Miihendislik Bilimleri ve Tasarim Dergisi
13(1), 165-176, 2025
e-ISSN: 1308-6693

Journal of Engineering Sciences and Design
DOI: 10.21923 /jesd. 1565246

Arastirma Makalesi Research Article

PRODUCTION AND CHARACTERIZATION OF BACTERIAL CELLULOSE
BIOCOMPOSITES BASED ON THYMUS SIPYLEUS BOISS. EXTRACT

Nur KILINC?, Dicle 0ZDEMIR KUCUKCAPRAZ2*, Mustafa CUCE3

1 Siileyman Demirel University, Graduate School of Natural and Applied Sciences, Department of Textile
Engineering, Isparta, Tiirkiye
Z Siilleyman Demirel University, Faculty of Engineering and Natural Sciences, Department of Textile
Engineering, Isparta, Tiirkiye
3 Giresun University, Sebinkarahisar School of Applied Sciences, Department of Food Technology, Giresun,

Tiirkiye

Keywords Abstract

Bacterial The aim of this study was to improve the antibacterial properties of bacterial cellulose (BC)
Cellulose, produced by ex situ modification in Kombucha culture medium. Bioactive methanol extract
EXx situ from the plant Thymus sipyleus Boiss. was added to BC by ex situ modification to obtain a
Maodification, bioactive and cost-effective biocomposite. SEM and FTIR analyses confirmed the nanofibers,
Thymus sipyleus porous structure and chemical bonding of the extract with the BC nanofibers and revealed
Boiss., that the biocomposites were successfully produced. A significant decrease in water retention
Sustainable and swelling behavior was observed in the biocomposites. The antibacterial activity of the
Biomaterials, biocomposites was determined according to the AATC100-2004 method. The bactericidal
Natural activities of the biocomposites produced were compared with those of the gram-positive
Antibacterial bacteria Staphylococcus aureus ATCC 25923 and the gram-negative bacteria Escherichia coli
Agents. ATCC 25922. Biocomposite T010 (0.10% extract) showed strong antibacterial activity,

reducing E. coli by 84.6% and S. aureus by 97.54%. The results of this study show that the T.
sipyleus extract can be used as an effective antibacterial agent at appropriate concentrations
and that the BC biocomposite produced by ex situ modification has excellent antibacterial
properties.

THYMUS SIPYLEUS BOISS. EKSTRAKTI BAZLI BAKTERIYEL SELULOZ
BIYOKOMPOZITLERININ URETIMI VE KARAKTERIZASYONU

Anahtar 0z

Kelimeler

Bakteriyel Bu ¢alismanin amaci Kombucha kiiltiir ortaminda ex situ modifikasyon ile iiretilen bakteriyel
Seliiloz, seliilozun (BC) antibakteriyel 6zelliklerini iyilestirmektir. Thymus sipyleus Boiss. bitkisinden
Ex situ elde edilen biyoaktif metanol 6ziitii, BC'ye ex situ modifikasyonla eklenerek biyoaktif ve

Modifikasyon, uygun maliyetli bir biyokompozit elde edilmistir. SEM ve FTIR analizleri, nanofiberleri,
Thymus sipyleus gozenekli yapiy1 ve oziitin BC nanofiberleri ile kimyasal baglanmasini dogruladi ve
Boiss, biyokompozitlerin basariyla tiretildigi kanitlanmistir. Biyokompozitlerde su tutma ve sisme
Stirdiirtilebilir davranisinda 6énemli bir azalma goézlenmistir. Biyokompozitlerin antibakteriyel aktivitesi
Biyomalzemeler, AATC100-2004 yontemine gore belirlenmigtir. Uretilen biyokompozitlerin bakterisidal

Dogal aktiviteleri, gram pozitif bakteri Staphylococcus aureus ATCC 25923 ve gram negatif bakteri
Antibakteriyel Escherichia coli ATCC 25922 ile karsilastirilmistir. Biyokompozit T010 (%0,10 ekstrakt)
Ajanlar. giiclii antibakteriyel aktivite gostererek E. coli'yi %84,6, S. aureus'u ise %97,54 oraninda

azaltmistir. Bu ¢calismanin sonuglary, T. sipyleus ekstraktinin uygun konsantrasyonlarda etkili
bir antibakteriyel ajan olarak kullanilabilecegini ve ex situ modifikasyonla iiretilen BC
biyokompozitinin miikemmel antibakteriyel 6zelliklere sahip oldugunu géstermektedir.
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Highlights (At least 3 and maxium 4 sentences)

e Biocomposites of bacterial cellulose and T. sipyleus extract were successfully produced by ex situ
modification.

e Characterization analyzes confirmed the existence of the biocomposites produced.

e The biocomposite structures showed excellent antibacterial activity at different concentrations.

