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Bu tez c¢alismasi kapsaminda, antibakteriyel ozellige sahip guanidin bazli pamuk
kumaglar gida ambalajlari, tekstil ve medikal alandaki uygulamalara yonelik olarak
hazirlanmistir.  Pamuk kumaglara antibakteriyel o6zellik kazandirilmasi amaciyla
antibakteriyel poli(hekzametilen guanidin) hidrokloriir (PHMG) polimeri, hekzametilen
diamin ve guanidin hidrokloriir monomerlerinin polikondenzasyon reaksiyonu ile

sentezlenmis ve daha sonra kumaslar PHMG ile modifiye edilmistir.

Pamuk kumaslarm antibakteriyel modifikasyonunda iki farkli yaklasim ¢alisilmustr. Tlk
yaklasimda, PHMG polimerinin pamuk kumasglara asilanmas1 amaciyla dncelikle birlikte
1sinlama ile agilama ve peroksidasyon ile baslatilan agilama yontemleri ek bir kimyasal
malzeme kullanilmadan ¢alisilmis, ancak bu yontemlerle modifikasyon elde

edilememistir.



Ikinci yaklasimda, pamuk kumaslarm PHMG ile daha sonra modifiye edilmek iizere
fonksiyonel hale getirilmesi i¢in farkli radyasyon ile baslatilan as1 polimerizasyonu
metotlar1 kullanilarak glisidil metakrilat (GMA) ve akrilik asit (AAc) monomerleri ile
asilama calismalar1 gerceklestirilmistir. Denemelerde kullanilan kosullarda GMA
asilama ¢aligmalarindan uygun sonug elde edilemediginden, pamuk kumasin fonksiyonel
hale getirilmesi i¢in gerceklestirilen ¢alismalara AAc monomeri ile devam edilmistir.
Pamuk kumaslar oksijen varliginda, gama radyasyon kaynagi kullanilarak, 30 kGy dozda
1sinlanmis ve daha sonra AAc monomerinin sulu ¢6zeltileri ile muamele edilmistir. AAc
asilama galismalari, %20, %30 ve %40 (v/v) derisimde AAc sulu ¢ozeltileri ile, 65 °C

sicaklikta ve 3 saat reaksiyon siiresinde gerceklestirilmistir.

Antibakteriyel etkinlige sahip pamuk kumaslar, AAc ile asilanarak fonksiyonel hale
getirilen pamuk kumaslarin yapisinda bulunan karboksil gruplar1i ve PHMG polimerinin
sahip oldugu amino fonksiyonel gruplari araciligi ile amid baglari tizerinden kimyasal bir
reaksiyon ile hazirlanmistir. Oncelikle AAc asili pamuk kumaslardaki karboksil gruplari
DMTMM reaktif ajan1 kullanilarak aktiflestirilmis, daha sonra kumaslarin oda
sicakliginda, yaklasik 18 saat reaksiyon siiresi boyunca, %10 (w/v) PHMG sulu ¢ozeltisi
ile bir araya getirilmesi sonucunda PHMG polimeri modifiye edilmis pamuk kumaslar

elde edilmistir.

Yapilan ¢aligmalar sonucunda, optimum asilama kosullar1 %30 (v/v) AAc sulu ¢ozeltisi
derisimi, 65 °C reaksiyon sicakligi ve 3 saat reaksiyon siiresi olarak belirlenmistir. Bu
kosullarda hazirlanan kumaslar i¢in ortalama asilama verimi %13,8 olarak ve PHMG ile

modifikasyon sonucunda ortalama modifikasyon verimi %19,6 olarak belirlenmistir.

Sentezlenen PHMG polimerinin kimyasal yapisi, elemental bilesimi ve molekiil agirlig
FTIR, NMR, elemental analiz ve MALDI-MS ile incelenmis, antibakteriyel 6zellikleri
ise agar kuyu diflizyon ve broth diliisyon yontemleri ile arastirilmistir. Broth diliisyon
testi sonucunda test tiiplerinden elde edilen MIK degerleri E. coli i¢in 8 mg/L, S. aureus
i¢in 4 mg/L olarak belirlenmistir. Agar plaklarindan elde edilen MIK degerleri ise E. coli

icin 64 mg/L, S. aureus i¢in 16 mg/L olarak belirlenmistir.

