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Abstract
Bacterial nanocellulose (BNC) is a type of 3-dimensionally structured polymer gel produced by
Acetobacter that has recently attracted increased interest in wound healing concerns. To produce an
effective antibacterial wound dressing, researchers investigated the manufacturing and structural
features of honey-infused BNC reinforced gelatin/aldehyde-modi�ed Guar gum �lms (H/BNC/Ge/AD-GG).
Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), thermogravimetric
analysis (TGA), mechanical characteristics, water solubility, and degradability were all used to assess the
produced �lms. In addition, the in�uence of honey addition on the produced �lms' various properties has
been examined. Antibacterial activity, better degradation capability, improved mechanical qualities, and
excellent cell adhesion and proliferation by NIH-3T3 �broblast cells were among the outcomes. The
cytotoxicity assay in vitro revealed good cytocompatibility. As a result of the �ndings, the produced
H/BNC/Ge/AD-GG �lms appear to have a high potential for antibacterial wound dressing applications.

1. Introduction
Wound healing is a complex and di�cult process that has been studied in various ways (Rahmani Del
Bakhshayesh et al. 2018a; Tottoli et al. 2020). Among the different methods, wound dressing approaches
has become very important all over the world due to accelerating and facilitating skin
regeneration (Maver et al. 2015; Hsu et al. 2019). In recent years, various types of modern wound
dressings have been successfully marketed in various shapes such as gels, thin-�lm, or foams based on
different biocompatible materials (Yaghoobi et al. 2019). Modern wound dressings have excellent
moisturizing properties on the wound surface, oxygen permeability, absorption of secretions, and drug
loading capacity (Obagi et al. 2019). In this regard, many studies have shown that bioactive polymers due
to their antimicrobial properties, modulating the immune system, cell proliferation, and angiogenesis
could be useful in the healing of wounds and are a great opportunity to protect fragile skin (Rahmani Del
Bakhshayesh et al. 2018b; Sahana and Rekha 2018; Asadi et al. 2021). On the other hand, the bioactive
properties of biopolymers along with technological advances in materials science are also effective in
wound care and provide new therapeutic and repair pathways. Nature-derived biopolymers are important
in the production of wound dressings with unique attributes for various purposes (McClements and
Gumus 2016; Suarato et al. 2018). Several techniques such as lyophilization (Kucharska et al. 2008),
solvent casting (Bierhalz and Moraes 2016), salt washing (Poonguzhali et al. 2018), and
electrospinning (Trinca et al. 2017) have been used to fabricate porous and dense biopolymer �lms and
membranes that suitable for wound dressing applications. On the other hand, biopolymers are used alone
or in combination with other polymers as composites or multilayer systems to make wound
dressings (Pacheco et al. 2020). Also, biopolymers, by combining with bioactive substances such as
plant-derived compounds, antibiotics, anti-in�ammatory, antimicrobial and anti-neoplastic agents, can act
as drug delivery systems to further improve therapeutic and restorative functions (Taghipour et al. 2019;
Bombaldi de Souza et al. 2020; Doozandeh et al. 2020; Rahmani Del Bakhshayesh et al. 2020; Tan et al.
2021).
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Bacterial nanocellulose (BNC) is a suitable biological material that meets all the requirements of modern
wound dressings (Bielecki et al. 2016). Conventional cellulose dressings are 100 times thicker than BNC
�bers, which makes BNC �bers a completely biocompatible hydropolymer that is also mechanically
stable. BNC �bers also act as an obstacle against microbial contamination and are therefore useful in
making high-performance wound dressings (Moritz et al. 2014; dos Santos et al. 2018). Wound dressings
based on BNC have also been shown to induce gas exchange, moisten the wound environment, and
absorb secretions (Fu et al. 2013). SuprasorbÒ X + PHMB is a commercial BNC product containing
polyhexanide marketed as antiseptic wound dressing for different wounds with different amounts of
exudation (Kingley et al. 2009; Dissemond et al. 2010). Guar gum (GG), on the other hand, a biopolymer
derived from the seeds of Cyamopsis tetragonoloba has no toxic effect (Ghosh Auddy et al. 2013). Due to
its high biodegradability and biocompatibility, this natural material is applied in many biological
processes (Thakur et al. 2009), especially as a bioabsorbable material for wound dressing (Bajpai and
Raj 2021). In order to expand the use of GG in various �elds, its chemical properties can be easily
modi�ed by surface functionalization (Das et al. 2011; Prabaharan 2011; Bandyopadhyay et al. 2019;
George et al. 2019). GG is highly soluble in water owing to the presence of more hydroxyl groups in its
structure, and this complete solubility can be a disadvantage (Coviello et al. 2007; Daud et al. 2021).
There are different methods such as using crosslinkers especially glutaraldehyde and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) to reduce the solubility of GG and improve its
thermal and mechanical properties (Banegas et al. 2013; Ghosh et al. 2018). Gelatin is another
biopolymer that can enhance the migration of keratinocytes, which are vital for skin repair, and has also a
strong effect on the proliferative behavior of �broblasts (Nezhad-Mokhtari et al. 2018, 2019; Lin et al.
2021). Various gelatin dressings in the form of hydrogel-like membranes (hydro�lms) (Mishra et al. 2011;
Garcia-Orue et al. 2019; Alibolandi et al. 2021), spongy structures (Kanokpanont et al. 2012; Das et al.
2021), and electrospun matrices (Chen et al. 2016; Samadian et al. 2020) have been reported for use in
repairing skin lesions and severe burns. Due to the rapidly solubility of the gelatin in aqueous media,
cross-linkers, such as glutaraldehyde (Ye et al. 2019) and genipine (Chang et al. 2003; Ilkar Erdagi et al.
2020), are commonly used to circumvent this undesirable aspect, eventually creating distinct structures in
terms of different physical, mechanical, chemical, and biological properties (Morsy et al. 2017; Kenawy et
al. 2019). It has been reported that the bioactivity of gelatin �lms can be enhanced through using a
combination of bioactive agents such as vitamins A and E (Li et al. 2016), vitamin B12 (Farzanfar et al.
2020), growth factors, especially epidermal growth factor (EGF) (Tanaka et al. 2005), Propolis (Ceylan
2021), ZnO particles (Chen et al. 2019), Thyme oil (Kavoosi et al. 2013), and Honey (Wang et al. 2012) in
gelatin formulations, thereby improving their performance as a super�cial or deep wound dressing.
Honey, which has been used for centuries to heal diverse wounds and burns (Yilmaz and Aygin 2020),
has been used and evaluated in various studies as a natural substance in wound dressings (Tavakoli and
Tang 2017; Tang et al. 2019; Abou Zekry et al. 2020; Nezhad-Mokhtari et al. 2021). Honey is a safe
natural substance that is effective against several human pathogens (Khalil et al. 2014) and also reduces
the odor of abscesses (Prasetyo and Sa�tri 2018). More importantly, it has an effect on angiogenesis and
helps to form granular tissue and regenerate epithelium (Chaudhary et al. 2020). Medihoney is one of the
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commercially available biopolymers and honey-based dressings and is composed of alginate containing
at least 70% active Leptospermum honey (Robson et al. 2009).

