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Graphical Abstract:

Abstract: Wound dressing is an essential medical device used to cover wounds on the skin, but the lack of wound 
protection from bacterial infection has become a major issue nowadays. This research aims to develop a wound 
application from modified symbiotic culture of bacteria and yeast (SCOBY) with Fe3O4/zeolitic imidazolate 
framework-8 (ZIF-8) that can effectively protect the wound from bacterial infection. Cellulose-based SCOBY waste 
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was obtained through the fermentation process of kombucha tea production at 25 °C for four days. This research studied 
the effect of varying concentrations of Fe3O4 in Fe3O4/ZIF-8 synthesis (1%, 3%, 5% wt), and different immersion times 
of SCOBY membrane in Fe3O4/ZIF-8 colloidal solution (60 and 120 minutes). For Fe3O4/ZIF-8 synthesis, magnetite 
(Fe3O4) with different concentrations was immobilized onto the zeolitic imidazolate framework-8 (ZIF-8) matrix; 
then, the SCOBY was immersed in the Fe3O4/ZIF-8 colloidal solution to form the SCOBY/Fe3O4/ZIF-8 biocomposite. 
The biocomposite characteristics were confirmed by scanning electron microscopy (SEM), fourier-transform infrared 
spectroscopy (FTIR), and X-ray diffraction (XRD). Moreover, the antibacterial activities were observed against 
Escherichia coli and Staphylococcus aureus bacteria using the disc diffusion method. Based on the results, the SCOBY/
Fe3O4/ZIF-8 biocomposite with Fe3O4 concentration of 3% wt, and immersion time of 120 minutes showed the largest 
inhibition zone (21 ± 1 mm) against E. coli. It was found that the inhibition zone performed on E. coli bacteria was 
larger, indicating that E. coli is more resistant than S. aureus. This study demonstrated that the novel SCOBY/Fe3O4/
ZIF-8 could be an excellent material for preparing antibacterial wound dressings and therefore warrants further 
investigation. 
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1. Introduction
Kombucha tea is a health drink from northeastern China produced through the fermentation process in a 

medium consisting of tea extract and symbiotic culture of bacteria and yeast (SCOBY) for 7-10 days.1 In 2016, sales 
of kombucha tea reached $600 million and the growth is expected to continue up to 25% each year.2 The bacteria 
contained in the kombucha tea belong to the genus Acetobacter and Gluconobacter, while the yeast belongs to genus 
Saccharomyces. The yeast ferments the sugar in kombucha tea into alcohol, which is then oxidized by bacteria to form 
acetic acid, giving the health drink its acidic taste.3 However, the kombucha tea production process releases SCOBY 
membrane that is no longer used and becomes waste. Interestingly, SCOBY membrane has similar characteristics to 
bacterial cellulose (BC) membrane, which is known as a natural biopolymer with high mechanical strength, good water 
absorption, and outstanding biological compatibility.4,5 Therefore, SCOBY membranes are becoming an alternative source 
of cellulose that can be used in many fields such as pharmaceutical and industrial sectors. Cellulose from SCOBY waste 
is becoming a sustainable multifunctional material and an environmentally responsible choice.6 SCOBY membranes 
have some advantages, such as providing protection against ultraviolet rays and maintaining moisture,7 having a strong 
and flexible fibers structure which provide mechanical support and rigidity to the membrane. These fiber properties 
give strength and stability to the membrane, which allows it to serve as a “home” for the bacterial and yeast colonies 
that contribute to the fermentation process. Although SCOBY membrane has different features due to the interaction of 
microorganisms involved in the Kombucha tea production, its characteristic similarity to cellulose membrane is crucial 
for its influence on the structure and consistency of the final product.8 The membrane has been demonstrated as non-
toxic, biocompatible, naturally degradable, and non-allergic material. Moreover, SCOBY membrane can be sterilized 
without affecting its characteristics.9

Metal organic frameworks (MOFs) are a group of coordination polymers composed of ion/metal nodes and 
functional organic ligands connected through coordination bonds. MOFs have received significant attention in 
biomedical research. Zeolitic imidazolate framework-8 (ZIF-8) is the most researched type of ZIF due to its ease of 
synthesis and production. Typical structure of a zeolitic imidazolate framework is formed through three-dimensional 
assembly of metal(imidazolate) tetrahedra. In general, ZIF-8 consists of Zn2+ ions and the ligand 2-methylimidazolate 
(2-meIm) with regular pore and channel shapes that allow the movement of certain molecules.10,11 The material has been 
applied in various biomedical applications, including tissue engineering, drug delivery, and antimicrobial therapy.12,13 
MOFs have been widely applied for the immobilization of metal nanoparticles due to properties such as high porosity 
and high surface area. 