Purpose and Scope

Preparation of a biocomposite with improved antibacterial properties by the ex situ modification technique of
bacterial cellulose produced in a static culture medium with methanol extract from the plant Thymus sipyleus
Boiss.

Design/methodology/approach

In the present study, ex situ modification of bacterial cellulose produced under static culture conditions with
methanol extract of T. sipyleus plant was successfully performed. Antibacterial biocomposite structures were
successfully produced and their characterization was investigated.

Findings

The T010 biocomposite produced showed 97,54% antibacterial activity against S. aureus bacteria in the
antibacterial activity test according to the AATC100-2004 method. Depending on the amount of plant extract,
the water holding capacity and swelling ratio decreased.

Originality
In the present study, BC biocomposites with antibacterial properties were prepared using bioactive T. sipyleus
extract. T. sipyleus plant was used for the first time in ex situ modification studies with BC.
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1. Introduction

Biomaterials have provided benefits to society for hundreds of years. The development of biomaterials in various
fields is essential for sustainability. Owing to the structural uniqueness of biomaterials, their production,
processing and functionalization have become simple processes with the latest developments in materials science.
Cellulose, a polysaccharide that is insoluble in water, is the most common polymer in nature (Du et al.,, 2018).
While plants are the main source of cellulose, they can also be produced by many bacteria, such as those in the
genus Gluconacetobacter, in the form of bacterial cellulose (BC) (Klemm et al., 2006; Gupte et al.,, 2021).

The BC layer is also referred to in scientific literature as a bacterial cellulose nonwoven surface or biononwoven
layer (Ashjaran et al., 2013; Song et al., 2020). While BC has the similar structure to plant cellulose, it can be
produced in pure form and does not contain impurities such as lignin, hemicellulose or pectin. This purity of BC
offers a significant advantage over plant cellulose, as it does not use environmentally harmful chemicals (Cazdn et
al,, 2021). Several important factors affect bacterial cellulose production. These factors include temperature, pH,
carbon sources, culture medium components, oxygen levels and the type of bacteria used. BC production can take
place in different culture environments. Some of these include the Hestrin-Schramm (HS) culture medium (Meftahi
etal., 2015), the glucose, yeast extract and carbonate culture media, and the Kombucha culture media (Kilinc et al.,
2022).

Kombucha is a slightly sweet, slightly sour refreshing drink consumed worldwide. Kombucha is made from the
infusion of tea leaves by fermenting a symbiotic culture of bacteria and yeasts that form the 'tea fungus'. A slippery
layer of cellulose (bacterial cellulose) and sour broth are the two components of kombucha (ileri et al., 2010). The
bacterial cellulose layer was obtained by keeping this mixture at room temperature, preferably in an environment
protected from light, for 1 to 3 weeks. Compared with other methods, the production of BC in static culture media
is inexpensive and relatively simple and is the most used technique for obtaining BC under laboratory conditions.
The resulting BC layer takes the form of a biofilm at the air-liquid interface (Kilinc and Ozdemir Kiiciikcapraz,
2024).

BC has excellent properties, such as a large fibril size, high crystallinity, improved biocompatibility, good
mechanics, high permeability, high fluid retention capacity and improved moldability (Brown, 1886; Khattak et
al,, 2015). Because of its improved properties, BC is considered a promising biopolymer in various fields, such as
textiles, medicine, food, electronics and layered construction (Boni et al., 2020; Wei et al., 2020Cazén et al., 2021;
Lietal, 2021; Kilincetal,, 2022;). In the textile industry, it is used as temporary artificial skin, as a wound dressing
for the treatment of burns and ulcers, and as an adsorbent in other textile products (Lin et al., 2013). Despite the
many beneficial properties of BC, its limited antibacterial activity limits its use in many areas (Fatima et al., 2021).
The synthesis and modification of hydrogels from BC has recently gained importance for various applications in
different fields. Different modification techniques have been used to modify BC and increase its performance,
leading to the production of composite structures. Ex situ modification is one of these methods (Stumpf et al.,
2018). Ex situ modification is performed mainly by absorption, which leads to the development of powerful
hydrogen bonds between the adsorbed molecules and BC (Lin et al, 2013). Although many studies have
investigated the functionalization of BC with antimicrobial polymers and nanomaterials for various applications,
research on the functionality of BC with bioactive agents of plant origin is limited (Fatima et al., 20-21). In studies
conducted with herbal extracts in the literature, the application of extracts imparts antimicrobial properties to the
product (Kilinc et al., 2015; Ciice et al., 2019; Cuce, 2022; Cuce et al.,, 2022). In the textile industry in particular,
plant-based products used in environmentally friendly production are seen as one of the most important textile
applications as people become increasingly health-conscious. For this reason, textile products with antibacterial
properties are becoming increasingly popular (Korkmaz et al., 2023).