In view of the above, in this study we aimed to fabricate an antibacterial �lm as an effective wound
dressing based on honey, BNC reinforced gelatin and aldehyde-modi�ed GG. Finally, we developed an
antibacterial �lm with good antibacterial activity, excellent biocompatibility, increased degradability, and
improved mechanical properties, thus succeeding in providing a new wound dressing (H/BNC/Ge/AD-GG)
with improved properties.

2. Experimental Section
2.1 .Materials

Gelatin (from cold-water �sh skin), guar gum, sodium periodate (NaIO4), ethylene glycol, tetrazolium
bromide (MTT), were obtained from Sigma-Aldrich. Trypsin–EDTA, fetal bovine serum (FBS), RPMI 1640
medium, and penicillin streptomycin (Pen/Strep) were supplied from Gibco. BNC was purchased from
nano novin polymer Co. (Mazandaran Sci. & Tech. Park, IRAN). Honey was collected from Bahraseman
village, Jiroft, Iran. The Mueller-Hinton agar and dimethyl sulfoxide (DMSO) were obtained from Merck
Chemicals Co (Germany). Fibroblast cells (NIH 3T3) were purchased from the institute Pasture (Iran).
Pseudomonas aeruginosa (P. aeruginosa, Gram-positive) and Staphylococcus aureus (S. aureus, Gram-
negative) bacteria were obtained from Persian Type Culture Collection (PTCC). All other solvents and
reagents were of reagent grade. 

