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Abstract

Modified-chitosan coated on metallic nanoparticle have been synthesized and
characterized for the design of antimicrobial materials. Chitosan-grafted-thymol (CST)
and chitosan-grafted-chloroxylenol (CSX) were synthesized via the Mannich reaction.
The solubility of CSX was enhanced through the Michael reaction to overcome
limitations in conditions with pH greater than 6. '"H NMR confirmed the successful
substitution of thymol onto the side chain of HCS with %DSs of 10.0%. Similarly,
grafting chloroxylenol onto the side chain of HCS and LCS produced a %DSyur of 9.3%
and 15.8%, respectively. Moreover, grafting acrylic acid onto side chain of HCSX and
LCSX produced a %DSp, of 45.0 and 33.0, respectively. The appropriate concentration
of CST for AuNP synthesis was found to be 0.020% w/v. A red-wine colloidal AuNP
solution with a particle size ranging from 2.41-3.30 nM was exhibited a strong surface
plasmon resonance at 520 nm, displaying negative charges at pH = 9 of -36.37 mV. For
AgNP synthesis, the appropriate concentration of HCECSX and LCECSX was found to
be 0.005 % w/v. HCECSX-AgNP and LCECSX-AgNP vyielded clear-yellow colloidal
solutions with particle size of 0.80-14.40 nM, showing strong surface plasmon
resonance at 400 and 411 nm, respectively, with negative charges at pH 9 of -26.70
and -20.97 mV, respectively. These results evidenced that the AgNPs and AuNPs
showed electrostatic repulsion, with modified-CS acting as a capping agent to ensure

good dispersion and stability. The average minimum inhibitory concentration values



(MIC) of CST-AuNPs against S. mutans ATCC 25175 and S. sobrinus ATCC 33402 were
found to be 25 and 100 mg/L, respectively. In case of CECSX-AgNPs, the MIC of HCECSX-
AgNPs against S. aureus (ATCC25923), and A. baumanii (ATCC19606) were found to be
25 and 3.125 mg/L, whereas the MIC of LCECSX-AgNPs against E. coli (ATCC25922), S.
aureus (ATCC25923), and A. baumanii (ATCC19606) were found to be 25, 12.5 and 1.56
mg/L, respectively. Remarkably, CECSX-AgNPs coated surgical sutures materials
exhibited the highest bacterial reduction of 99.99 %. These findings underscore the
efficacy of the modified-CSs as a high-performance stabilizing agent for AuNPs and
AgNPs  production, modified-CS coated on nanoparticles providing outstanding

antibacterial activity and can be applied to antimicrobial materials.

Keywords: Antimicrobial suture, Chitosan, Gold Nanoparticle, Metallic Nanoparticle,

Modified Chitosan, Nanoparticle mouthwash, Silver nanoparticle
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Chapter 1

Introduction

1.1 Research Motivation

The major problem of inflammation and infections in the human body,
including the oral cavity, is primarily caused by bacteria [1]. Oral infections, including
cavities, gingivitis, and periodontal disease, are the most common oral infections
caused by the bacteria Streptococcus mutans (S. mutans) and Streptococcus sobrinus
(S. sobrinus), one of the principal cariogenic dental biofilm inhabitants that feed on
sugary, sticky foods, and beverages. Bacteria found in surgical site infections can vary
depending on the type of surgery and the specific circumstances of the patient.
However, some common bacteria that may be present in surgical sites include
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). Additionally,
Acinetobacter baumannii (A. baumannii) is notable for its ability to survive on
environmental surfaces for extended periods and its tendency to cause infections in
hospitalized patients.

To prevent the infection, a variety of antibacterial agents are used. Three
different types of clinically used and most frequently studied antiplaque agents in oral
cavity are sodium fluoride, ampicillin, and chlorhexidine. However, some inherent
issues of these antiplaque agents could not be avoided such as brown staining of the
teeth and tongue, an unpleasant taste, enhanced supragingival calculus formation, and
rarely painful desquamations of the oral mucosa. In terms of surgical-site infection,
suture functionalization with antibacterial agents is regarded as an alternate control
strategy that counteracts cross—contamination and microbial proliferation. A variety of
antibacterial agents are used in suture functionalization, including triclosan [2],
chlorohexidine [3], and iodine [4]. Despite their effectiveness, these antimicrobial
medications may induce allergies, skin irritation, and staining of surrounding tissues or
clothing, particularly with iodine-containing solutions.

In recent years, metallic nanoparticles [5] have shown great potential for use
in the fields of chemistry, physics, biology, and medicine. Currently, gold and silver

nanoparticles (AuNPs and AgNPs) have been developed as metal nanoparticles that



can be used for a wide range of applications in the medical and pharmaceutical
industries, especially in antimicrobial application. The development of AuNPs and
AgNPs conjugated with various biomolecules, including antibiotics medicines, genes,
peptides, and other targeted ligands in order to enhance the antibacterial abilities,
have been proposed as an antimicrobial agent to prevent the infections and
inflammation of human body. Nanoparticles conjugated with small molecules as
stabilizing agents are more effective at inhibiting growth of microorganisms than
isolated nanoparticles and molecules [5].

Chitosan (CS) is one of the most desirable biomolecules to use as stabilizing
agents in AgNPs and AuNPs synthesis due to its antimicrobial properties against a wide
range of target organisms [6-11] with excellent properties, e.g., biocompatibility,
biodegradability, and nontoxicity. CS contains amino and hydroxyl groups, which allow
for electrostatic interactions with negatively charged nanoparticles, effectively
preventing aggregation, and this active group gives CS flexibility in structural
improvements. Many chemical modifications at the amino group were chosen to
improve the antimicrobial properties by increasing the potential of electrostatic charge
binding to the surface of microorganism. The introducing of active molecules such as,
catechol , N-halamine [12], and phenolic acid [13] bring chitosan a better antibacterial
activity and expand its application as well with various microorganism. Moreover, in
some cases, it can also be improved solubility at the same time enhancing
antimicrobial activity both in acidic and alkaline conditions. Nowadays, there are
several reports in the literature about modification of CS using Mannich reaction [14-
16]. Derivatives of CS along with various chemical functionalities make them applied
for various applications such as pharmaceutical, medicinal, environmental, drug
delivery, and biotechnology applications. Among the antimicrobial chemicals, phenolic
compounds with free ortho position were chosen to be modified with CS.
Formaldehyde can be attached to the aromatic ring as a carbonyl group via
electrophilic aromatic substitution at the ortho position. Thymol and chloroxylenol
with activated hydroxyl group are the potential candidates as precursor for CS
derivative with antimicrobial application.