Antibakteriyel PHMG polimeri ile modifikasyon sonrasi pamuk kumaslarin yapisinda
olusan kovalent amid baglari FTIR spektrumunda 1633 cm® ve 1550 cm™de
gbzlemlenen pikler araciligiyla FTIR analizi ile dogrulanmistir. Modifikasyon sonrasi

yapidaki elementlerin bilesimi elemental analiz ¢aligmalari ile belirlenmistir. Hazirlanan
i



kumaslardaki fiberlerin yiizey morfolojileri SEM analizi ve antibakteriyel 6zellikleri agar
diftizyon testi ile arastirllmistir. Agar difiizyon testi sonucunda, PHMG ile modifiye

edilmis pamuk kumaslarin antibakteriyel aktivitesi dogrulanmustir.

Anahtar Kelimeler: Pamuk kumas, radyasyonla baslatilan as1 polimerizasyonu, akrilik

asit, poli(hekzametilen guanidin) hidrokloriir, antibakteriyel 6zellik.
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Within the scope of this thesis study, guanidine-based cotton fabrics with antibacterial
properties have been prepared for applications in food packaging, textiles, and the
medical field. To impart antibacterial properties to the cotton fabrics, the antibacterial
polymer poly(hexamethylene guanidine) hydrochloride (PHMG) was synthesized
through the polycondensation reaction of hexamethylenediamine and guanidine

hydrochloride monomers, and then the fabrics were modified with PHMG.

Two different approaches were studied for the antibacterial modification of cotton fabrics.
In the first approach, the direct and peroxide grafting techniques were initially performed
to graft PHMG polymer onto the cotton fabrics without using additional chemical

materials. However, these methods did not provide the desired modification.

In the second approach, grafting studies were conducted using different radiation-induced

graft polymerization methods with glycidyl methacrylate (GMA) and acrylic acid (AAc)
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monomers to functionalize the cotton fabrics for subsequent modification with PHMG.
Since convenient results were not obtained from the GMA grafting studies with the
conditions applied during trials, the studies to functionalize the cotton fabrics were
continued with AAc monomer. Cotton fabrics were irradiated at a dose of 30 kGy using
a gamma radiation source in the presence of oxygen, and then treated with aqueous
solutions of AAc monomer. AAc grafting studies were performed with AAc aqueous
solutions at concentrations of 20%, 30%, and 40% (v/v), at a reaction temperature of 65°C

and a reaction time of 3 hours.

Cotton fabrics with antibacterial activity were prepared by a chemical coupling reaction
of the carboxyl groups present in cotton fabrics grafted and functionalized with AAc and
the amino functional groups of the PHMG polymer through amide bonds. Firstly, the
carboxyl groups in the AAc-grafted cotton fabrics were activated using the DMTMM
coupling reagent. Then, the fabrics were combined with a 10% (w/v) aqueous solution of
PHMG and allowed to react at room temperature for approximately 18 hours. As a result,

cotton fabrics modified with PHMG polymer were obtained.

Based on the conducted studies, the optimum grafting conditions were determined as 30%
(v/v) concentration of AAc aqueous solution, 65°C reaction temperature, and 3 hours
reaction time. The average grafting yield for fabrics prepared under these conditions was
determined as 13.8%, while the corresponding average modification efficiency (coupling
yield) of PHMG modification was 19.6%.

The chemical structure, elemental composition, and molecular weight of the synthesized
PHMG polymer were investigated using FTIR, NMR, elemental analysis, and MALDI-
MS. The antibacterial properties were examined using agar well diffusion and broth
dilution methods. As a result of the broth dilution test, the MIC values obtained from the
test tubes were 8 mg/L for E. coli and 4 mg/L for S. aureus. On the other hand, the MIC
values determined from the agar plates were 64 mg/L for E. coli and 16 mg/L for S.

aureus.