2.2. Synthesis of aldehyde-modi�ed Guar gum (AD-GG)

AD-GG was synthesized according to the previous study (1). Firstly, GG solution (0.25 wt%) was prepared
by dissolving 0.25 gram GG in 100 ml deionized water at room temperature under stirring. After that, GG
solution was oxidized by the addition of 3 mL sodium periodate (0.1 g/mL) solution and the reaction was
continued at this condition in the dark place. After 3 hours, the reaction was �nished by the addition of
150 μL ethylene glycol to eliminate the excess periodate. Finally, the obtained AD-GG solution was
dialyzed with deionized water for 3 days using dialysis membrane (MWCO: 12–14000).

2.3. Preparation of bacterial nanocellulose (BNC) reinforced gelatin-AD-GG �lms (BNC/Ge/AD-GG)

The Ge powder was dissolved in deionized water at 50°c under stirring to obtain 4% w/v solution. Also,
ethylene glycol, as a plasticizer was added to the Ge solution (40% dry weight of the Ge). BNC water
dispersions was prepared at 50% 25%, and 12.5% concentration from dilutions of the original source of
BNC suspension in deionized water under sonication. Then, BNC suspensions with the predetermined
amounts (0.5 ml from the original source and each prepared dispersion of BNC suspension) were
separately added to the Ge solution and stirred at 40 °C for 15 min. Finally, the �lms were prepared by
blending the BNC reinforced Ge and AD-GG solutions with the ratio of 1:2 respectively (with total volume
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of 15 ml) and were poured into petri dishes to dry at the room temperature for 48 hours. Table 1 shows
the formulations of the prepared different sample �lms.

Table 1: Different formulations for the preparation of sample �lms.

Film
sample

Ratio of Ge
solution

Ratio of AD-GG         solution        
        

  BNC suspensions

A

 

B

 

 

C

 

 

D

 

 

E

1

 

1

 

 

1

 

 

1

 

 

1

 

 

2

 

2

 

 

2

 

 

2

 

 

2

 

 

 

-

 

0.5 ml (original source)

 

0.5 ml (50% dispersion)

 

0.5 ml (25%   dispersion)

 

0.5 ml (12.5%    
 dispersion)

 

 

2.4. Preparation of honey loaded BNC reinforced gelatin-AD-GG �lms (H/BNC/Ge/AD-GG)

The honey loaded �lms were prepared according to the previous section; various concentrations of honey
based on the % w/v of the �lm volume (5, 10, and 15) were added to the BNC reinforced Ge and AD-GG
blended solution. Based on the mechanical properties of the developed BNC/Ge/AD-GG �lms, sample D
was chosen for the preparation of the H/BNC/Ge/AD-GG �lms. The H/BNC/Ge/AD-GG �lms were named
based on their honey concentrations: D5, D10, and D15.  

2.5. Characterization of the fabricated �lms

2.5.1. Fourier transform infrared Spectrometer (FTIR)
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The samples chemical structures were determined using FTIR spectroscopy (Bruker-Tensor 27) at the
wavenumber range of 400-4000 cm-1. 

2.5.2. Thermogravimetric analysis (TGA)

To assess the thermal stability and decomposition temperature of the samples, TGA was carried out by
TGA instrument (LINSEIS SPA PT 1600 device, Germany) from 25 °C to 700 °C, under a nitrogen
atmosphere �ow.

2.5.3. Mechanical behaviors of the fabricated �lms

The mechanical behaviors of the fabricated �lms were investigated by tensile analyzer (SANTAM
Machine, Iran) according to the guidelines established by ASTM. Brie�y, the �lms were cut into the
dumbbell-shaped (with 5.4×3 mm sizes) and placed between two grips; the test speed was set at 10
mm/min.  