Thymol, a major phenolic component of thyme essential oil, is a natural
substance that can inhibit the growth of microorganisms. As reported in many studies

[17], the use of natural antibacterial agents provides a potential way to inhibit a wide



range of microorganisms without compromising consumer health. The World Health
Organization has pointed out that thymol does no harm to consumers. Thymol has
promising characteristics for treatment of root caries and oral therapy [18]. It has been
reported that thymol was effective for the control of Staphylococcus aureus,
Staphylococcus epidermidis, Pseudomonas aeruginosa, Shigella sonnei, Shigella
flexneri and oral pathogens.

Chloroxylenol, a high efficiency antimicrobial phenolic compound, is
an antiseptic and disinfectant which is used in personal care products, and together
with alcohol for cleaning surgical instruments. It is also used within a number of
household disinfectants and wound cleaners. Chloroxylenol has significantly increased
the consumption of antibacterial products worldwide due to coronavirus disease 2019
(COVID-19) pandemic [19]. It has been reported that chloroxylenol is effective for
control of gram-positive bacteria.

Accordingly, this thesis focuses on the development of a new antimicrobial
agent by incorporating AuNPs or AgNPs with CS derivatives. The strong antimicrobial
effect of the CS-modified AgNPs can be enhanced by altering the surface charges of
AuNPs and AgNPs to achieve stronger attractive force. The study divided into 2 parts:
Part 1: The objective of this part is to be focused on antimicrobial AuNPs for oral
application. Firstly, thymol was covalently bonded to the CS backbone yielding
chitosan-grafted thymol (CST). The incorporation of thymol as hydrophobic active
functional groups onto the CS backbone represents a strategic enhancement to the
antimicrobial activity of the materials. Subsequently, a novel CST antimicrobial
compound was utilized as a stabilizer in the synthesis of AuNPs, resulting in a highly
stable colloidal CST-AuNPs solution [20]. This solution was developed to control
bacterial growth in oral applications. These modifications bring chitosan a better
antibacterial activity and expand its application as well with S. mutans ATCC 25175
and S. sobrinus ATCC 33402. Part 2: Chloroxylenol as hydrophobic active functional
groups was incorporated with CS backbone yielding chitosan-grafted chloroxylenol
(CSX). Secondly, hydrophilic acrylic acid was introduced to CSX to obtain carboxyethyl
chitosan-grafted chloroxylenol (CECSX). The modification of acrylic acid brings CSX
better water solubility affecting the higher antibacterial activity under neutral and basic
conditions (pH 7-12) against pathogenic bacteria. Additionally, a novel CECSX

antimicrobial compound was employed as a stabilizer in the synthesis of AgNPs,



producing a highly stable CECSX-AgNPs colloidal solution [21]. This solution was

applied on surgical suture surfaces by Layer-by-Layer method. The resulting CECSX-

AgNPs coated surgical suture surfaces demonstrated outstanding antimicrobial

properties against E. coli (ATCC25922), S. aureus (ATCC25923), and A. baumanii

(ATCC19606), thereby highlighting the potential of this innovative approach to advance

the field of medical materials and infection control.

1.2 New chitosan-grafted thymol coated on gold nanoparticles for

control of cariogenic in the oral cavity (CST-AuNPs)

Objectives

1)

2)

3)

4)

To develop antimicrobial AuNPs for controlling cariogenic bacterial in oral
application.

To modify CS backbone with thymol as hydrophobic region, resulting in
chitosan-grafted thymol (CST) via Mannich reaction to enhance the
antimicrobial activity of the CS.

To optimize concentration of CST to produce highly stable colloidal CST-
AuNPs solution by chemical reduction method.

To study antimicrobial properties of the CS, CST, and CST-AuNPs with oral

bacteria e.q., S. mutans and S. sobrinus.

Scopes of study

1)

2)

3)

4)

5)

Develop antimicrobial AuNPs for controlling cariogenic bacterial in oral
applications.

Synthesize CST via Mannich reaction and characterize it to confirm the
covalent bonding of thymol to the CS backbone.

Synthesize CST-AuNPs by chemical reduction method and characterize them
to determine the optimal ratio of CST in the AuNPs synthesis.

Study factors affecting the stability of nanoparticles such as pH, ionic
strength, and time.

Study the antimicrobial activity of CS, CST and CST-AuNPs against oral

bacteria, including S. mutans and S. sobrinus.



1.3 Antimicrobial nanolayer films of chloroxylenol-carboxyethylchitosan

-modified silver nanoparticles for enhanced surgical suture performance

(CECSX-AgNPs)

Objectives

1)

5)

To develop AgNP antimicrobial coatings for suture materials e.g., cotton,
polyamide and polypropylene.

To modify CS backbone with chloroxylenol and acrylic acid, resulting in
carboxyethyl  chitosan-grafted-chloroxylenol ~ (CECSX) to  improve
antimicrobial properties in both acidic and alkaline conditions.

To optimize concentration of CECSX to produce highly stable colloidal
CECSX-AgNPs solution by chemical reduction method.

To study the fabrication of nanoparticles onto suture materials by layer-by-
layer deposition method.

To study antimicrobial properties of the CS, CSX, CECSX, CECSX-AgNPs and
CECSX-AgNPs coated on suture materials against £. coli (ATCC25922), S.
aureus (ATCC25923), and A. baumanii (ATCC19606).

