interplay of various
biological systems to fully cover the wound [8]. The wound
healing process involves a series of phases that collaborate
to rebuild tissue integrity. It begins with hemostasis, where
bleeding is stopped through clot formation [10]. This is fol-
lowed by the inflammatory phase, which serves to protect
against infection by employing immune cells to remove
pathogens [11]. The next phase is proliferation, during
which tissue repair and regeneration occur, marked by the
formation of a new extracellular matrix and collagen syn-
thesis [12]. Finally, the maturation and remodeling phase
strengthens the newly formed tissue and matures the scar
tissue, gradually returning the wound to a state similar to
uninjured skin [13]. Each phase is crucial to achieving suc-
cessful and complete healing.

Traditional wound dressings do not retain the neces-
sary moisture at an adequate level and cannot fully sup-
port the healing process. Therefore, biomaterials such
as BC have been proposed as a better alternative for use
in tissue engineering. BC is a natural polymer formed by
the linkage of glucose monomers via P(1>4) glycosidic

bonds [14]. Its physicochemical and biological properties
make it highly advantageous for wound dressing applica-
tions. BC, produced by non-pathogenic bacteria such as
Gluconacetobacter xylinum, is notable for its high purity,
durability, and lack of components found in plant cellulose,
such as lignin, hemicellulose, and pectin [15,16]. This helps
it provide a stronger, more porous, and purer structure.

BC’s non-toxicity, moisture retention properties, lack of
allergenicity, pain-reducing properties, and ease of removal
without damaging tissues make it ideal for wound care.
Studies in the literature have shown BC to be effective in
burns [17], diabetic wounds [18], acute wounds [19], and
infected wounds [20]. BC’s three-dimensional nanofiber
network supports cell adhesion, migration, and prolifera-
tion; it facilitates gas exchange by enabling the slow release
of drugs. Its high water retention capacity helps con-
trol wound exudate, while its flexible structure allows for
easy use even on irregular surfaces [21]. Furthermore, its
semi-transparent appearance allows for better observation
of the wound healing process [15]. BC can be combined
with different biological agents or polymers to provide
additional benefits to wound healing properties. In this
study, Commiphora myrrha extract was added to the BC
structure to increase fibroblast cell proliferation.

There is no study in the literature on the combined
use of BC and myrrh resin. This resin, obtained from
Commiphora species, has been used in wound care for many
years due to its antimicrobial, antioxidant, and anti-inflam-
matory effects [22]. Adding this natural, economical, and
biodegradable resin, known for its properties such as pro-
moting wound dryness and supporting cleanliness, to BC is
an approach that could enhance wound healing.

Although bacterial cellulose has been frequently studied
in wound care, the combination of BC with Commiphora
myrrha has not been previously addressed. The novelty of
this study is that myrrh-enhanced BC membranes increase
biocompatibility and promote fibroblast cell growth. This
new approach offers an economical, sustainable, and biode-
gradable solution that can meet the biological requirements
for wound healing. We believe our study will contribute
to the literature on composite biomaterials and offer the
healthcare sector a new alternative, particularly for the
treatment of chronic and difficult-to-heal wounds.

MATERIAL AND METHOD

Materials

Gluconacetobacter xylinus (ATCC 10245TM) was pur-
chased from Formslab. Commiphora myrrha was obtained
from Yaren Herbalist (Tiirkiye), a producer of organic and
herbal products. All materials used in the bacterial cellu-
lose synthesis were purchased from Sigma-Aldrich, USA.
Peptone was of biotechnological grade, yeast extract was
of molecular biology grade, glucose had a purity of 99.5%
(GC), potassium phosphate monobasic (KH,PO4) was
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an ACS reagent with 99.0% purity, and potassium phos-
phate dibasic K;HPO, had a purity of 98%. For cell cul-
ture DMEM (high glucose, with glutamine), F-12 Nutrient
Mixture (Ham’s), Fetal Bovine Serum, and Trypsin EDTA
(0.05%) procured from Capricorn Scientific (Germany)
were utilized.