For the final materials, PHMG-modified cotton fabrics, the presence of covalent amide
bonds in the structure upon PHMG maodification was confirmed by FTIR analysis via the
peaks observed at 1633 cm™ and 1550 cm™* on the FTIR spectrum. The elemental analysis
was carried out to obtain the final composition of elements within the cotton fabrics after

PHMG modification. The surface morphology of the fibers in the prepared fabrics was
v



observed using SEM, and the antibacterial properties were investigated using the agar
diffusion test. The antibacterial activity of the PHMG-modified cotton fabrics was

confirmed through the qualitative agar diffusion test.

Keywords: Cotton fabric, radiation-induced graft polymerization, acrylic acid,

poly(hexamethylene guanidine) hydrochloride, antibacterial property.
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1. INTRODUCTION

The control and prevention of infections caused by pathogenic microorganisms have been
more crucial in recent years, considering the ongoing harmful consequences of
coronavirus disease (COVID-19) on public health, economic conditions, and social
subjects all over the world. In general, antimicrobial drugs have been employed to
overcome such infections, yet this method is becoming less efficient due to the increasing
drug resistance by microorganisms [1]. From this point of view, developing novel
material systems with antimicrobial efficiency may facilitate the combat and mitigation

of infectious diseases.

The polymer-based material systems displaying antimicrobial properties have been an
attractive and significant research topic, especially in textile, medical, and food packaging
applications since the activity of pathogenic microorganisms leads to concerns in these
fields [2, 3]. The relevant systems can be prepared from cellulose and an antimicrobial
agent, such as poly(hexamethylene guanidine) hydrochloride (PHMG), by combining the

advantages of a natural polymer and synthetic bioactive component.

Among widely studied antimicrobial agents, cationic polymers presenting broad
antibacterial activity and low potential for resistance development appear as up-and-
coming alternatives [4, 5]. Poly(hexamethylene guanidine) hydrochloride is a polymer
with a cationic character, and excellent antimicrobial activity against various
microorganisms including bacteria (with or without antibiotic resistance), fungi, and
viruses [6, 7]. Besides its commercial use in diverse applications in medicine, food,
agriculture, and textile industry-related products [6, 8], PHMG has emerged as an
essential component of antimicrobial material systems in the literature developed from
synthetic and natural polymers. Cellulose [9, 10, 11], chitosan [12], starch [13], sodium
alginate [14] and polyurethane [7, 15], polyacrylonitrile [16], poly(vinylidene fluoride)
[17] are some of the natural and synthetic polymers studied in combination with PHMG,
respectively.

Cotton is a cellulose-derived natural plant fiber with remarkable features like
renewability, air permeability, biodegradability, and comfort due to its compatibility with

human skin [8, 18]. However, cotton presents a porous and hydrophilic structure, which

1



may provide convenient conditions for the adhesion and growth of microorganisms [18,
19]. Consequently, the proliferation of bacteria on cotton fabrics causes discomfort in the
personal use of the materials and may also lead to bacterial infections in public [8, 10,
18]. The modifications for rendering the cotton fabrics antibacterial are quite important
to eliminate these concerns and support the safe use of the materials produced from them.
In that context, combining the active polymer with cotton material to prepare the fabric

with antimicrobial properties seems to be an interesting approach.

The surface of cellulose-based materials could be modified by adding antimicrobial
agents via physical or chemical interactions [20]. The systems prepared by simply mixing
the cellulose and the agent can lead to uncontrolled leaching of the antimicrobial agent
out of the system over time due to the weak interactions between them. Therefore, the
efficiency of the systems against microorganisms and the safety of the user may decrease
in time [8, 11]. Besides, environmental problems related to the agent’s toxicity may be a
concern [20]. Thus, the development of novel material systems presenting durable

antimicrobial activity via strong interactions has great importance.