Scopes of Study

1)

Develop AgNP antimicrobial coatings for suture materials e.g., cotton,
polyamide and polypropylene.

Synthesize and characterize CSX and CECSX, and study their solubility
properties in various pH conditions.

Synthesize CECSX-AgNPs by chemical reduction and characterize them to
determine the optimal ratio of CECSX in the AgNPs synthesis.

Study the fabrication and the factors affecting the coating of AgNPs onto
suture materials using the Layer-by-Layer deposition method.

Study the antimicrobial activity of CS, CECSX, and CECSX-AgNPs using
microdilution methods and investigate the bacterial reduction of AgNP
coatings on various suture materials by time-kill-study methods against E.

coli (ATCC 25922), S. aureus (ATCC 25923), and A. baumannii (ATCC 19606).



Chapter 2

Theory and Literature Reviews

2.1 Metallic Nanoparticles

2.1.1 Methods of metallic nanoparticle preparation

The preparation metallic nanoparticles involve a multitude of techniques,
broadly categorized into two approaches: bottom-up and top-down, as illustrated in
Figure 2.1. These approaches primarily differ in terms of the initial materials used for
nanoparticle preparation. In the top-down methods, nanoparticles are generated from
bulk materials, which are systematically reduced to nanoparticle sizes through a
combination of physical, chemical, and mechanical processes. For the example in this
method include mechanical milling, laser ablation and sputtering.

Mechanical milling [22] is a top-down approach used to prepare metallic
nanoparticles by subjecting bulk metallic materials to high-energy ball mills or attritor
mills. In this method, the precursor material, typically a ductile metal such as iron,
aluminum, copper, or alloy, is loaded into the milling chamber along with milling balls
made of hard materials such as steel or tungsten carbide. As the milling chamber
rotates, the milling balls impact the precursor material, causing deformation, fracture,
and ultimately particle size reduction.

Laserablation is a method used to prepare metallic nanoparticles by irradiating
a bulk metallic target with a high-energy laser beam in a liquid medium. The laser
beam vaporizes the surface of the target, generating a plasma plume containing metal
atoms and ions. Rapid cooling of the plasma in the surrounding liquid leads to the
nucleation and growth of metallic nanoparticles.

lon sputtering is a method utilized for the preparation of metallic nanoparticles
by bombarding a solid metallic target with high-energy ions in a vacuum environment.
During the sputtering process, energetic ions impinge on the surface of the target
material, causing atoms to be ejected from the surface. These ejected atoms form a
flux of metal atoms in the surrounding environment, which then condense and

aggregate to form metallic nanoparticles on a substrate placed nearby.



Conversely, the bottom-up methods commence with atoms or molecules as the
foundational materials, which are then assembled or synthesized to form
nanoparticles [23]. For the example in this method include solid state methods, liquid
state synthesis methods, gas phase methods and green synthesis method. The
chemical reduction method was widely chosen for the preparation metallic
nanoparticles because it is the simplest method which can create metallic
nanoparticles of various sizes and forms by changing the ingredients and

concentrations with high yield in synthesis and ease of application.
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Figure 2.1 Diagrammatic representation of top-down and bottom-up approaches for

synthesis of metal NPs [24].
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Figure 2.2 Top-down methods and bottom-up methods of nanoparticle preparation.

2.1.2 Chemical reduction synthesis

The principle of chemical reduction method is that Au®* is reduced to Au® by
receiving electrons from a reducing agent. In this method, nanoparticle size can be
controlled by changing the ingredients and concentration. Ascorbic acid, sodium
citrate, sodium borohydride, and other substances are common reducing agents. Some
reducing agents can also act as stabilizers. Numerous studies on metal nanoparticles
have focused on their functionalization using diverse stabilizing agents such as proteins,
drugs, genes, peptides, or biomolecules [25]. This functionalization aims to enhance
their colloidal stability, biocompatibility, safety, and overall effectiveness. When metal
nanoparticles are conjugated with antibiotics or drugs, they demonstrate enhanced
antibacterial or antiviral activities compared to the standalone antibiotics or drugs [26]

Occasionally, stabilizing agents are also combined with the reducing agents to
enhance the process. Agglomeration of the nanoparticles can be efficiently prevented
by stabilizers and surfactants. Additionally, surfactants can also control their growth.

The most typical chemical reduction methods are sodium citrate reduction and the



Brust-Schiffrin method. The preparation of AuNPs with various chemical reduction

methods is shown in Figure 2.3.
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Figure 2.3 Preparation of gold nanoparticles (AuNPs). (a) The seed growth method. (b)

biological extract synthesis. (c) the sodium citrate reduction method. (d) the Brust-

Schiffrin method.

- Chemical reduction method (Chitosan-Medliated Synthesis)

Huang et. al. [27] prepared AuNPs by using only medium molecular weight CS
(400,000 ¢/mol) or low molecular weight CS (5400 g/mol). In this research, CS
functioned as both a reducing and stabilizing agent. A solution of HAUCl, (1 mL, 1 mM)
was combined with a diluted CS solution (3 mL). This mixture was then heated to 70°C
and magnetically stirred for a duration of 2 hr. The results indicated that the molecular
weight and concentration of CS had an impact on the form and size distribution of

gold nanoparticles.
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Figure 2.4 TEM images of gold nanoparticles prepared by 0.05% (A) and 0.25% (B)
medium molecular weight CS and 0.05% (C) and 0.25% (D) lower molecular weight CS
[27].

- The seed growth method

The seed growth method can also be formulated in a number of geometries
and shape such as rods. This method is based on the fundamental principle which
involves first synthesizing seed particles by reducing sold salts. This reaction is done in
the presence of reducing agents like NaBHg4. The next step involves the transferring of
the seed particles to a metal salt and a weak reducing agent like ascorbic acid which
prevents further nucleation and speeds up the synthesis of AuNPs of rod shape. Shape
and geometry of g¢old nanoparticles depends on the concentration of reducing agents
and seeds.