The Lamiaceae family is one of the most widespread flowering plant groups and is known for its biodiversity and
medicinal properties. It has high economic value because of its aromatic properties and ease of cultivation (Ndhlala
et al,, 2024). Each species contributes to overall bioactivity via a complex combination of bioactive compounds.
These plants have been used for aromatherapy and antiseptic purposes since ancient times. Thymus species have
volatile and nonvolatile extracts that are rich in phenolic compounds (Ciice and Basangelebi, 2021; Elbouny et al.,
2022). These extracts contain secondary metabolites that have strong antioxidant, anti-inflammatory,
antimicrobial, antiviral and anticancer properties (Ustuner et al., 2019, Nilofar et al., 2024; Ndhlala et al., 2024).
Rosmarinic acid has been identified as the main component of the methanol extract of T. sipyleus. This compound,
an ester of caffeic acid, is widespread in plants of the Lamiaceae family. In addition, T. sipyleus contains phenolic
compounds such as salvianolic acid, caffeic acid, and ferulic acid and flavonoids such as luteolin, gallocatechin,
isorhamnetin and quercetin. Flavonoids and phenolic compounds are secondary metabolites with aromatic rings
that are notable for their antibacterial effects (Elansary et al.,, 2020). In particular, carvacrol has been shown to
inhibit the growth of microorganisms such as E. coli, S. aureus and P. aeruginosa. The high contents of carvacrol
and thymol explain the high antimicrobial and antioxidant activities of these plants. Thymus species are often
preferred in industry because they are rich sources of bioactive compounds (Nadeem et al., 2019; Chen et al., 2019;
Llorent-Martinez et al., 2022).
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Ul-Islam et al. (2021) reported that the addition of aloe vera gel to BC by an ex situ modification method only filled
the gaps between the fibril networks without affecting the morphology of the structure. The BC/Aloe vera
composite was found to increase mechanical strength and other properties without altering the structural
morphology. Asanarong et al. (2020) produced a composite structure of BC by ex situ modification by crosslinking
papain extract and glutaraldehyde for wound dressings. The results showed that the addition of glutaraldehyde
enhanced the binding of papain to BC, the wound dressing exhibited antibacterial properties, and the resulting BC
composite structure could be a promising biomaterial for biomedical applications. Barud et al. (2013) produced a
biocomposite of BS and Polis extracts by ex situ modification. Owing to the caffeic acid and flavonoids contained in
the propolis extract, the prepared BS/propolis composite structures presented antioxidant and antibacterial
properties.

In this study, BC was modified ex situ with a methanol extract from Thymus sipyleus Boiss. The aim of this study
was to produce biocomposites of bacterial cellulose and T. sipyleus (BCT) with low antibacterial activity. The
biocomposites were prepared by immersing purified BC in T. sipyleus extract via the ex situ method. The obtained
biocomposites were analyzed in detail with respect to their morphological and physicochemical properties. In
addition, the antibacterial activity of the biocomposites against gram-positive S. aureus ATCC 25923 and gram-
negative E. coli ATCC 25922 pathogens was evaluated. Biocomposites prepared from various plant extracts using
bacterial cellulose have been prepared previously. However, the preparation of biocomposites using the plant T.
sipyleus was performed for the first time and will shed light on the literature.

2. Materials and Method
2.1. Materials

The flower and leaf parts of T. sipyleus were collected in June and July 2024 in Giresun, Sebinkarahisar. The samples
were weighed to calculate the yield rates. To prevent damage to the bioactive components in the plant structure
during the drying phase, the samples were protected from direct sunlight in a well-ventilated room and stored
until extraction.