In this study, the trials to prepare antibacterial material systems composed of PHMG and
cotton fabrics for medical, textile, and food packaging areas were performed by applying
various approaches. The guanidine-containing antibacterial polymer, PHMG, was
synthesized by a polycondensation reaction in the first step. Afterward, direct grafting
(simultaneous grafting) and peroxide grafting radiation methods were studied to graft the

PHMG polymer on the cotton fabrics without additional chemical substances.

In addition, the post-effect irradiation method was carried out to functionalize the surface
of the cotton fabrics with glycidyl methacrylate (GMA) monomer by graft
polymerization. However, favorable results could not be obtained with the applied
grafting conditions, and experiments to functionalize the surface of the fabrics proceeded
on another monomer, acrylic acid (AAc). The guanidine-based antibacterial cotton fabrics
were prepared in two steps. In the first step, the surface of the cotton fabrics was
functionalized by grafting AAc monomer via the peroxide grafting radiation technique,
and this was followed by the modification of AAc-grafted cotton fabrics with PHMG by
a chemical coupling method. The proposed method distinguishes among the similar
studies offering methods for antibacterial modification of the cellulose-based materials



with PHMG via covalent interactions since it presents a simple application without
including complex steps and enables to use of a mild solvent in each step.



2. GENERAL INFORMATION

2.1. Cellulose Chemistry

Cellulose is the most abundant polymer in nature and belongs to the class of
polysaccharides. The polymer has common attractive features with other polysaccharides,
such as biodegradability, biocompatibility, and acquisition from renewable sources;
therefore, the systems that contain cellulose or its derivatives have developed for a diverse

range of applications from the field of paper to food [20].
2.1.1. Chemical Structure and Characteristics

Cellulose is a homopolymer consists of monomer units called 3-p-anhydroglucopyranose,
AGU (Figure 2.1). These units are bonded covalently via -1, 4-glycosidic bonds formed
between the C4 carbon atom of one glucose ring and the C1 carbon atom of the
neighboring one by resulting the linear polymer chains [20, 21]. The number of AGU in
a cellulose polymer chain represents the chain length that also defines as the degree of
polymerization (DP) [21, 22]. DP could change between hundreds to several tens of
thousands depending on the polymer’s source and its isolation method. The literature
includes examples of DP of the cellulose in cotton in the range of 800-10,000 based on

the source and treatment conditions [22, 23].
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Figure 2.1. The carbon atoms on the anhydroglucose unit of cellulose [21].

The three hydroxyl groups (-OH) located at C2, C3, and C6 positions on an
anhydroglucose unit are associated with the chemical reactions of cellulose (Figure 2.1)
[22]. The relative reactivity of three -OH groups is expressed as OH-Cg >»> OH-C, > OH-
Cs[21].



According to the fringed-micelle model, cellulose fibers comprise microfibrils consisting
of amorphous and crystalline regions in their structure [21, 23, 24]. The amorphous area
includes short, separate, twisted, and unorganized polymer chains, yet the longer chains
of the polymer are found aligned and packed in parallel to each other in the crystalline
parts (Figure 2.2.a) [25]. The hydroxyl groups on the polymer’s chains are connected via
hydrogen bonds, which could be formed between the neighboring glucose units of a
polymer chain (intramolecular) and between the neighboring chains (intermolecular). The
intramolecular bonds give stability to crystalline conformation by obstructing the free
rotation of the glucose rings. Besides, the intermolecular hydrogen bonds enable the
polymer chains to get closer together, creating well-organized crystalline regions in the
structure [22]. The structure of cellulose fibers is expressed as a supramolecular structure
which has a significant impact on the physical and chemical properties of the polymer

such as solubility, degradation, and reactivity [21].

Crystallinity of cellulose influences the various features of the polymer and may present
essential information for developing the approaches regarding its mechanical (tensile
strength, hardness), degradation (enzymatic hydrolysis), chemical (reactivity)
characteristics [21, 26, 27].