Production and Purification of Bacterial Cellulose

Bacterial cellulose (BC) membranes were synthesized
using Acetobacter xylinum (ATCC® 10245TM). The bacte-
ria were cultured in a static environment using Hestrin and
Schramm (HS) liquid medium. The medium composition
included 20 g/L glucose, 10 g/L bactopeptone, 10 g/L yeast
extract, 4 mM KH,PO,, and 6 mM K,HPO,, with the pH
adjusted to 5.0 by adding 1M HCI. Before use, the medium
was sterilized at 120°C for 15 minutes. For inoculation, A.
xylinum was pre-cultured for 2 days at 30°C using a rotary
shaker. BC production occurred by transferring the inoc-
ulum to Petri dishes at a 1:10 ratio, where the culture was
left undisturbed. Over a 7-day incubation period, BC nano-
fibers developed in a bacteriological incubator. Following
incubation, the membranes were harvested and treated
with 1% (w/v) NaOH at 80°C for 2 hours to remove resid-
ual bacteria [23]. Finally, the membranes were washed with
distilled water to reach a pH of 7.0, then lyophilized and
dried.

Preparation Of B¢/Myrrh Membranes

The powdered myrrh was dissolved in distilled water
(1.5%, 2.5%, 5% by mass) at 400 rpm using a magnetic stir-
rer at 90°C for 4 h. The myrrh extract solution was then
centrifuged at 10,000 rpm for 10 min and the supernatant
was transferred to clean vials. Dried pure BC membranes
were immersed in liquid myrrh extract solutions prepared
at different ratios. Membranes were kept at room tem-
perature for 24 hours. The next day the membranes were
removed from the solutions and stored at +4 °C for analysis.
Pure BC and BC membranes containing 1.5%, 2.5%, and
5% myrrh extract by mass were designated BC/M0, BC/M1,
BC/M2, and BC/M3, respectively.

Characterization

Morphology of BC and BC/Myrrh membranes

The morphological properties of pure BC and compos-
ite BC/Myrrh membranes were determined by scanning
electron microscope (SEM) (Zeiss Evo LS10) and atomic
force microscope (AFM) (Shimadzu SPM 9600, Japan).
For the analyses, the membranes were dried and then used.
Before SEM analysis Au-Pd coating (Quorum SC-7620)
was performed on samples for 1 min. The samples were
examined at 20.00 KX magnification for SEM analysis and
2.5 nm magnification for AFM analysis.

Micro-structure of BC and BC/Myrrh membranes
The molecular structure and identification of intra-
molecular functional groups in all samples were examined

using Fourier transform infrared (FTIR) spectroscopy
(Perkin Elmer Inc., USA). The analysis was conducted over
a wavenumber range of 4000-500 cm™'. The spectra were
collected with 32 scans at a resolution of 4 cm™.

Thermal analysis

The thermal stability of the produced membranes was
assessed through thermogravimetric (TG) analysis using
the SII6000 Exstar TG 6300. The average dry weight of the
samples was around 1 mg, and all analyses were conducted
under an inert nitrogen (N,) atmosphere. A heating rate of
10 °C/min was used, with mass loss measured over 90 min-
utes, spanning a temperature range of 30 °C to 700 °C. The
thermograms for each sample were then evaluated.

X-ray diffraction (XRD)

Crystallinity and amorphous of bacterial celluloses
were determined using an X-ray diffractometer. The X-ray
generator tension and current were 45 kV and 40 mA,
respectively.

The swelling analysis of BC and BC/Myrrh membranes

The water retention degree of the membranes was deter-
mined by the swelling test [24]. Membranes (triplicates)
were cut into 1 cm?® square shapes and their dry weight was
measured (W,). Then, it was immersed in distilled water
at room temperature (25 °C) for 24 h. The weights of the
swollen membranes (W) were measured at regular inter-
vals. The water retention rate of the samples was calculated
using the following equation;

Swelling ratio = (Ws — Wy /W, (1)

W, represents the weight of the dry membrane and W
represents the weight of the swollen membrane. The weight
of the swollen membranes was measured after removing
excess water from the surface using filter paper.

In Vitro Cytotoxicity Studies

Cell viability

The in vitro cytotoxicity of the membranes on 1929
mouse fibroblast cells (ATCC® CRL-6364™) was evaluated
using the MTT assay [25]. The L929 cells were cultured in
DMEM F-12 medium supplemented with 10% FBS and
seeded in a 96-well plate at a density of 10° cells per well.
The plate was incubated at 37 °C with 5% CO, for 24 hours.
Following this incubation, the medium was removed, and
the membranes, sterilized under UV light for 1 hour and
cut into disk shapes, were placed in the wells with fresh
medium. After another 24-hour incubation, the medium
was replaced with 100 pL of MTT solution (5 mg/mL in
medium), and the cells were incubated for 4 hours. The
MTT solution was then removed, and 100 pL of dimethyl
sulfoxide (DMSO) was added to dissolve the formazan
crystals. The optical density was measured at 570 nm using
an ELISA reader (Thermo Scientific Multiskan Go, USA).
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Cell adhesion