Currently, metal oxide nanoparticles are developing very rapidly in biomedical applications as antibacterial wound 
healing agents.14-17 Among the various types of nanomaterials, the ones that attract a lot of attention are nanometals 
because they have excellent optical and catalytic properties.18-20 Magnetite nanoparticles (Fe3O4) are potential 
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antibacterial wound healing agents that cause oxidative stress, which can disrupt the function of bacteria cells, making 
it difficult for bacteria to develop resistance to proteins within bacteria through the formation of free radicals, known as 
radical oxygen species (ROS).14,21 ZIF-8 can be applied as promising antibacterial matrices for metal nanoparticle due to 
its large pore size and ability to release metal ions, thus enhancing antibacterial activity.22,23

This study focused on the development of antibacterial properties in SCOBY-based wound healing material by 
immobilizing Fe3O4 metal nanoparticle in ZIF-8 matrix to enhance the antibacterial release effect. Although wound 
dressings are essential for covering skin wounds, a significant current concern is their potential limitations in fully 
protecting against bacterial infection, as bacteria can still access and contaminate the wound site. So far, SCOBY/
Fe3O4/ZIF-8 biocomposite has not been reported yet. The objective of this research was to investigate SCOBY/Fe3O4/
ZIF-8 biocomposite composed of SCOBY cellulose material and Fe3O4/ZIF-8 as antibacterial potential agent that 
has significant uses in biomedical field. Moreover, antibacterial activities were tested against Escherichia coli and 
Staphylococcus aureus using the disc diffusion method. 

2. Materials and methods
2.1 Materials

The materials used in this research included 2-methyl imidazole (C4H6N2) obtained from Sigma-Aldrich, zinc 
nitrate hexahydrate (Zn(NO3)2·6H2O) obtained from Sigma-Aldrich, iron (II) chloride tetrahydrate (FeCl2·4H2O) 
obtained from EMSURE, iron (III) chloride hexahydrate (FeCl3·6H2O) obtained from EMSURE, ammonium 
hydroxide (NH4OH), sodium hydroxide (NaOH) obtained from EMSURE, SCOBY kombucha obtained from the 
“KombuchaForever” store, absolute ethanol (C2H5OH, 99.9%) obtained from EMSURE, methanol (CH3OH, 99.9%) 
obtained from EMSURE, nutrient agar obtained from Sigma-Aldrich, black tea obtained from the “Heizl Official Store”, 
sugar obtained from the “Papaya Official Store”, Ampicillin, Escherichia coli ATCC 25922 and Staphylococcus aureus 
ATCC 25923, which were obtained from the bioprocess laboratory of Widya Mandala Surabaya Catholic University.

2.2 Synthesis of ZIF-8

Zn(NO3)2·6H2O (0.01 mol) and 2-methyl imidazole (0.08 mol) were each dissolved in 150 mL of methanol and 
stirred with a magnetic stirrer. Subsequently, the 2-methyl imidazole solution was added slowly to Zn(NO3)2·6H2O 
solution and stirred for 2 hours at room temperature. The white precipitate was collected by centrifugation, then washed 
twice with methanol and dried at 60 °C for ten hours.

2.3 Synthesis of Fe3O4 nanoparticle

FeCl3·6H2O (0.004 mol) and FeCl2·4H2O (0.002 mol) with a mole ratio of 2 : 1 were dissolved in 100 mL of 
distilled water separately, then the both colloidal solutions were mixed in a glass beaker and heated while stirring for ten 
minutes. After that, a 10% NH4OH solution was added into the colloidal solution and stirred at 300, 400 and 500 rpm 
until pH 10. Then the solution was heated gradually for 30 minutes at temperatures of 40 °C, 60 °C and 80 °C, with the 
temperature increasing every ten minutes. Finally, the nanoparticle precipitate was separated by centrifugation, washed 
using distilled water and dried in an oven at 100 °C for 150 minutes.