Emam et. al. [28] used Arabic gsum as a biosynthetic agent to produce Ag-Au
bimetallic nanoscale composite particles using seed-mediated growth techniques, as
shown in Figure 2.5. Acacia gum can be used as both a reducing agent for metal ions
in producing nanoscale structuresand as a crystal growth modifier for nanocomposites.
Silver nitrate, gold chloride and sodium hydroxide are added to the prepared Arabic
gum with stirring at room temperature or 70 °C. The order of addition of the alkali and
metal salts, the concentration of the glue and the reaction temperature all affect the
particle size generated. Increasing the reaction temperature reduces the average size
of the bimetallic particles from 6.5 to 3.1 nm. Adding alkali after the metal salt

increases the size of Ag-Au composite particles from 3.1 to 12.7 nm.
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Figure 2.5 The seed growth method [28].

- Biological extract synthesis

Biological extract synthesis involves the use of biological organisms or
biomolecules. The biological extract is obtained through a series of treatments such
as washing, water bath heating and paper filtration. Reducing substances such as
vitamins, sugars and hydroxyl groups are extracted in this way from grapefruit skins and
used as reducing agents and stabilizers [29]. This method is eco-friendly and offers

biocompatible nanoparticles for various biomedical applications.

- The sodium citrate reduction method

The sodium citrate reduction method, also known as the Turkevich method,
involves the reduction of metal salts by a reducing agent, typically sodium citrate,
under controlled conditions to form nanoparticles. Citrate ions in the solution serve as
both reducing and stabilizing agents. Sodium citrate reduction is the most convenient
and the most commonly used in chemical reduction methods. It can generate
spherical gold particles between 10 and 50 nm in diameter.

Franconetti et. al. synthesized AuNPs capped with citrate by modifying the
traditional Turkevich method. In their procedure, an aqueous solution of HAUCl, (97mL,
0.01%) was heated to 90 “C. Subsequently, sodium citrate (3 mL, 38.8 mM) was added
to the heated solution, and the mixture was further heated for 10 minutes. The

resulting synthesized nanoparticles exhibited a particle size of 15 + 2 nm.
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Figure 2.6 Synthesis and characterization of AuNPs-CS: (a) schematic representation of
synthesized NP; (b) Histogram of the size distribution of the colloidal system and (c)
TEM image used for measuring the average size [AUNPs-CS] =3.1x107% M.

- The Brust-Schiffrin method

The Brust-Schiffrin method utilizes strong reducing agents such as phosphines
or amines to rapidly reduce metal salts and form nanoparticles. Lisands attached to
the metal surface play a crucial role in stabilizing the nanoparticles and controlling
their size and shape.

The Brust-Schiffrin method [30], also dubbed the two-phase method, involves
dissolving chloroauric acid solution and p-mercaptophenol in methanol. Acetic acid is
employed to stop p-mercaptophenol from being protonated. Tetraoctylamlmonium
bromide functions as a phase transfer agent that assists transfer HAuCly from the
aqueous phase into the organic phase. The solution rapidly turns brown in the
presence of dodecyl mercaptan upon the addition of sodium borohydride, a strong
reducing agent, signifying the creation of gold clusters. The ratio of gold to dodecyl
mercaptan affects the size of the particles. As a surfactant, dodecyl mercaptan is
amphiphilic, which allows it to adsorb onto the surface of the particles. This surfactant-
coated nanoparticle provides long durations of stability in both a liquid and solid form.
Although the procedure shown in Figure 2.3 (d) produces small and highly stable
AuNPs, the disadvantage is its complexity.
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2.1.3 Stabilization of Metallic Nanoparticles

A stabilizing agent plays a crucial role in maintaining repulsive forces in
nanoparticle solutions, effectively countering Van der Waals forces to prevent
nanoparticle agglomeration. In the chemical synthesis of AuNPs, compounds such as
sodium borohydride, sodium hydride, sodium citrate, or ascorbic acid can serve dual
functions as both capping and stabilizing agents. The stability of nanoparticles can be
accomplished during the biological synthesis of AuNPs, however, by utilizing the
biomaterial, which is rich in antioxidant characteristics. In the synthesis and stabilization
processes, the biomass contains a wide range of reactive chemicals. Gold nanoparticles
(AUNPs) are highly stable, largely due to their high surface charge which helps prevent
them from agglomeration. This stability is indicated by their high zeta potential values.
Research has shown that substances like proteins, nicotinamide adenine dinucleotide,
terpenoids, and phenolic compounds can act as stabilizers and capping agents in the
biological creation of AuNPs. Additionally, the size and shape of these nanoparticles
can be manipulated by adjusting factors such as the temperature, pH, and the
concentration of gold salt used in the reaction. The process of stabilizing metallic
nanoparticles, including AuNPs, is comprehensively described by the Derjaguin Landau
Verwey Overbeek (DLVO) theory.

The DLVO theory posits that the stability of colloidal systems depends on the
balance between attractive van der Waals forces and repulsive electrostatic forces. In
nanoparticle solutions, stabilizing agents play a crucial role in maintaining repulsive
electrostatic forces, effectively countering the attractive van der Waals forces that
promote nanoparticle agglomeration.

Three types of stabilization of NPs employing various capping agents can be
distinguished: steric stabilization, electrostatic stabilization, and unification of steric and

electrostatic stability [31].
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Figure 2.7 (a) Electrostatic stabilization of metallic nanoparticles. (b) Steric stabilization

of metallic nanoparticles[31].