Cell proliferation and adhesion properties on mem-
branes were determined using the MTT assay [26]. In the
study, L929 fibroblast cells cultured in DMEM F-12 medium
supplemented with 10% FBS and 1% L-glutamine and
maintained at 37°C in a 5% CO, environment were used.
Membranes were cut into 1 cm x 1 cm pieces and placed
in 24-well plates. 10’ fibroblast cells were seeded onto each
membrane and incubated for 24 hours. Cell adhesion and
proliferation were tested on days 1, 3, and 7. After each time
period, the membranes were placed in new 24-well plates,
and 400 uL of MTT solution (5 mg/mL in the medium) was
added to each well. After a 4-hour incubation, the medium
was removed, and 400 puL of DMSO was added to dissolve
the formazan crystals. Finally, cell viability was measured at
an absorbance value of 570 nm.

Statistical Analysis
Statistical comparisons were performed using t-test anal-
ysis. p values <0.05 were considered statistically significant.

RESULTS AND DISCUSSION

Morphology of BC and BC/Myrrh Membranes
The surface morphological and topological properties
of freeze-dried pure BC and BC/Myrrh membranes were

determined by SEM and AFM analysis. The images of all
membranes examined by SEM are shown in Figure 1. Pure
BC is characterized by a three-dimensional (3D) nanofiber
network structure. Thus, the BC matrix has a randomly
arranged porous geometric structure [27]. BC makes it pos-
sible to impregnate various materials with different phys-
ical properties due to its unique morphology [28]. Pure
BC membranes (Fig. 1a) exhibited a 3D network structure
composed of interconnected fibrils. We found that the pure
BC membrane morphology is compatible with the BC
structure described in the literature.

Some changes in cellulose structure compared to pure
BC were found when the myrrh-doped BC membrane was
examined (Fig. 1b-d). The material surface is more irregu-
lar and complex. A thicker fiber network structure with the
effect of myrrh and myrrh-induced spherical agglomerates
appeared.

The formation of a flat surface due to the layer created
by myrrh extract coating the BC is seen in Figure.lc. and
the highest myrrh extract concentration leads to a thicker
flat surface in Fig. 1d. Briefly, we can conclude depend-
ing on the increasing myrrh concentration, the porosity
decreases in BC membranes, and a smooth layer is formed
in BC/Myrrh membranes. Nevertheless, the 3D nanofiber
network structure can still be observed in myrrh-doped
membranes. According to the morphological findings

Figure 1. SEM images of all membranes: (a) BC/MO, (b) BC/M1, (c) BC/M2, (d) BC/M3 at 20.00 KX magnification.
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of myrrh-doped BC membranes, a compact structure is
observed in which myrrh can penetrate the BC surface and
interact with microfibrils.

AFM images were obtained to visualize the surface
topography of BC and BC/Myrrh membranes (Fig. 2).
While pure BC membranes showed a clear nanofiber net-
work structure, myrrh-added BC membranes exhibited
unclear fibrous network structure. The findings obtained
from AFM and SEM analyses confirm each other. Both
analyses confirm that myrrh, a bioactive molecule, can be
incorporated into BC membranes. When the morpholo-
gies of BC and BC/Myrrh membranes are examined, it is
reported that interconnected fibers provide the necessary
structure for cell adhesion and proliferation for tissue engi-
neering applications [29]. Our results are consistent with
the morphological characterization of the membranes
obtained with pure BC and plant extract [30], vaccarin [26],
lignin [31], and chitosan [32] doped BC composite materi-
als in the literature.

ATR/FTIR Analysis of Membranes

The ATR/FTIR spectra of pure BC and myrrh extract
doped celluloses are shown in Figure 3. The differences
between the FTIR results of pure BC and BC/Myrrh com-
posites indicate that there may be strong interactions
between cellulose and myrrh molecules (see Fig.3). It is
seen from Figure 3. that the peak at 3343 cm™ in pure
BC corresponds to the O-H stretching vibration in cel-
lulose I and the peak at 3243 cm™ corresponds to hydro-
gen-bound O-H [33,34]. As the myrrh extract content in