2.5.4. Morphology of the fabricated �lms

The surface morphology of the obtained �lms was assessed by scanning electron microscopy
(SEM, TESCAN, MIRA3). For this purpose, the �lms were sputter-coated with a gold layer and the images
were captured.

2.5.5. Swelling behavior of the fabricated �lms

The swelling behavior of the prepared �lms were evaluated by incubation of them in PBS at 37 ° C. All the
dried �lms were weighted and immersed in PBS (pH: 7.4). After 24 h, the swelled �lms were taken out
from the PBS, their excess surface liquid was removed by �lter paper, and weighted. The swelling ratio of
the samples were calculated by the following equation, where Wd and Ws represent the initial dry and �nal
swelled weight of the �lms, respectively:

2.5.6. Degradation of the fabricated �lms

To investigate the in vitro degradation behavior of the fabricated �lms, their weight loss was assessed
after predetermined times incubation in PBS at 37 ° C. For this purpose, the �lms were weighted and
incubated in PBS (pH: 7.4). At the predetermined times, the samples removed from the PBS, air-dried, and
weighed. The degradation percentage of the various �lms was calculated from the following equation:
where Wi and Wf represents the initial dry weight and �nal weight of the sample at the predetermined
time. 



Page 7/23

2.5.7. Antibacterial study

The antibacterial capacity of the fabricated �lms was evaluated by disk diffusion manner on agar plate
against Staphylococcus aureus (S. aureus as gram-positive) and Escherichia coli (E. coli as gram-
negative) bacteria. Brie�y, the optimal �lm and the �lm containing honey were cut into the circular pieces
with 10 mm diameter, UV light sterilized, placed to Muller Hinton Agar, which was cultured with 106

CFU/mL of bacterial suspension, and incubated overnight at 37 ° C. The bacterial growth inhibition was
assessed by diameters of the inhibition zones.

2.5.8. Cell viability and proliferation assays

To consider the biocompatibility of the �lms, MTT assay was carried out using NIH-3T3 �broblast
cells (Yavari Marou� and Ghorbani 2021). NIH-3T3 �broblast cells were cultured in RPMI-1640 medium
containing 10% FBS and 1% Pen/Strep at 37 °C with 5% CO2. After adequate cellular con�uency, the
biocompatibility evaluations were ful�lled. In brief, the fabricated �lms were cut into the small pieces and
sterilized under UV light for 1 h. The �lms were placed into the cell culture plate and the cell suspension
with density of 5000 cells were added to each well. At the predetermined times (1, 3, and 5 days after
seeding), the medium was taken out, 3 mg/ mL of MTT solution (in PBS) was added to each well, and
incubated for 4 h at 37 °C. The MTT solution was removed and DMSO added to dissolve formazan
crystals formed inside cells. Finally, the optical density (OD) of the produced violet formazan crystals was
determined at 570 nm using spectrophotometer plate reader (Awareness Technologies Stat Fax 2100
Microplate Reader).     

2.5.9. Cell attachment study by SEM

For evaluating the NIH-3T3 �broblast cells attachment on the fabricated �lms, the fabricated samples
were cut into the small pieces and sterilized under UV light. Cells were cultured on each �lm according to
the previous section. After 3 days of cell seeding, following process was used to �x cells on the �lms:
�rstly, the medium was removed, �lms containing cells were washed with PBS, �xed with glutaraldehyde
solution (4%), dehydrated by serial ethanol solutions (50%, 60%, 70%, 80%, 90%, and 100%), and �nally
cells were visualized by SEM imaging. 

2.5.10. Statistical analysis

Values were reported as mean ± SD. Statistical differences (P < 0.05) were detected by One-way variance
(ANOVA) test by using GraphPad Prism software.

3. Results And Discussions
3.1. Morphological characterization of hydrogels
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In this study, we fabricated antibacterial �lms based on BNC reinforced with Ge/AD-GG containing honey. 
Fig. 1 shows the SEM images of the BNC/Ge/AD-GG �lms without and with 15% of honey. The developed
�lms have revealed a uniform surface morphology. Moreover, the honey incorporation caused the
formation of �lms with some thicker diameters which related to the variation in viscosity of polymer
solution via the incorporation of honey.