2.2. Extraction Process of T. sipyleus Boiss.

The extraction process was performed via an ultrasonic bath (Isolab 1.3 L, Germany). The flower and leaf parts of
T. sipyleus dried at room temperature were ground in a grinder (Fakir Aromatic, Germany). For ultrasonic
extraction, 25 g of the ground herbal material was placed on a volumetric glass, and 250 ml of 80% methanol
(CHs0H) was added. The extraction was carried out in an ultrasonic water bath with distilled water at 34-35 °C
for 12 h. Whatman No. 2 was used to filter the extraction. The solvent (CH30OH) used for the extraction was
evaporated under low pressure in a rotary evaporator at 35 °C (Heidolph Instruments GmbH & Co. KG, Germany)
until no more CH3OH was present. The efficiency of extraction was then calculated.

2.3. Bacterial Cellulose Production and Purification

Kombucha SCOBY (Bacteria and Yeast Symbiotic Culture) was purchased from a firm producing Kombucha
cultures in Tiirkiye. The nitrogen source required for the production of the Kombucha culture was black tea (7.9
g). The black tea was boiled in 1 L of distilled water for 20 min. After boiling, 100 g of fructose was dissolved in the
boiled tea as a carbon source. When the temperature of the prepared solution fell below 24 °C, it was transferred
to a glass container sterilized with 70% ethanol solution. One hundred milliliters of 80% acetic acid was added to
the container. The prepared mixture was stored for 10 days in a sterile environment at room temperature and
protected from direct sunlight. Purification was performed to remove bacteria and other components in the
structure of the bacterial cellulose layer obtained after 10 days. For the purification process, the BC layer was first
incubated in 96% ethanol for 15 min. The BC was then transferred to a beaker containing 1 L of purified water and
processed for 50 min at boiling temperature with constant stirring. The relevant literature reports that the
purification of BC with pure water followed by treatment with 3% NaOH does not damage the structure if an
effective purification process is desired. Therefore, BC was purified by treatment with 3% NaOH for 95 min at 25
°Cand 70 rpm. To neutralize the purified BC, it was treated with acetic acid and distilled water for 30 min at 25 °C
and 50 rpm, and the pH was adjusted to 3. The purified BC was stored at +4 °C for later use (Zeng, 2014; Han et al,,
2019; Kilinc et al., 2022; Kilinc and Dicle Ozdemir, 2024).

2.4. Ex Situ Development of BC-T. sipyleus Biocomposites

For the preparation of the T. sipyleus solution for ex situ production, 0.10% T. sipyleus extract was dispersed in a
beaker with ethanol (70%, v/v). The mixture was sonicated for 20 min to achieve better dissolution and reduce
the particle size (Siahaan et al., 2020; Kumar et al., 2023). The same solution was also prepared as 0.15% T. sipyleus.
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The cleaned BC layer (2x2 cm?) was immersed in the prepared solution. It was removed from the solution after
being kept in an environment away from light for 30 h. Excess plant extract on the produced biocomposite was
removed by washing with distilled water. Table 1 shows the codes and properties of the biocomposites produced
in the study and used in the analyses.

Table 1. Sample Codes and Properties

Sample code Properties

T010 Biocomposite produced using 0.10% extract
T015 Biocomposite produced using 0.15% extract
BC Purified BC surface

2.5. Characterization
2.5.1. SEM and FTIR Analysis

SEM analyses were performed with a Fei Quanta 250 Feg instrument. The surface morphology of the samples was
visualized by scanning electron microscopy (SEM). The chemical interactions between BC and the BC-T. sipyleus
biocomposite (BCT) were investigated via Fourier transform infrared (FTIR) spectroscopy. To understand the
chemical structure of the produced biocomposites, FTIR spectra were measured between 4000 and 400 cm-! via
the attenuated total reflection (ATR) technique.

2.5.2. Water Holding Capacity

The BC was dried at room temperature, and the T010 and T015 biocomposites at different concentrations were
cutinto 2 x 2 cm2 pieces. The dry samples were kept in water for 1 h under static conditions at room temperature
and weighed. The samples were then dried at room temperature for 24 h and weighed again. The WHC was then
calculated via equation (1) (Ul-Islam et al., 2023).

WHC [%] = 2 <100 )

Ww = Wet weight of the sample
Wd = Dry weight of the sample

2.5.4. Swelling Ratio

To test the swelling rate, BC dried at room temperature was soaked in deionized water for 48 h and weighed after
wiping off dripping water. The swelling rate is calculated using the following equation. (2) (Gao et al., 2023).