2.4 SCOBY membrane culture

First, black tea (5 g) and sugar (100 g) were added to 500 mL of boiling water and stirred for 5 minutes. 
Subsequently, 500 mL of drinking water was added to the tea solution to speed up the cooling process, and the SCOBY 
starter was mixed into the tea solution. After thorough mixing, the culture solution was filtered and put 10 mL into a test 
tube for the fermentation process at room temperature for 4 days. Cellulose-based SCOBY membrane was formed with 
a diameter of 1.3 cm on the test tube surface. The SCOBY membrane was harvested, treated with 0.1 M NaOH solution 
for at 80 °C for 1 hour and washed with distilled water to pH 7.
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2.5 Synthesis of SCOBY/Fe3O4 /ZIF-8

Each ZIF-8 (0.5 g) and Fe3O4 NPs were homogeneously dispersed in 20 mL of ethanol using a sonicator. Then, the 
Fe3O4 NPs colloidal solution with varying weight percentages of 1, 3 and 5% each was dripped slowly onto the ZIF-
8 solution. After 1 hour of stirring, the temperature increased to 75 °C and slowly added NaOH dissolved in 10 mL of 
ethanol until brown color appeared. Then the mixture was washed using ethanol until pH 7 and dried in an oven at 
80 °C for 2 hours. After drying, Fe3O4/ZIF-8 was dissolved in distilled water with varying concentrations. Subsequently, 
the dried SCOBY biomembrane was immersed in the Fe3O4/ZIF-8 colloidal solution with varying immersion times of 
60 and 120 minutes to form SCOBY/Fe3O4/ZIF-8 biocomposite. 

2.6 Characterizations

The biocomposites were characterized using field emission scanning electron microscopy (FE-SEM) (JSM-6500F, 
JEOL, Japan) to determine the surface morphology of the sample. Fourier-transform infrared spectroscopy (FTIR) (FTS 
3500, Bio-Rad Laboratories Sadtler Division, USA) was used to identify the special groups in the chemical compounds 
contained in a component. Furthermore, the crystal structure of biocomposite was analyzed by X-ray diffraction (XRD).

2.7 Antibacterial test

Antibacterial test was performed using the disc diffusion method against gram-negative bacteria E. coli and 
gram-positive bacteria S. aureus. The SCOBY membrane with a diameter of 1.3 cm was immersed in the Fe3O4/ZIF-
8 colloidal solution for 60 and 120 minutes. The bacteria samples were spread on the surface of the agar using a sterile 
cotton swab. Biocomposite samples (SCOBY/Fe3O4/ZIF-8) and control (ZIF-8, Fe3O4, SCOBY) with a concentration of 
25 mM were placed on the agar surface. Subsequently, all the samples were incubated for 24 hours at 37 °C. After that, 
the samples were observed by measuring the diameter of the inhibition zone. In addition, ampicillin antibiotic with a 
concentration of 25 mM was used as positive control.

3. Results and discussion
3.1 Synthesis and characterization of SCOBY/Fe3O4 /ZIF-8

By reacting zinc nitrate hexahydrate (0.01 mol) and 2-methylimidazole (0.08 mol) using methanol as a solvent, a 
product was formed, called Zeolitic Imidazolate Frameworks-8 or commonly abbreviated as ZIF-8. In the synthesis of 
ZIF-8, methanol solvent was used because using methanol as a solvent could provide good product purity and uniform 
particle shape.24 Figure 1a shows the morphology of ZIF-8 that has been synthesized in this research. The FE-SEM 
results of ZIF-8 synthesized in this research showed that the resulting product has a uniform shape and corresponds to 
the the rhombic dodecahedron shape reported in the literature.25 The SCOBY/Fe3O4/ZIF-8 biocomposite was made by 
mixing Fe3O4 and ZIF-8 with NaOH and ethanol solvent. Then the SCOBY membrane was soaked in the Fe3O4/ZIF-8 
colloidal solution and subsequently the particles of Fe3O4 attached to particles of ZIF-8 (Figure 1b) which occur due to 
the mixing of Fe3O4 and ZIF-8. From the synthesis results of the Fe3O4/ZIF-8 biocomposite, it was found that the yields 
for variations of Fe3O4 at 1%, 3%, and 5% wt were 72.8%, 77.8% and 84.4%, respectively. Figure 1c shows the SCOBY 
nanofibers which have been immersed in the Fe3O4/ZIF-8 to form SCOBY/Fe3O4/ZIF-8 biocomposite. The results of 
the SEM characterization showed that the Fe3O4/ZIF-8 biocomposite was successfully absorbed by the SCOBY matrix, 
which proves that the SCOBY has properties that enable it absorb liquids.26
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Figure 1. SEM analysis of (a) ZIF-8, (b) Fe3O4/ZIF-8, (c) SCOBY/Fe3O4/ZIF-8 biocomposite