3.2. FTIR

The spectra of honey, Ge, pure GG, and AD-GG are revealed in Fig. 2a, b, c, and d, respectively. The pure
honey spectrum appeared peaks at 3360 cm-1 and 2935 cm-1, which were related to the O-H and C-H
stretching of carboxylic acid groups, respectively. The detected bonds at 1650 cm-1 and 920 cm-1 were
found to be related to the C=O bonds stretching and C–H bending of carbohydrate groups, respectively.
The pure Ge FT-IR spectrum indicates the typical speci�c amide bands of proteins. The characterization
absorption bond at 3400 cm-1 is represented to the O-H and N-H stretching vibration. The C-H bonds
stretching vibration was revealed at 2930 cm-1. The pure GG spectrum appeared absorption bonds at
3350 cm-1 and 2910 cm-1, which were represented to the O-H and C-H stretching, respectively. The
absorption peak at 1124 cm-1 was found to be assigned to the C–O bonds stretching. The aldehyde
agents formation through the oxidation process of GG and its conversion to AD-GG led to the two
absorption peaks reveals at ~1740 cm-1 and 889 cm-1 in FTIR spectrum. Besides, the FTIR spectra of pure
BNC, Ge/AD-GG, BNC/Ge/AD-GG, and H/BNC/Ge/AD-GG were revealed in Fig. 3a, b, c, and d, respectively.
For pure BNC, a broad characteristic bond at 3400 cm-1 and 2940 cm-1 were attributed to O-H and
aliphatic C-H stretching vibration, respectively. Another intense peak located at 1600 cm-1 was related to
C-O-C stretching vibration. To verify the covalent interaction among the NH2 of Ge and the aldehyde
agents of AD-GG, the spectrum of optimum Ge/AD-GG hydrogel (Ge/AD-GG 1:2) demonstrated an
absorption bond at 1682 cm-1, which can be related to the newly created amide groups (Marou� et al.
2021). For the FTIR spectra of BNC/Ge/AD-GG and H/BNC/Ge/AD-GG �lms, all characteristic peaks of
BNC remained to be present, moreover, some additional peaks appeared in the spectrum from the
characteristic groups of Ge, honey, and AD-GG. Moreover, the revealed some shifted at the wavenumber
and intensity of absorption peaks are due to the impact of honey interactions with BNC/Ge/AD-GG �lms.

 

3.3. TGA analysis

The TGA thermograms of the pure Ge, GG, Ge/AD-GG, BNC/Ge/AD-GG, and H/BNC/Ge/AD-GG were
speci�ed in Fig. 4. For all samples, as can realize from these thermograms, the �rst stage of weight loss
(25–150 ◦C) was assigned to the loss of moisture and free water content adsorbed in the prepared �lms.
The second and main weight loss happened at around range of 250–350 ◦C which is generally related to
the polymer structure thermal decomposition as well as the degradation of the honey components
followed by honey contents carbonization. The covalent cross-links presence in the structure of Ge/AD-
GG hydrogel between dialdehyde groups of AD-GG and amine groups of Ge has led to thermal durability.
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3.4. Mechanical property

The tensile stress behavior of developed �lms with BNC and with varying ratios of Honey 5%, 10%, and
15% are shown in Fig. 5. The good strength of developed �lms along with the presence of DAGG, is owing
to the cross-linking between the amine groups of Ge and dialdehyde groups DAGG via a covalent bond.
The prepared �lms with BNC incorporation showed fewer mechanical properties (Fig. 5A). Generally, BC is
regarded as lacking elastic properties. As a result, the honey incorporation in developed �lms led to
improved mechanical strength properties (Fig. 5B). Owing to the creation of more interpolymer bonds and
enhanced physical cross-linking density via the honey addition, the hydrogel mechanical strength was
improved noticeably (Ghorbani et al. 2021).