Cellulose is found in the polymorphic crystalline structures called Cellulose 1, 11, 111, and
IV. Cellulose | is the form occurred in nature, while Cellulose 11, 111, and IV could be

obtained by using one of the other forms via some treatments [27, 28].
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Figure 2.2. The hydrogen bond network in the crystalline region (a) [22], Structure of

cellulose microfibril (b).

The crystallinity index (CI) is a parameter that defines the relative percentage ratio of the
crystalline content in cellulose. The index could be determined by applying different
techniques such as X-ray diffraction (XRD), solid-state **C NMR, Raman spectroscopy,
and Fourier-transform infrared spectroscopy (FTIR) [28, 29]. The result may differ
depending on the measurement technique, yet the XRD method is the one that is
commonly used in a wide range of studies and is simple to interpret by enabling the
comparison of the CI of different cellulose samples. ClI value can be basically calculated
via peak height method which requires the intensity values of lattice and amorphous
regions from the XRD diffractogram [29, 30, 31]. Some studies include the crystallinity
index of different cellulose samples determined via XRD analysis by using the peak
height method. Cls were indicated as 81 % and 77% for microcrystalline cellulose [32]
and cotton cellulose [30], respectively. Furthermore, literature covers some examples
regarding CI that are used to compare and evaluate the difference within the structures
before and after physical [33], chemical [31], and mechanical [29] treatments applied for

modifying the cellulose’s structure.



The solubility tendency of cellulose could be associated with its amorphous and
crystalline nature. In the crystalline region, the packing of the chains due to the hydrogen
bond network (Figure 2.2.b) does not allow the solvent molecules to pass into or access
the cellulose fibrils leading to the insolubility of the polymer in water and commonly used
organic solvents [20, 22, 34]. However, cellulose is known as highly hydrophilic since
the amorphous parts contain space between the chains that allow the structure to absorb
large amounts of water via hydrogen bonds formed between the chains and water
molecules. As a result of the binary structure of the polymer, cellulose does not dissolve
in water but swells by absorbing the solvent [24]. In addition to the solubility, the
enzymatic hydrolysis of the polymer is affected by the accessibility of the polymer chains
[34].

Besides the drawback in the solubility, cellulose is poorly compatible with the
hydrophobic polymer matrix, has poor dimensional stability, and lacks thermoplasticity
and antibacterial properties [21, 24]. Therefore, the desired properties regarding the aimed
applications are usually imparted to the cellulose structure via physical and/or chemical

modification.
2.1.2. Sources, Derivatives, and Area of Application

Cellulose is a constituent of various plant-based renewable sources such as cotton, wood,
olive, sugarcane, and sunflower [26]. Besides its plant origin, the polymer is produced by
bacteria, and this type of cellulose is called bacterial cellulose or microbial cellulose [35].
Acetobacter xylinus, and Gluconacetobacter are prominent strains that provide bacteria-
based cellulose [21, 24, 35, 36].

The polymer has a few handicaps that restrict its utilization, like the weak solubility in
mainly used solvents. A diverse range of cellulose derivatives is used to cope with such
limitations by meeting the needs for aimed applications [21, 37]. Carboxymethyl
cellulose and cellulose acetate are the commonly studied cellulose derivatives belonging

to cellulose ethers and esters groups, respectively.

Table 2.1 displays some examples of cellulose-containing systems’ application areas
according to the types or derivatives of the polymer. The nano-forms of cellulose also
attracted attention due to their promising characteristics. The plant-based cellulose
nanocrystals and nanofibrils cellulose are known to be used as reinforcing agents for

polymers and nanocomposites to improve the mechanical properties of the systems [37].



Table 2.1. Examples of application area according to the type or derivative of cellulose.