The presence of functional groups in SCOBY/Fe3O4/ZIF-8 biocomposite was confirmed by FTIR analysis as shown 
in Figure 2. The OH group at wavenumber 3,345 cm-1 (3,433.98-3,362.84 cm-1) and the C-O group at wavenumber 
1,309 cm-1 (1,382-1,036 cm-1) are characteristic of cellulose material from the SCOBY membrane. While the Fe-O 
group at wavenumber 598 cm-1 (544-673 cm-1) indicates the presence of Fe3O4.

27 In addition, we have confirmed that 
Fe3O4 is a ferrimagnetic material that attracts magnets due to its superior magnetic properties28 as shown in Figure S2 (in 
Appendix). The band at 408 cm-1 is associated with Zn-N stretching and the band at 759 cm-1 (675-995 cm-1) represents 
the C-H group which shows ZIF-8 characteristics.26,29 Therefore, these functional groups successfully confirmed the 
presence of cellulose, Fe3O4 and ZIF-8 in the SCOBY/Fe3O4/ZIF-8 biocomposite.

XRD analysis was used to determine the structure of the salts and their biocomposite membrane samples. The 
phase purity and crystallinity of ZIF-8, Fe3O4/ZIF-8 & SCOBY/Fe3O4/ZIF-8 are shown in Figure 3. The sharp peaks 
at 7.309° (011), 10.331° (002), 12.665° (112), 14.617° (022), 16.372° (013) and 17.957° (222) are characteristic of 
ZIF-8.30 Then, the presence of ZIF-8 in Fe3O4/ZIF-8 biocomposite was confirmed by several peaks such as 29.759° 
(220), 35.644° (311), 57.479° (511) and 62.868° (440).31 Furthermore, the structure of cellulose-based SCOBY was 
successfully proven by sharp peaks at 14.552° (101) and 22.8189° (002).32

SED 20.0 kV WD9.8 mm Std.-P.C.20.0 HighVac. ×30.000 SED 20.0 kV WD9.6 mm Std.-P.C.25.0 HighVac. ×5.000
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Figure 2. FTIR spectrum of ZIF-8, Fe3O4/ZIF-8 and SCOBY/Fe3O4/ZIF-8 biocomposite

Figure 3. XRD results of ZIF-8, Fe3O4/ZIF-8 and SCOBY/Fe3O4/ZIF-8

3.2 Antibacterial activity against Escherichia coli & Staphylococcus aureus

Antibacterial activity test against gram-negative bacteria E. coli and gram-positive bacteria S. aureus was 
performed using the disc diffusion method. In the antibacterial activity test, the effect of varying concentrations of 
Fe3O4 nanoparticles in the Fe3O4/ZIF-8 synthesis and the SCOBY membrane immersion for 60 and 120 minutes in the 
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Fe3O4/ZIF-8 colloidal solution were studied. In addition, a SCOBY membrane immersed in a ZIF-8 solution was also 
performed as a control.

Figures 4 and 5 show the antibacterial test where a SCOBY immersion time of 60 minutes in Fe3O4/ZIF-8 against 
E. coli and S. aureus did not provide a significant effect (15-17 mm) due to the short immersion time. In Figures 6 and 
7, the antibacterial effect increased when the SCOBY samples were soaked in Fe3O4/ZIF-8 for 120 minutes compared to 
60 minutes due to the large absorption of Fe3O4/ZIF-8 in the SCOBY membrane.