3.5. Swelling studies

The swelling pro�le of the prepared BNC/Ge/AD-GG �lms without (control) and with different honey
concentrations of 5%, 10%, and 15% are revealed in Fig. 6. It was detected that although the prepared
neat BNC/Ge/AD-GG �lms were revealed a high water absorption capacity. But, as detected in Fig.6,
adding and increasing the honey concentration within the BNC/Ge/AD-GG �lms reduced its swelling
capability. Based on the literature review, honey is recognized for its great water uptake capability and
high water solubility (Mohd Zohdi et al. 2012). Such high water solubility results in increasing the
degradation degrees of �lms and so losing their compacted porous structure that can maintain water. So,
this �nally affects considerably reduction in swelling capacity. This was con�rmed in the very low
swelling abilities of the BNC/Ge/AD-GG �lms with 15% of honey after 5 h.

3.6. In vitro degradation study

The degradation behavior of the developed �lms following the enhancing of honey concentration was
studied for 24 and 48 h.  As revealed in Fig. 7, via increasing the concentration of honey inside
BNC/Ge/AD-GG �lms, the improved degradation ability was detected after incubation in PBS at 37 ◦C for
about 48 h. This can be attributed to the great water solubility of honey. Therefore, in the developed
BNC/Ge/AD-GG �lms containing a higher concentration of honey (15%), the degradation rate
improvement was illustrated.

3.7. In vitro biocompatibility study

In this study, comparing the pure �lms as control, the viability of the 3T3 cells treated with BNC/Ge/AD-
GG �lms after 1, 3, and 5 days was tested via the WST1 assay. Fig. 8 revealed the cell viability of neat
BNC/Ge/AD-GG �lms and BNC/Ge/AD-GG with different content of honey (5, 10, and15 wt%) near 100%
and con�rmed good viability with increasing the weight addition of honey, showing that these obtained
�lms are nontoxic and have excellent biocompatibility.

3.8. Proliferation Test
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The potential of prepared �lms to support the attachment, growth, and cell proliferation is critical for
tissue engineering applications. Fig. 9 revealed the NIH 3T3 �broblast cells adhesion and penetration on
BNC/Ge/AD-GG �lms without and with various content of honey (5%, 10%, and 15 wt%) via SEM
technique after culture for overnight. As shown in this Figure, the �broblast cells were attached properly
on the BNC/Ge/AD-GG �lms surface that revealed the �ne interaction between the prepared �lm and cells.
The cell growth behavior of BNC/Ge/AD-GG �lms showed improved cell adhesion with the 15 wt% of
honey. So, according to the previous investigations [53], the incorporation of honey into the scaffolds
may increase signals and endorsing cellular adhesion and proliferation. These obtained results con�rmed
that the developed H/BNC/Ge/AD-GG �lm is suitable for adhesion, growth, and cell proliferation, and has
no cytotoxicity effect on �broblast cells.

3.9. Antimicrobial activity

Fig. 10 and Table 2 show the inhibition activity against E. coli (Gram-negative) and S. aureus (Gram-
positive) bacteria for the blank �lms and honey incorporation in BNC/Ge/AD-GG �lm. The blank �lms as
the control group represented no inhibition activity against selected bacteria. The highest inhibition zones
were detected by BNC/Ge/AD-GG �lms with 15% of honey which those values were 13.0 ± 0.1 mm
(against S. aureus) and 15.0 ± 1.0 mm (against E. coli). The antibacterial property of honey is represented
by the high sugar content, acidity as well as ability for producing hydrogen peroxide. Hence, the honey
incorporated BNC/Ge/AD-GG �lms revealed inhibition zones against selected bacteria. Related to similar
previous reports [49], it could be noted that via increasing the honey concentration, the inhibition zone
values were increased against both selected bacteria. Accordingly, the highest inhibition zones were
achieved by developed �lms containing 15 wt% of honey.

Table 2. Inhibition zones (cm) of the samples toward different bacteria.