2.1.3.1 Electrostatic Stabilization

lonic groups in the liquid dispersion medium can adhere to the surface
of a colloidal nanoparticle, creating a charged layer around it. As a result, equal
numbers of ions with opposing charges will surround the colloidal
nanoparticles, creating double layers that are overall electro-neutral. As a
result, double layers that are electro-neutral overall will be formed by an equal
number of ions with opposing charges surrounding the colloidal nanoparticles.
As shown in Figure 2.7 (a) this stabilization process is based on the formation
of an electric double layer around the nanoparticles, involving both repulsive
and attractive forces. This balance is influenced by various ionic compounds
present in the solution. The aggregation of nanoparticles in a liquid is prevented
by the electrostatic repulsion force between them. Electrostatic stabilization is
controlled by the regulation of several significant factors, including pH,

concentration, and temperature.
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2.1.3.2 Steric Stabilization

Steric stabilization is a crucial method used in nanoparticle synthesis to
prevent the uncontrolled aggregation or coalescence of metal nanoparticles.
This stabilization technique utilizes molecules with bulky, long, and flexible
chains, such as surfactants, polymers, or biomolecules, which adsorb onto the
surface of nanoparticles during their formation. These molecules create a
physical barrier or protective coating around the nanoparticles, hindering their
movement and preventing them from coming into close contact with each
other as shown in Figure 2.7 (b).

The functional groups present in these stabilizing molecules, such as
hydroxyl groups (-OH) in surfactants or polymer chains, play a key role in
providing steric hindrance. When nanoparticles are synthesized in the presence
of these stabilizers, the molecules adsorb onto the nanoparticle surface via
non-covalent interactions, such as hydrogen bonding or van der Waals forces.
The long and flexible chains of the stabilizer molecules extend outward into
the surrounding solution, forming a dense layer around each nanoparticle.

This protective coating effectively shields the nanoparticles from
interacting with each other by creating repulsive forces and steric hindrance.
The nanoparticles become "sterically stabilized," meaning they are unable to
approach each other due to the presence of the surrounding macromolecules.
As a result, the nanoparticles remain well-dispersed and isolated from each

other in the solution, preventing aggregation and maintaining their stability.

2.1.3.3 Unification of steric and electrostatic stability

Although electrostatic stabilization is easier to maintain in colloidal
media, there are certain limitations to it. Firstly, electrostatic stabilization
cannot be achieved in electrolyte sensitive media. Additionally, due to strong
forces of interactions between oppositely charged ions it is impossible to
separate agglomerated particles. Moreover, it cannot be applied to multiple
phase systems as different solids establish distinct surface charge and surface
potential. As compared to the electrostatic stabilization, which is a kinetic

stabilization method, steric stabilization is a thermodynamic stabilization
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method; therefore, particles can be redispersed. It is also not sensitive to
electrolytes and can be applied to multiple phase systems.

Unified stabilization combines both steric and electrostatic mechanisms
offers a comprehensive and versatile approach to nanoparticle stabilization,
addressing the limitations of individual stabilization methods while providing
enhanced stability, redispersion capability, and applicability across diverse

environmental conditions.

2.1.4 Antimicrobial Mechanism of Metallic Nanoparticles [32, 33]

Metallic nanoparticles can produce by various modification methods. The
different methods were affecting the antibacterial properties of metallic nanoparticles
The antimicrobial mechanisms of metallic nanoparticles are also unclear [33]. For
example, The antimicrobial action of AgNPs is linked to four main mechanisms: (i)
attraction to bacterial surface, (i) destabilization of bacterial cell wall and membrane
with change in its permeability, (i) induction of toxicity and oxidative stress by
generation of ROS and free radicals, and (iv) modulation of signal transduction

pathways
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Figure 2.8 Schematic representation of AgNPs mechanism of antibacterial activity [32].
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Adhesion of AgNPs onto the surface of bacteria is described by many authors
as the first step of a complex mechanism of bacterial inhibition. AgNPs adhesion is
highly influenced by their size, but also by their zeta potential. Depending on the
method for their synthesis, AeNPs may have a positive, neutral, or negative surface
charge.

Abbaszadegan et al [34]. demonstrated that by varying the surface charge of
nanoparticles, a marked fluctuation of the antibacterial activity occurs. Since bacterial
surface shows a slightly negative charge, positively charged AgNPs are strongly attracted
to the surface of the bacteria, resulting in increased antibacterial activity. On the other
hand, neutral or negatively charged nanoparticles have a significantly decreased
antibacterial effect. However, an increase in the concentration of AgNPs allows the
attenuation of electrostatic repulsion through a bacterial surface saturation method.

Upon adhesion to the bacterial surface, AgNPs engage with cells through two
distinct mechanisms. Smaller AgNPs directly penetrate the cell, while larger ones
remain outside the bacteria. Regardless of size, AeNPs continually release silver ions
(Ag*). These ions interact with cell membrane structures, leading to membrane
potential destabilization and proton leakage. Consequently, bacterial cell wall
destabilization significantly enhances permeability, facilitating the entry of larger AgNPs
into the cell. After entering the cell, both silver nanoparticles (AgNPs) and silver ions
(Ag") interact with various structures and biomolecules such as proteins, lipids, and
DNA, leading to cellular dysfunction. AgNPs are well known by their high capacity to
produce reactive oxygen species (ROS) and free radicals as hydrogen peroxide (H,0,),
superoxide anion (O,), and hydroxyl radical (OH).

While reactive oxygen species (ROS) naturally arise in bacteria during cellular
respiration, bacteria typically possess defense mechanisms to mitigate their harmful
effects. These defense mechanisms include antioxidant enzymes like glutathione
(GSH), superoxide dismutase, and catalase, which function to neutralize ROS and
eliminate these toxic species.

High concentrations of Ag" released by AgNPs produce extreme levels of
oxidative stress (Figure 2.8). Even though antioxidant enzymes remove some of the
released ions, these are not enough to neutralize the AgNPs amount. These ions
interact with respiratory chain proteins on the cell membrane, deactivating enzymes

because they strongly bind to phosphates, thiols, and carboxyl groups. Their
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attachment to phosphate groups prevents protein phosphorylation, a crucial step in
activating enzymes, ultimately leading to the inhibition of bacterial growth.