(d

BC increased, the OH-strain peak shifted to a higher wav-
enumber (from 3248 cm™ to 3273 cm™). This result indi-
cates that the OH groups in the myrrh molecule enhance
the hydrogen bonding effect in the structure of the com-
posites [35]. The range 3000-2750 cm™ is also attributed
to C-H stretching peaks. The intensity of the 1633 cm™
peak [36], which is due to the H-O-H bending vibration of
bound water molecules in cellulose, was found to change
as a result of myrrh addition. In pure BC, a peak (1428
cm™) corresponding to CH, bending associated with the
crystalline/amorphous ratio in some cellulose molecules
was detected [37]. The interaction with myrrh resulted
in a significant change in the peak intensity of the CH,
bending. This change is an indication that it corresponds
to a higher degree of crystallinity [37,38]. Although the
peaks at 1161, 1108, 1056, and 1031 cm™ in pure BC were
evaluated by different authors [39-41] these peaks can
be assigned to C-C stretching vibration, skeletal vibra-
tion, and ring vibration, respectively [42,43]. The peak
at 898 cm™ corresponding to crystallized cellulose-I in
pure BC [36] was shifted to a higher wave number (926
cm™) upon interaction with myrrh. This result is evidence
of the change in the crystal structure due to the presence
of myrrh extract in BC. A new peak was also detected at
848 cm™. This peak is associated with Commiphora resin,
commonly known as myrrh, one of the three major genera
of the Burseraceae family [44,45]. As a result of the inter-
action between pure BC and myrrh extract, the peak at
663 cm™ in pure BC disappeared.

)

Figure 2. AFM images of all membranes: (a) BC/MO, (b) BC/M1, (c) BC/M2, (d) BC/M3.
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Figure 3. FTIR analysis of (I) All samples: (a) BC/MO,
(b-d) BC/M1, BC/M2, BC/M3 composite BC membranes,
respectively.

Thermal Analysis

The thermal properties of the samples were investigated
by the TGA method. The TGA curves of the samples are
shown in Figure 4. The samples indicated as A0, Al, A2,
and A3 represent BC/M0, BC/M1, BC/M2, and BC/M3,
respectively.

As seen in Figure 4. three degradation temperatures for
pure BC exist. The first degradation temperature between
10-100 °C is associated with a slight weight loss (about 5%)
of the broken inter and intra-molecular hydrogen bonds
[46]. The largest mass loss (=82 wt%), which is associated
with depolymerization and pyrolytic decomposition in
pure BC, was found to occur between 100-400 °C [47,48].
The mass loss of the BC/Myrrh composite after the addition
of 5% myrrh by mass to pure BC was approximately 68%.
This result can be attributed to the fact that the composite
structure is more stable due to stronger hydrogen bonding
and higher crystallinity. This result is supported by FTIR
and XRD data.

X-Ray Diffraction (XRD) Analysis

Cellulose occurs naturally in two polymorphic forms,
cellulose I and cellulose II [49]. Cellulose-I has a parallel
chain structure and constitutes the natural form of cellulose
[50]. The BC we produce also has the cellulose-I structure.
The XRD patterns of all the samples were recorded, and the
results are illustrated in Figure 5. As shown in Figure 5. cen-
tered at 26=14.56°, 17.07°, 19.68°, 22.74° and 25.52° indexed
as (100), (010), (002), (110) and (114) [51,52] was observed
in the XRD pattern of (pure BC), which is attributed to
respectively in the triclinic unit cell of allomorph Ia [53],
which are usually attributed to crystallographic planes of
100 (amorphous region), 010 (amorphous region), and 110
(crystalline region), respectively [54,55]. In addition, it can

100
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Figure 4. TGA curves of BC/M0, BC/M1, BC/M2 and BC/
M3 membranes indicated by A0, Al, A2 and A3, respec-
tively.

be seen from the X-ray diffraction image that the crystalli-
zation peak (110) is higher as a result of less amorphization
during the production of pure BC. This result is an indication
of hydrogen bond formation which is also supported by the
FTIR result [34]. The relative crystal index (%CrI) and crys-
tal lattice spacing (d-spacing) obtained from XRD patterns
are critical factors affecting the properties of cellulose. The
relative crystal index (% Crl) of all samples was found using
peak height methods and the results are given in Table 1. The
following equation was used for the Segal method [56].

x 100 (2)

I =1
% Crl — 110 am.
110

Where I, and I,,,,. are the maximum intensities of both
crystalline and amorphous regions, respectively. It can be
seen from Table 1 when 5% myrrh was added to BC, the
incorporation of myrrh into bacterial cellulose increased
the crystal index of BC by 13%. This phenomenon can be
explained by the increase in intramolecular and intermo-
lecular hydrogen bonds formed as a result of the interaction
of OH groups in the myrrh molecule with hydroxyl groups
in the cellulose structure [57,58]. When these results are
evaluated, it can be concluded that there are strong interac-
tions between myrrh molecules and the cellulose structure.