Bacteria E. coli S. aureus

Entry Sample    

a,b Blank �lms 0 0

c,d Films with 15 wt% of honey 15.0 ± 1.0 13.0 ± 0.1

 

Conclusion
This paper describes a novel method for creating a high-yield antibacterial �lm using honey-infused BNC
reinforced gelatin/aldehyde-modi�ed Guar gum (H/BNC/Ge/AD-GG). Honey is a natural wound healer
that has been reintroduced to clinical ulcer treatment due to its potent antibacterial properties. Various
methodologies were used to investigate the physicochemical and biological aspects of successful
produced �lms with and without honey. Honey content had a noticeable effect on the swelling behavior
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of hydrogel �lms. As a result, �lms containing 5% honey showed the most swelling, whereas �lms
containing 15% honey showed the least swelling. The produced �lms demonstrated signi�cant
antibacterial e�cacy against gram-positive and gram-negative bacteria, as well as cytocompatibility with
human skin �broblast cell lines. In addition, increased honey concentration resulted in improved
mechanical properties, great cell adhesion, growth, and proliferation. Accordingly, the produced
H/BNC/Ge/AD-GG �lms appear to have good promise as an antibacterial dressing for wound healing.
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Figure 1

SEM images of BNC/Ge/AD-GG �lms without (A, B) and with 15% of honey (C). * BNC: Bacterial
nanocellulose, H: Honey, Ge: Gelatin, GG: Guar gum, AD-GG: aldehyde-modi�ed GG.

Figure 2
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Fourier transform infrared (FTIR) of pure H (a), pure Ge (b), pure GG (c), and AD-GG (d). H: Honey, Ge:
Gelatin, GG: Guar gum, AD-GG: aldehyde-modi�ed GG.

Figure 3

Fourier transform infrared (FTIR) of pure BNC (a), Ge/AD-GG (b), BNC/Ge/AD-GG (c), and H/BNC/Ge/AD-
GG (d). BNC: Bacterial nanocellulose, H: Honey, Ge: Gelatin, GG: Guar gum, AD-GG: aldehyde-modi�ed GG.
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Figure 4

TGA curves of pure Ge (a), GG (b), Ge/AD-GG (c), BNC/Ge/AD-GG (d), and H/BNC/Ge/AD-GG (e). BNC:
Bacterial nanocellulose, H: Honey, Ge: Gelatin, GG: Guar gum, AD-GG: aldehyde-modi�ed GG.
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Figure 5

Typical stress–strain curves of Ge/AD-GG �lms without (a) and with BNC (b) (A), and the BNC/Ge/AD-GG
�lms with various content of honey 15% (a), 10% (b), and 5% (c) (B). Results are mean ± SD (n=3). * BNC:
Bacterial nanocellulose, H: Honey, Ge: Gelatin, GG: Guar gum, AD-GG: aldehyde-modi�ed GG.

Figure 6
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The swelling ratio pro�les of BNC/Ge/AD-GG �lms without (A) and with different content of honey 5% (B),
10% (C), and 15% (D) after 5 h. Results are mean ± SD (n=3). * BNC: Bacterial nanocellulose, H: Honey,
Ge: Gelatin, GG: Guar gum, AD-GG: aldehyde-modi�ed GG.

Figure 7

Degradation pro�le of BNC/Ge/AD-GG �lms without (A) and with different content of honey 5% (B), 10%
(C), and 15% (D) after 24 h and 48 h. Results are mean ± SD (n=3). * BNC: Bacterial nanocellulose, H:
Honey, Ge: Gelatin, GG: Guar gum, AD-GG: aldehyde-modi�ed GG.



Page 22/23

Figure 8

The biocompatibility test of BNC/Ge/AD-GG �lms without and with different content of honey 5% (B),
10% (C), and 15% (D). Results are mean ± SD (n=3). * BNC: Bacterial nanocellulose, H: Honey, Ge: Gelatin,
GG: Guar gum, AD-GG: aldehyde-modi�ed GG.

Figure 9

Cell viability of NIH 3T3 �broblast cells for BNC/Ge/AD-GG �lms without (A) and with different honey
content 5% (B), 10% (C), and 15% (D). Results are mean ± SD (n=3). * BNC: Bacterial nanocellulose, H:
Honey, Ge: Gelatin, GG: Guar gum, AD-GG: aldehyde-modi�ed GG.
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Figure 10

The antibacterial activity of blank BNC/Ge/AD-GG �lms (a, b) and with 15 wt% of honey (H/BNC/Ge/AD-
GG �lms) (c, d) against S. aureus and E. coli bacteria. BNC: Bacterial nanocellulose, *H: Honey, Ge:
Gelatin, GG: Guar gum, AD-GG: aldehyde-modi�ed GG.
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