Type/derivative of Cellulose Aimed Area of Application

Sugarcane bagasse cellulose Antimicrobial hydrogels for wound dressing [11]

Adsorbent for heavy metal ions in water [38, 39]

) Antibacterial materials for applications in surgical
e Cotton cellulose fabrics ] ] )
equipment, hospitals, hotels [18], and clothing,

medical gauze [10]

e \Wood - derived cellulose fibers Paper packaging and medical paper products [19]

Antimicrobial wound dressings [9]

e Bacterial cellulose Fabrics, and garments in textile, and additives in
food [35]

Drug delivery systems in biomedical applications,
e Carboxymethyl cellulose stabilizers or thickeners in food products, food

packaging, adsorbent in water treatment [40]

Blood filtration devices, tissue engineering scaffolds

e Cellulose acetate [21]

2.2. Cotton Fabric

Cotton is a natural plant fiber that majorly consists of cellulose. The approximate
cellulose content of the cotton fiber was indicated as around 88-96% [30], 90% [41], and
94% [42] in different studies. The remaining small portion of the fiber contains materials
including proteins, pectin, organic acids, minerals, waxes, etc. [30, 42]. Although cotton
fibers are composed of almost pure cellulose, refinement is necessary to eliminate the
non-cellulosic content of fibers [22]. Scouring enables the removal of the impurities that
may affect the processing, increases the cellulose content in the fibers, and endows a
highly hydrophilic feature [30, 42, 43].

Among all plant fibers containing cellulose, cotton fibers have the cellulose with the

highest molecular weight and structural order [41]. The cellulose chains within the cotton



are found in fringed fibril morphology (crystalline and amorphous regions together) with
a pretty ordered crystalline part at a ratio over 60% [43].

Cotton fibers present renewability, biodegradability, comfort, compatibility with human
skin, and air permeability [8, 18], which make them one of the major raw materials used
in the textile industry and in the production of medical products such as sutures, and
absorbent pads [10, 30, 43]. On the other hand, cotton's porous and hydrophilic structure
may provide convenient conditions for the adhesion and growth of the microorganisms
[19]. The proliferation of bacteria on cotton fabrics causes discomfort in the personal use
of the materials and may also lead to bacterial infections in public [8, 10, 18]. The
modifications for rendering the cotton fabrics antibacterial are quite important to
eliminate these concerns. The antibacterial property could be imparted to the cotton
fabrics via antibacterial structures such as quaternary ammonium compounds, chitosan,

metals and metal salts, and guanidine compounds [18].
2.3. Poly(hexamethylene guanidine) Hydrochloride

Poly(hexamethylene guanidine) hydrochloride (PHMG) is a guanidine-based synthetic
polymer with a cationic character, which presents a broad spectrum and efficient
antimicrobial activity against microorganisms [44]. This polymeric biocide has odorless,
colorless, non-corrosive, and highly water-soluble features [45, 46]. Its activity against
pathogenic microorganisms includes Gram-positive, Gram-negative, antibiotic-resistant
bacteria [45, 47], fungi [46], and viruses [6]. PHMG demonstrates rapid activity against
microorganisms even when it is used at low concentrations [44, 45] and reveals as a

crucial substance in combatting pathogens.
2.3.1. Chemical Structure, Characteristics, and Antimicrobial Action

PHMG is a copolymer that can be synthesized by the melt polycondensation reaction of
hexamethylenediamine and guanidine hydrochloride monomers [6, 48] and is also
expressed as an oligomer, oligo guanidine [49, 50], due to the relatively low molecular
weight of its chains (Figure 2.3).
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Figure 2.3. Reaction scheme for the synthesis of PHMG [7].

Table 2.2 displays some examples from the literature studies regarding the molecular
weight of PHMG both obtained via synthesis or commercially. The molecular weight of
guanidine oligomers is an important characteristic since it may have influence on the
antimicrobial activity of the structure [49, 50], and it differs depending on the conditions

of the synthesis reaction and the measurement technigue.

Table 2.2. Examples of molecular weight of PHMG from literature.

Source Mw / Mn Value or Range (g / mol) Ref.
Commercial Mn 210