The Swelling Analysis of BC and BC/Myrrh Membranes
The water holding capacity of Pure BC and BC/Myrrh
composite membranes was determined by swelling test
(Fig. 6). The hydrophilic nature of BC enables it to hold a
high amount of water [59]. The water holding capacity of
BC is related to its porous structure and surface area. The
addition of secondary structures to cellulose influences its
physicomechanical properties, thus resulting in differences
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Figure 5. XRD pattern of (a) BC/MO, (b-d) BC/M1, BC/
M2, BC/M3 composite BC membranes, respectively.

in the water holding capacity [60]. The swelling rates of the
membranes in the first 30 min were about 5 times for pure
BC and about 3 times for all BC/Myrrh membranes, rela-
tive to their dry weights. The swelling rate continued with

a significant increase for pure BC and a slower increase
for myrrh doped membranes. Pure BC had a higher water
retention capacity. This is due to the presence of myrrh
extract molecules penetrating the pure BC between the
BC fibers [61]. After 24 h, the water holding capacity of
BC/M0, BC/M1, BC/M2, and BC/M3 membranes were
1090.5%, 595.8%, 267.3%, and 137.8%, respectively. The
t-test analysis reveals statistically significant differences
in swelling behavior between the control membrane (BC/
MO) and the myrrh-doped membranes (BC/M1, BC/M2,
BC/M3) across the tested time intervals (p<0.05). The
water holding capacity of BC varies with the integration of
substances such as drugs, nanoparticles, polymers, chem-
ical agents, and plant extracts into the structure [62-64].
In the study, composite BC membranes retained a lower
amount of water due to the closure of the existing pores of
myrrh-doped BC. Accordingly, it can be concluded that the
swelling test results are directly proportional to the SEM
analysis. Providing a moist environment is one of the most
critical issue for stimulated wound healing [22]. In this
study, we evaluated that myrrh-doped cellulose membranes
are wound dressings with sufficient swelling ratio because
although swelling rates decrease with myrrh addition, the
swelling analysis results are compatible with the other
wound dressing materials reported in the literature [65].

Table 1. Relative crystal index (%CrI) and d-spacing (nm) due to myrrh effect on bacterial cellulose from XRD patterns:

BC/M0, BC/M1, BC/M2, and BC/M3

Samples BC/MO BC/M1 BC/M2 BC/M3
% Crl 61.32 49.81 53.51 69.41
Lo 1238.97 1600.58 1172.71 1041.26
Lo 479.15 803.22 545.16 318.48
1200
1000 -
g 800
-§ = BC/MO
£ 600
g = BC/M1
e = BC/M2
@400 A BC/M3
I
200 - I I I [ L I I
0 - . ;
30 90 150 240 1440
Time (min)

Figure 6. Water holding capacities of pure BC and BC/Myrrh membranes.
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Cell Viability

The cytotoxicity assay of the membranes was determined
by MTT assay on the 1929 fibroblast cell line. The cytotoxic
effects of myrrh-modified BC membranes on cell viability
were assessed through t-test analysis at a significance level
of p<0.05, as presented in Figure 7. The negative control in
the graph represents living cells, while the positive control
represents dead cells. Cell viability in pure BC membranes
was measured as 85.87% (standard error +3.17). In BC
membranes with mixtures of myrrh, cell viability was found
to be 88.92% (+2.32), 92.98% (+2.64), and 82.31% (+1.52),
respectively. According to the MTT analysis, cell viability
was over 80% in pure BC and all membranes containing
different ratios of myrrh, and no significantly cytotoxicity
was observed. In addition, the BC membrane containing
2.5% myrrh showed the highest cell viability at 92.98%
(£2.64). This ratio indicates that the cells survived better
without toxicity. The results are similar to previous studies
in the literature [66]. Ajiteru et al. reported that myrrh-con-
taining hydrocolloid wound dressing developed for wound
healing stimulated cell proliferation in the CCK-8 cell line
[67]. The fact that BC membranes are biocompatible [68]
and positively support cell viability has been supported by
studies on different cell lines such as glioblastoma [69],
endothelium [70], fibroblast [61], and epithelium [71] with
BC modified with different components.