Tyrosine residue dephosphorylation within proteins has been associated with
the disturbance of exopolysaccharide and capsular polysaccharide biosynthesis and
transport to the membrane, leading to cell cycle disruption. Furthermore, A¢* can
intercalate DNA strands forming complexes with nucleic acids between the purine and

pyrimidine base pairs, disrupting H-bonds between them.

2.2 Chitosan

2.2.1 Structure

CS is a natural polymer derived from deacetylation reaction of chitin. Its
structure has one amino group and two hydroxyl groups in the repeating glycosidic
residue. Each unit is linked by (1—4)-B-glycosidic bonds, which is similar to cellulose.
However, the hydroxyl sroup at C, is replaced by acetylamino or amino group,
providing  units so  called  N-acetyl-2-amino-2-deoxy-D-glucopyranose  (N-
acetylglucosamine, D-GlcNAC) and 2-amino-2-deoxy-D-glucopyranose (Glucosamine, D-
GlcN). The structure of chitin and CS is depicted in Figure 2.9. The degree of
deacetylation (DD) of CS, giving indication of the number of amino groups along the
chains, is calculated as the ratio of glucosamine unit to N-acetylelucosamine unit. To

be named as CS, the degree of deacetylation has to over than 0.65 [35].
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Figure 2.9 Primary structure of (a) chitin, and (b) chitosan [35].
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2.2.2 Synthesis

As discussed above, CS can be derived by deacetylation reaction of chitin.
Chitin is a natural polymer obtained from crustacean shells (especially from shrimp,
squid, shell, and crab) and cell walls of fungi. To begin with, crustacean shell or fungi
was demineralized to remove CaCOs; by treating with HCL After that, it was
deproteinized by treating with NaOH. The resulting product was deacetylated using
40% NaOH at 120 °C for 1-3 h to obtain deacetylated CS. The simplified flowsheet for

CS preparation demonstrated in Figure 2.10
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Figure 2.10 Synthesis of chitin/chitosan.
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2.2.3 Properties of chitosan

Solubility: CS is soluble in dilute acidic solution below pH 6.0. In acidic
solution, amines in CS get protonated and turn to positive charge which can dissolve
in water in form of water-soluble cationic polyelectrolyte (Figure 2.11). The quaternary
nitrogen salt is obtained by dissolving CS in acetic, formic, lactic, hydrochloric, nitric
acid solutions. 1% w/v acetic acid (pH=4) is the most popular solvent for dissolving CS.
However, CS can be depolymerized when using concentrated acetic acid solutions as
solvents at high temperature. When pH increases above 6, amine groups in CS are
deprotonated and CS loses its charges and becomes insoluble. The soluble-insoluble
transition takes place at its pK, value around pH between 6 and 6.5. In fact, the
solubility of CS is very hard to control owing to many parameters affecting its solubility
such as degree of deacetylation, ionic concentration, pH, nature of acid used for
protonation, distribution of acetyl eroup along the chain, and conditions of isolation

and drying of the CS.
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Figure 2.11 Structure of chitin, chitosan and the protonated form of chitosan [36].

Antimicrobial properties: CS has been extensively studied as an antimicrobial
material targeting a wide range of organisms such as algae, bacteria, yeasts, and fungi
in various forms including solutions, films, and composites. Generally, CS is considered
to be either bactericidal (killing live bacteria or a portion thereof) or bacteriostatic
(inhibiting bacterial growth without necessarily killing them). While the precise

mechanism underlying the antibacterial activity of CS remains incompletely



21

understood, several mechanisms have been proposed. These antimicrobial
mechanisms of CS are illustrated in Figure 2.12, and four models have been suggested

to explain its antibacterial mechanism.

Model 1 depends on the electrostatic interaction between protonated NH;"
groups and negative residues. This interaction is thought to compete with Ca?" for
electronegative sites on the membrane surface, resulting in two main effects: (i)
Inducing changes in membrane wall permeability, leading to internal osmotic
imbalances that inhibit the growth of microorganisms. (i) Hydrolyzing the
peptidoglycans in the microorganism wall, causing leakage of intracellular electrolytes
such as potassium ions and other low molecular weight proteinaceous constituents

(e.g., proteins, nucleic acids, glucose, and lactate dehydrogenase).

Model 2 depends on the forming of polymer membrane by CS on the surface
of the bacteria, which prevents nutrients from entering the cell. In this mechanism, CS
is not necessary attached to the surface and independently of the bacteria type.
Adjustments on pH can be decisive for a good solubility and keep the chains apart

from each other.

Model 3 involves the binding of CS with microbial DNA, resulting in the
inhibition of MRNA and protein synthesis. This occurs through the penetration of CS
into the nuclei of microorganisms. It is hypothesized that CS molecules can traverse
the bacterial cell wall, composed of multilayers of cross-linked murein, to reach the

plasma membrane.

Model 4 involves the chelation of metals, suppression of spore elements, and
binding to essential nutrients required for microbial growth. CS exhibits excellent
metal-binding capacities, with the amine groups in CS molecules responsible for the
uptake of metal cations through chelation. This mechanism is particularly efficient at
high pH levels, where positive ions are bound to CS, as the amine groups are
unprotonated, allowing the electron pair on the amine nitrogen to be available for

donation to metal ions.
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Figure 2.12 Various antimicrobial mechanisms of chitosan [37].

Generally, the mechanisms of inhibitory activity differ of CS depends on many
factors include molecular weight [38], deacetylation, pH and the concentration of

active compounds connected to CS and bacteria type [39] .