Swelling Ratio [%] = “— x 100 )

(Wr refers to the wet weight of the dried sample after rehydration, Wd refers to the weight of the dried sample)
2.6. Antibacterial Activity

For antibacterial activity, gram-positive Staphylococcus aureus ATCC 25923 and gram-negative Escherichia coli
ATCC 25922 strains were applied to plant extracts prepared with CH30H in an ultrasonic bath. The antibacterial
properties of the BCT biocomposite and the BC produced by ex situ modification were quantitatively determined
according to AATCC 100-2004 (Cuce, 2022). The bacterial colonies formed in Muller-Hinton agar (MHA) medium
were counted. The decrease in bacterial count was calculated according to equation (3).

R [%] = 2% x 100 (3)
R represents the percentage decrease, B represents the number of bacterial colonies at the beginning of the test
(0 h), and A represents the number of colonies after 24 h of contact with the composite structures obtained via the
ex situ modification method.

3. Results and Discussion
3.1. Development of BC-T. sipyleus Biocomposites
In this study, BC-based biocomposites will be obtained thanks to the positive properties of plant extracts. As a

result of the ex situ modification process, biocomposite (T010) containing 0.10% T. sipyleus extract, biocomposite
(T015) containing 0.15% T. sipyleus extract were obtained.
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The surface chemistry of BC enables chemical interactions with different materials, and its unique network
structure facilitates the impregnation of substances. Therefore, BC can serve as an ideal substrate for the
production of bioactive materials with plant extracts (Fatima et al., 2021). Plant extracts contain many medically
important compounds, such as flavonoids, phenols, alkaloids, chalcones, and amines. The aim of this study was
therefore to develop an antibacterial biocomposite based on BC with plant extracts. Ultrasonic extraction is
preferred because of its compliance with the concept of sustainable "green chemistry", as it allows extracts to be
obtained in a short time, with high quality and purity, and requires the use of a minimal amount of solvent (Shirsath
etal,, 2021). The extract of T. sipyleus was obtained via ultrasonic extraction, with a yield of 18.42%.

The efficiency of the extraction process varies depending on the type of solvent and the method used (Cuce et al,,
2022). The literature indicates that the methanol extract of T. sipyleus prepared via the Soxhlet method has an
efficiency of 18.79%. In view of these results, the efficiency of the methanol extract prepared in the ultrasonic bath
confirms the data in the literature (Polat et al., 2007).

In this study, BC-based biocomposites were obtained because of the positive properties of the plant extracts. In
the ex situ modification process, a biocomposite (T010) containing 0.10% T. sipyleus extract and a biocomposite
(T015) containing 0.15% T. sipyleus extract were obtained.

3.2. Characterization of Biocomposites

BC is known to have a porous structure in the form of a net-like fibril. This was confirmed by SEM images. As shown
in the SEM images of the BC biocomposite structures prepared by the ex situ modification method with T. sipyleus,
the T. sipyleus particles were successfully impregnated into the BC, and no deterioration of the network structure
was observed (Kumar et al., 2023). The porous structure increases the penetration rate of solutions or adds plant
extracts into the BC matrix (Kamal et al,, 2022). In the structure of the T010 and T015 biocomposites, unlike the
SEM image of BC, the number of oil molecules bound to the plant extract increased in a concentration-dependent
manner. Furthermore, the biocomposites T010 and T015 exhibited a comparatively reduced porosity and a more
compact, net-like structural configuration. This finding is interpreted as an indication that the plant extracts were
bound to and penetrated into the BC fibers (Ul Islam et al., 2023). This result is also supported by the water holding
capacity and swelling ratio results. The plant extract is expected to penetrate the BC surface and impart
antibacterial properties to the biocomposite through further interaction (Hungund et al., 2016; Fernandes et al,,
2020). Cross-sectional and surface SEM images of the T010 and T015 biocomposites and BC are shown in Figure
1.