Cell Adhesion

Fibroblast cell presence and proliferation are essential
in wound healing since these cells migrate into the wound
area and synthesize various collagen types that contrib-
ute to tissue repair [72]. For this reason, the 1929 cell line
was selected, and the adhesion and proliferation rates on

the membranes were monitored on days 1, 3, and 7. The
retention capacity of the cells is presented in Figure 8. In
the graph, the negative control represents viable cells, while
the positive control shows non-viable cells. After 24 hours,
the adhesion rate on the pure BC membrane was 98.63%
(+2.00). BC membranes containing 1.5%, 2.5%, and 5%
myrrh showed adhesion rates of 107.65% (+2.38), 105.44%
(£1.75), and 88.94% (£1.16), respectively. On day 3, adhe-
sion on pure BC increased to 121.73% (£4.05), while BC/
M1, BC/M2, and BC/M3 recorded 135.86% (+ 3.76),
143.65% (+2.92), and 118.84% (+ 3.69). By day 7, adhesion
on pure BC was 117.39% (£3.80), and the BC/M1, BC/M2,
and BC/M3 composites showed 139.61% (+4.90), 146.92%
(£3.18), and 124.56% (+2.48), respectively. Pure BC is
known to provide an ECM-like environment that supports
cell attachment and proliferation through its structural fea-
tures [73]. Myrrh-added BC composites were also found to
increase cell adhesion and proliferation.

According to the cell adhesion and proliferation analysis
results, biofilms containing 2.5% miir were shown to provide
higher levels of cell adhesion and proliferation compared to
BC without miir and BC with 1.5% and 5% miir added. On
the third day, the film structure containing 2.5% murex was
the membrane with the highest cell adhesion rate at 143.65%
(£2.92). This trend continued similarly on the seventh day,
with the cell adhesion rate measured at 146.92% (+3.18). The
increase in cell number on the third day was higher in mem-
branes with added myrrh, while it was slightly lower in pure
BC membranes. On the seventh day, the rate of increase in
cell proliferation slowed down due to the increase in myrrh
concentration. These results show that the addition of 2.5%
myrrh significantly increases cell adhesion and promotes cell
proliferation. This suggests that fibroblast activity, which is
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Figure 7. Cytotoxicity results of pure BC and composite BC/Myrrh membranes.
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Figure 8. The 1929 cell adhesion on membranes.

critical for wound healing, is better supported in this mem-
brane. On the other hand, the lower cell proliferation in the
membrane containing 5% myrrh may be due to restricted
cell adhesion caused by the membrane having a softer sur-
face and smaller pores. The data obtained show that cell
adhesion in membranes with added myrrh is not statistically
significant compared to the negative control (p>0.05) but is
significantly higher than the positive control (p<0.001). Pure
BC was found to support cell adhesion and proliferation, and
these findings are consistent with previous studies in the lit-
erature [66, 74]. In the literature, among the BC hydrogels
modified with 10%, 20%, and 30% dextran, materials con-
taining 10% and 20% dextran were reported to have a better
proliferation effect on NIH/3T3 mouse fibroblast cells [75].
Previous studies have reported that composite membranes
developed by impregnating BC with different components
such as aloe vera extract [76,77] alginate [78] and silk sericin
[79] have no cytotoxic effect on different cell lines cultured
and support cell proliferation. We can say that the results are
similar to the literature.

CONCLUSION

This study demonstrated that myrrh-doped bacterial cel-
lulose membranes hold strong potential as wound dressing
materials by improving fibroblast adhesion, proliferation,
and overall biocompatibility. Integrating myrrh recognized
for its antimicrobial and anti-inflammatory activity into the
bacterial cellulose matrix enhanced its biological perfor-
mance, with the 2.5% myrrh formulation showing the most
favorable results over the 7-day evaluation period. The in
vitro findings indicate that these composite membranes may
be effective candidates for advanced wound care, especially
in cases where accelerated tissue regeneration is needed.
Nevertheless, additional in vivo experiments and clinical

BC/M3  Negative
control

o 1st day
u3rd day
u 7th day

Positive
control

studies are required to confirm their therapeutic benefits and
to assess long-term behavior, including stability, degradation
profile, and antimicrobial activity under physiological con-
ditions. This study emphasize that combining biopolymers
such as bacterial cellulose with natural bioactive compounds
like myrrh can produce sustainable and highly effective nat-
ural wound dressing materials. Future research may focus on
integrating different bioactive molecules or complementary
polymers to expand the functional properties of BC-based
wound care dressings and support their use in regenerative
medicine and biomedical fields.
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