- Molecular weight and Deacetylation: Several studies have shown
that the biological activity of CS depends significantly on its molecular weight (MW)
and degree of deacetylation (DD). Both parameters independently affect the
antimicrobial activity of CS, although it has been suggested that the influence of MW
on the antimicrobial activity is greater than the influence of DD. The mobility, attraction
and ionic interaction of smaller chains are easier than those of larger ones, facilitating
the adoption of an extended conformation and effective binding to the membrane
surface. Similarly, but to a varying degree, CS antimicrobial effectiveness improves with
higher DD. Solubility and charge depend on DD, where the —NH,, -OH groups in the CS
molecule are considered as the dominant reactive sites. As the DD increases, the
number of free amino groups in CS also increases, resulting in higher antimicrobial

activity [11].
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- pH of media solution: The antimicrobial efficacy of CS s
predominantly observed at pH levels below 6, limiting its applicability and bioactivity
studies under neutral and physiological conditions. To address this constraint, CS has
been chemically modified to produce derivatives with enhanced activity and better
aqueous solubility. Among the most prevalent functional groups found in antimicrobial
CS derivatives are quaternary ammoniumyl, guanidinyl, carboxyalkyl, hydroxyalkyl,
thiol-containing groups, and hydrophobic groups like long alkyl chains, substituted
phenyl, and benzyl rings [36].

- Bacteria type: The mechanisms of the antimicrobial activity of CS are
different between gram-positive and negative bacteria. Since CS can adsorb the
electronegative substance in the cell and flocculate them, the dominant mechanism
of gram-negative bacterial depends on low MW CS as model 1, it disturbs the
physiological activities of the bacteria and kills them. But for gram-positive bacteria,
the dominant mechanism depends on High MW CS as model 2. The cell membrane
of S. aureus was weakened or ruptured, whereas the cytoplasm of E. coli appeared to
be concentrated and the intercellular spaces were noticeably enlarged. Furthermore,
the antimicrobial mechanism of CS may vary from that of other polysaccharides due

to the presence of positive charges on its surface [38].

2.2.4 Modification of Chitosan

In general, CS contains three primary functional groups: C,—NH,, C3—~OH, and C¢—
OH (Fig. 2.13). While modifications at the C,-NH, or C,-OH sites are relatively
straightforward, altering CS at the C5-OH position can be challenging due to significant
steric hindrance. Among these functional groups, amino groups are commonly targeted
for chemical modifications, primarily owing to the favorable reactivity of the C,-amino
group, which facilitates grafting reactions. Although amino groups exhibit greater
reactivity towards nucleophilic reactions compared to hydroxyl groups, both functional
groups readily react with electrophilic reagents such as halogenated alkanes, acyl
chlorides, and acids, albeit non-selectively. The antimicrobial derivatives of CS typically
incorporate  functional groups such as quaternary ammoniumyl, guanidinyl,
carboxyalkyl, hydroxyalkyl, thiol-containing groups, and hydrophobic moieties like long
alkyl chains, substituted phenyl, and benzyl rings [7, 36, 40].
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Figure 2.13 Chemical structure and possible reaction sites of chitosan.

Chemical modification reaction
1) Mannich Reaction [41]

The Mannich reaction is an organic reaction which consists of an amino
alkylation of an acidic ~ proton placed next to a carbonyl functional
group by formaldehyde and a primary or secondary amine or ammonia. The final
product is a B—amino—carbonyl compound also known as a Mannich base. Reactions
between aldimines and Q-methylene carbonyls are also considered Mannich reactions
because these imines form between amines and aldehydes. The reaction is named

after chemist Carl Mannich.

R H R R R I-|| F|<
N—H'* ~C=0"+ HC — N
/ / - H-,O / |

R H R O R HR O

Figure 2.14 Mannich Reaction (Alkylation).

The Mannich reaction involves the nucleophilic addition of an amine to a
carbonyl group, forming a Schiff base through dehydration. This Schiff base then reacts
in an electrophilic addition with a compound containing an acidic proton, typically an
enol. It is categorized as a condensation reaction.

In this reaction, primary or secondary amines, or ammonia, activate

formaldehyde. Tertiary amines cannot form the intermediate enamine due to the lack

of an N-H proton. Nucleophiles include Q-CH-acidic compounds such as carbonyl
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compounds, nitriles, acetylenes, aliphatic nitro compounds, Q-alkyl-pyridines, or
imines. Activated phenyl groups and electron-rich heterocycles like furan, pyrrole, and
thiophene can also be used. Indole is notably reactive, yielding gramine derivatives.
The Mannich reaction combines features of mixed-Aldol reaction, alcohol dehydration,
and conjugate addition of an amine (Michael reaction), all occurring simultaneously.

Double Mannich reactions are common and widely used.

Rl
/
H—N
H H N, HO H R?! HO, H R!
HH+ ® / R o -HY /
0 —= HO =S NY ——= :N
~ / \ "\
H H H  H R? H R?
@
—H50 K RY H R
+H Q /. H0 @
L"N\ N / \
H R2 H R

Figure 2.1 5 The mechanism of the Mannich reaction. (Starts with the formation of an

iminium ion from the amine and the formaldehyde).

\ S b
ias 14 -HT 4
H H H H H

Figure 2.16 The mechanism of the Mannich reaction. (The compound with the

carbonyl functional group can tautomerize to the enol form)

https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Supplemental_Modules_(Organic_Chemistry)/Reactions/Organic_Reactions/Mannich_Reaction

®
OH H H Q H
R3 R3 N/ R3
I
H H R* R2 4

Figure 2.1 7 The mechanism of the Mannich reaction. (The enol form attacks the

iminium ion).
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2) Michael addition [42]

The Michael reaction, also known as Michael addition, involves the nucleophilic
addition of a carbanion or another nucleophile to an Q, B—unsaturated carbonyl
compound with an electron-withdrawing group. It belongs to the category of conjugate
additions and is widely utilized for the gentle formation of C-C bonds. Numerous

asymmetric versions of the reaction have been developed.

RII
N v _B o
RI
Figure 2.18 Michael addition reaction.

In this scheme, the R and R' groups on the nucleophile (the Michael donor)
typically denote electron-withdrawing entities like acyl and cyano groups. These
groups render the adjacent methylene hydrogen acidic enough to generate a carbanion
upon reaction with the base, B:. The R" substituent on the activated alkene, known as
a Michael acceptor, is commonly a ketone, thereby classifying the compound as an

enone. However, it can also be a nitro group or a sulfonyl methyl fluoride.