Surface Cross Section

. L —————
et
By = R e

Figure 1. SEM Images of BC, T010 and T015
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To investigate the presence of active biomolecules in the T. sipyleus extract of the biocomposites T010 and T015,
the FTIR spectrum was analyzed. The C-O-C vibration peak can be identified in the fingerprint region about 1058
cm! (Ul Islam et al., 2023). The vibrations at 1050- 1500 cm™ in samples T015 and T010 are thought to be due to
the presence of thymol and the C-N stretching vibrations of the amines. The vibrations between 1350 and 1450
cm ! are indicative of the presence of -OH bonds, which are characteristic of phenolic compounds. The observation
of characteristic C-OH stretching vibrations of C=0 ester groups in the range of 1550- 1560 cm! provides evidence
that these compounds have been incorporated into the polymer matrix formed by BC (Razali et al., 2019; Nasr et
al,,2022; Rigueto et al., 2024). The different FTIR peaks of the prepared samples are listed in Table 2 (Ul Islam et
al,, 2023; Bodea et al,, 2022; Razali et al., 2019; Jiji et al., 2019; Sukhtezari et al., 2017).

0,7
0,6 ) |
0,5
0,4

0,3

[Absorbance %]

0,2

0,1

0 500 1000 1500 2000 2500 3000 3500 4000 4500

[Wave number cm1]

Figure 2. FTIR Spectrum of BC, T010 and T015

The absorption band observed in samples T015 and T010 in the range of 2940-2980 cm-! is indicative of the C-H
stretching of CH, groups, CHz and CH, in aliphatic compounds. This is consistent with the antisymmetric or
symmetric stretching of CH and the bonding of CH; with oxygen (0) or nitrogen (N). This finding also suggests the
presence of chlorophyll groups (Beldjilali et al., 2020). Figure 2 shows the FTIR spectra of BC, T010 and T015. The
FTIR spectrum of BC shows the 1058 cm'! peak, which corresponds C-O-C stretching; the 1403 cm! peak, which
corresponds to C-H stretching; the 1458 cm! peak, which corresponds to C-C stretching; the 2898 cm-! peak, which
corresponds to C-H stretching; and the 3307 cm! peak, which corresponds to strong H-bonding. These peaks are
indicative of the presence of BC and its characteristic functional groups. The peak at 1403 cm!, which is attributed
to C-H stretching, is a notable feature of the FTIR spectrum of BC. However, this peak disappeared when T. sipyleus
extract was added (Fatima et al., 2021; Sukhtezari et al. 2017; Ashori et al. 2012). Furthermore, an additional peak
corresponding to the aromatic COOH group appeared at 1647 cm-1and 1651 cm-1in T010 and T015, respectively,
as the T. sipyleus extract contains various chemical components, such as flavonoids and phenolic compounds
(Fatima et al., 2022). The peak observed at 3350 cm! can also be interpreted as the OH stretching of the
phenolic/carboxylic group in the extract (Beldjilali et al.,, 2020). The adsorption band between 3200 and 3500 cm-
1 present in all the spectra is attributable to the stretching vibrations within and between the O-H bonds of
cellulose (alcohols, phenols and carboxylic acids) are also indicative of the strong hydrogen bonding of the
hydroxyl groups of T. sipyleus with BC (Panggabean et al., 2024; Bodea et al., 2022; Jiji et al.,2019).

Table 2. FT-IR Spectra of BC, T010 and T015 Biocomposite

0-H C-H C=0 cooH C-C C-N C-0-C

BC 3307 2898 - - 1458 - 1058
TO010 3350 2944 1556 1647 1512 1068 1056
T015 3350 2980 1551 1651 1508 1095 1060

BC has strong pores and a hydrophilic surface structure, which results in a high water holding capacity. Fluid-
based materials, particularly hydrophilic polymers, have the ability to absorb more than 100 times their own dry
weight of water (Ul Islam et al., 2012). BC is known to form a network structure by interconnecting fibrils. Owing
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to its network structure, BC has excellent mechanical and crystalline properties. Moreover, this network structure
is the reason for the high porosity of BC (Ul Islam et al., 2013). The WHC and degree of swelling decreased in the
T010 and T15 biocomposite structures. The WHC and degree of swelling directly decreased in response to
increasing T. sipyleus concentration. It is hypothesized that the plant extract present in the prepared biocomposites
adhered to the BC matrix, thereby closing the pores on the surface. With increasing extract concentration, the
number of closed pores also increased, resulting in a significant decrease in the WHC and swelling ratio of T015.
Figure 3a shows the WHC of BC, T010 and T015. Figure 3b shows the swelling ratios of BC, T010 and T015.