Figure 4. SCOBY immersion for 60 minutes in Fe3O4/ZIF-8 solution with Fe3O4 concentration of 1, 3, 5% wt and ZIF-8 as a control against E. coli 

Figure 5. SCOBY immersion for 60 minutes in Fe3O4/ZIF-8 solution with Fe3O4 concentration of 1, 3, 5% wt and ZIF-8 as a control against S. aureus

From the results obtained (Figure 6 and Figure 7), the Fe3O4/ZIF-8 biocomposite with an Fe3O4 concentration of 3% wt 
has the highest inhibition zone compared to 1 and 5% wt. At a concentration of 3% wt, both components Fe3O4 and 
ZIF-8 could react well so that the antibacterial test results are higher than concentrations of 1% and 5% wt. When the 
concentration of Fe3O4 is high enough to exceed that of ZIF-8, the interaction will become saturated. Fe3O4 nanoparticles 
show a smaller antibacterial effect, while ZIF-8 shows a fairly good antibacterial effect, while the biocomposite which 
is a combination of ZIF-8 and Fe3O4 nanoparticles shows an antibacterial effect that tends to be more than the effect of 
ZIF-8 itself. The combination of ZIF-8 and Fe3O4 nanoparticles looks more effective when combined in biocomposite 
form. It was found that the zone of inhibition carried out on E. coli bacteria was larger, which shows that S. aureus is a 
bacterium that is more susceptible to antibacterials. The outer membrane of E. coli on its Gram-negative cell wall acts 
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as a barrier, preventing many antibacterial materials from reaching their targets inside the cell.33 Furthermore, we also 
measured the common antibiotic as positive control where ampicillin with a concentration of 3% wt exhibited 52 mm ± 
1 mm against E. coli (Figure S1 in Appendix).

Figure 6. SCOBY immersion for 120 minutes in Fe3O4/ZIF-8 solution with Fe3O4 concentration of 1, 3, 5% wt and ZIF-8 against (a) E. coli and (b) S. 
aureus 

Figure 7. Inhibition zone against E. coli and S. aureus. (a) 60 minutes SCOBY immersion and (b) 120 minutes SCOBY immersion in Fe3O4/ZIF-8 
solution, ZIF-8, and Fe3O4
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Fe3O4 nanoparticles themselves can generate reactive oxygen species (ROS), which can also have negative effects 
on humans.34 Excessive use of ROS effects can cause oxidative stress, damaging important cellular structures such as 
proteins, lipids and nucleic acids, and potentially leading to the onset of several diseases such as diabetes and metabolic 
disorders.35 Therefore,combining Fe3O4 and ZIF-8 nanoparticles can overcome the shortcomings of Fe3O4. 

Magnetic metal or oxide based nanoparticles in the biopolymer matrix biocomposite system are an active area of 
investigation.36,37 With Fe3O4 nanoparticles, combining these two components can reduce the effect of excessive ROS 
on Fe3O4 nanoparticles. ZIF-8 is a porous nanomaterial with a high surface area that can absorb and immobilize Fe3O4 
nanoparticles to form a core-shell structure. The shell of ZIF-8 acts as a barrier, preventing direct interaction of Fe3O4 
nanoparticles with oxygen and other reactive species, thereby reducing excessive ROS formation.38

4. Conclusions
Symbiotic culture of bacteria and yeast (SCOBY) waste obtained from Kombucha tea fermentation has exhibited 

promising antibacterial and wound healing capabilities, which can be achieved by modifying SCOBY with Fe3O4/ZIF-8 
as an antibacterial agent. From the results obtained, the biocomposite with a variation of 3% wt of Fe3O4 concentration 
and immersion time of SCOBY in Fe3O4/ZIF-8 for 120 minutes showed the highest inhibition zone (21 ± 1 mm) 
against E. coli. It was found that the zone of inhibition carried out on E. coli bacteria was larger, which shows that S. 
aureus is a bacterium that is more susceptible to antibacterials. In summary, SCOBY/Fe3O4/ZIF-8 is a promising, non-
toxic biocomposite with potential for antibacterial wound healing applications. However, the biocomposite still needs 
further investigation regarding biocompatibility testing and antibacterial properties improvement. Furthermore, the most 
significant challenge in this research is the effectiveness of antibacterial wound materials in the healing process.
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Appendix

Figure S1. Antibacterial activity of Ampicillin (3 wt%) as positive control against E. coli

Figure S2. Fe3O4 samples (a) and ferrimagnetic properties of Fe3O4 
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