1600 350
o 1400 300
2 1200
e X 250
= 1000 2
S S 200
2 800 o
S £ 150
S 600 Tg’
S 400 & 100
T
= 200 I 50

0 O 0
BC T010 TO15 BC T010 TO15
a b

Figure 3. a) Water Holding Capacity of BC, T010 and T015, b) Swelling Ratio of BC, T010 and T015
3.3. Antibacterial Activity of BC and Biocomposites

Owing to the various phenolic compounds they contain, plant extracts play an important role because of their
antibacterial properties. The literature reports that BC has no antibacterial activity and that phenolic compounds
such as luteolin, caffeic acid, gallic acid, vanillic acid, kaempferol and p-hydroxybenzoic acid found in Thymus
species have powerful antioxidant and antimicrobial activities. (Li et al., 2019; Ul Islam et al., 2023). In one study,
ex situ modified with Bc and pomegranate (Punica granatum L.) peel extracts and antibacterial activity tests for E.
coli and S. aureus revealed %R values of 52% and 100%, respectively. The combination of Bc and pomegranate
(Punica granatum L.) peel showed excellent antibacterial activity against S. aureus (Ul Islam et al., 2023). The
results of the AATC100-2004 test for the antibacterial activity of BC confirm the data in the literature; the value
for %R reduction is 0%. According to the AATC100-2004 antibacterial activity test, which was based on the
percentage reduction in bacterial count, the percentage reduction rate of the ex situ modified T010 biocomposite
was 84.6% for E. coli and 97.54% for S. aureus. The %R value of the TO15 biocomposite was found to be 82.18%
for E. coli and 84.45% for S. aureus. The results revealed that the E010 biocomposite had strong antibacterial
activity against both E. coli and S. aureus strains. These findings indicate that the phenolic compounds in the T.
sipyleus extract are more effective against S. aureus bacteria. In this study, increasing the concentration of T.
sipyleus extract above 0.1% did not affect the antibacterial properties of the extract. Gram-negative bacteria are
known to have an outer phospholipid membrane that is impermeable to hydrophobic (like phenolic) molecules.
The antibacterial activity of the produced composites may have resulted in lower antibacterial activity against E.
coli bacteria because T. sipyleus has developed resistance to plant extracts because of the outer phospholipid
membranes of the bacteria (Ustuner et al., 2019). In this study, a 10% concentration was found to be the optimum
value for a T. sipyleus-based biocomposite via ex situ modification with BC. The fact that the antibacterial effect did
not increase at concentrations above 0.1% is probably due to saturation of the BC with the plant extract. Figure 4
shows the %R results from the antibacterial activity tests of the BC, T010 and T015 samples.
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Figure 4. %R Results in AATC100-2004 Antibacterial Activity Test
The abundant porous structure of BC likely contributes positively to the development of antibacterial properties

by trapping the plant extract. Figure 5 shows the AATC 100-2004 analysis of the BC and T010, T015 biocomposite
structure against E. coli, whereas Figure 6 shows the AATC 100-2004 analysis against S. aureus.

24.h

Figure 5. AATC 100 Analysis of BC, T010 and T015 Against E. coli at 0. h and 24. h
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Figure 6. AATC 100 Analysis of BC, T010 and T015 Against S. Aureus At 0. H and 24. H

4., Conclusion

Owing to their easy availability, low price and medicinal benefits, plant extracts are known to be excellent
supplements. This study was conducted to impart antibacterial properties to BC via the CH30H extract of T.
sipyleus, as no similar study has been conducted with T. sipyleus. The BC-based antibacterial biocomposite enriched
with T. sipyleus extract was prepared via an ex situ modification method. The results of the water holding and
swelling ratio tests revealed that the ratio decreased with increasing extract concentration due to the closure of
the pores in the BC with the T. sipyleus plant extract. The results of the FTIR and SEM analyses also proved that the
extract was successfully incorporated into the BC matrix. The T010 obtained from the prepared biocomposites
showed excellent antibacterial activity against both S. aureus (97.54%) and E. coli (84.6%). The high WHC of BC
significantly increased the uptake of plant extracts, thus resulting in high antibacterial activity. The fact that the T.
sipyleus plant extract used at a concentration greater than 0.1% did not positively increase the antibacterial
activity suggests that greater antibacterial effects can be achieved with lower amounts of plant extract in future
studies. On the basis of these effects, it is assumed that the biocomposites obtained can be used in the textile
industry, especially in medical textiles, in products where an antibacterial effect is required and that they can lead
to the development of new sustainable biocomposites.
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