2.3 Thymol

2.3.1 Properties of Thymol

Thymol (2-isopropyl-5-methylphenol, IPMP) is a monoterpene phenol, also
known as "hydroxy cymene". Thymol is extracted from Thymus vulgaris (common
thyme). Thymol is a natural antibacterial agent that can inhibit the growth of
microorganisms. The World Health Organization has pointed out that thymol in food
has no harm to consumers. It can be safely used in the food industry to control post-
harvest crop rot. The physical properties of thymol are white crystalline substances
with low water solubility. It can only be slightly soluble in water at neutral pH, but it
is extremely soluble in alcohols and organic solvents. In addition, it is also soluble in

strongly alkaline aqueous solutions due to deprotonation of the phenol. Thymol has


https://en.wikipedia.org/wiki/File:Michael_Reaction_general.svg
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a pleasant aromatic odor but low palatability; it has an unpleasant taste with a strong

flavor [17, 18, 43].

CHs

(a)

Figure 2.19 (a) Structure of Thymol, (b) Thymus vulgaris (commmon thyme) [44].

2.3.2 Antimicrobial properties of Thymol

Thymol is also known that it is the antimicrobial and antiseptic agent. It is often
the active ingredient in disinfectant or antiseptic products such as mouthwash
(Listerine). Thymol can inhibit a variety of microorganisms to prevent food rotten and
control food quality during storage. The most common use of thymol is in food and
oral applications. It has been reported that thymol was effective for the control both
the gram-positive and gram-negative bacteria, e.g., Staphylococcus aureus,
Staphylococcus epidermidis, Streptococcus mutans, Escherichia coli, Pseudomonas
aeruginosa, Shigella sonnei, Shigella flexneri.

The antibacterial activity of thymol against gram-positive bacteria;
Streptococcus mutans (MTCC 890), Staphylococcus aureus (MTCC 96) and gram-
negative bacteria; Escherichia coli using the disk diffusion method and microbroth
dilution methods. The results showed that the most weakened microorganism is
Staphylococcus aureus with a zone of inhibition of 25 mm and a MIC value of 62.5
ppm, followed by Streptococcus mutans with a zone of inhibition of 17 mm and a MIC
value of 125 ppm. Thymol displayed a lower activity against Escherichia coli with
inhibition of 13 mm and MIC value of 250 ppm [45]. The mean of zone of inhibition
and the MICs values showed that thymol is more active against gram-positive bacteria

than gram-negative bacteria. Therefore, thymol is suitable for use in oral application
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due to the most important etiological agents of dental plaque and dental caries being

gram-positive bacteria, e.g., Streptococcus mutans and Streptococcus sobrinus [17, 46].

2.4 Chloroxylenol (para chloro meta xylenol, PCMX)

2.4.1 Properties of Chloroxylenol

Chloroxylenol, commonly known as para-chloro-meta-xylenol (PCMX), is an
antiseptic and disinfectant that is used to disinfect skin and surgical instruments when
combined with alcohol. The most prevalent products that contain chloroxylenol e.g.,
antibacterial soaps in health care facilities and restaurants, antiseptics and
disinfectants, cosmetics, and topical (externally applied) pharmaceuticals. The physical
properties of chloroxylenol are milky white crystalline substances with low water
solubility. It can be soluble in alcohols and organic solvents; it may be used mixed

with water or alcohol.

OH

Cl
Figure 2.20 Structure of chloroxylenol.

2.4.2 Antimicrobial properties of Chloroxylenol

Chloroxylenol is most effective against gram-positive more than gram-negative
bacteria. It works by disruption of the cell wall and stopping the function of enzymes.
Chloroxylenol is the active ingredient in Dettol. It comprises 4.8% of Dettol's
total admixture, with the rest made up by pine oil, isopropanol, castor oil, soap
and water.

The antibacterial activity of chloroxylenol report by Johnson et al. (2002) , The
MICs and MBCs of chloroxylenol against Escherichia coli (NCTC 10418) were found to
be 200 and 400 mg/L, respectively. The MICs and MBCs of chloroxylenol against and
Staphylococcus aureus (SA8) were found to be 75 and 400 mg/L, respectively.
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2.5 Related Literature Reviews
Modified chitosan

Chalitangkoon et al [14] modified a novel polymeric dye by grafting
phenolphthalein (PHP) onto side chains of CS by one-pot Mannich reaction. PHP was
successfully grafted to the CS backbone, confirmed by UV-vis, FT-IR, and *H NMR
techniques. PHP covalently grafted onto CS displayed a pink color under normal
circumstances without dye leaking or color fading after a few weeks. Moreover, after
heating, the derivatives dissolved in LiOH/urea systems could exhibit a darker pink
color. According to the findings, novel CS derivatives with dual pH/thermal dependent
coloring properties may be created as pH/thermal responsive biomaterial in a wide

range of applications.

Savetsakulanont et al [15] fabricated polysaccharide-based hydrogels on water-
soluble CS with dual imine crosslinks (CECS, CECS-g-PHP, and OSA) and host-guest
interactions (CECS-g-PHP and ,B—CD—HDA). The Mannich reaction was used to synthesize
the = water-soluble  guest  polymer = CECS-g-PHP, which complexed with
hexamethylenediamine modified-cyclodextrin (ﬂ -CD-HDA), as the host molecule. FT-
IR and 'H NMR were used to confirm the chemical structure after modification. The
hydrogels show significantly shorter gelation times and higher compressive stresses,
compared with the single-crosslinked hydrogels. Thus, these dual-crosslinked
hydrogels, which respond to pH and other stimuli, are promising designs for new

multifunctional biomaterials.

o0
‘\\\\\//L\

60°C, 48 h

OH,

y

CECS: R=Rj,or R,

PHP,

60°C,24 h

CECS-g-PHP; R = Ry, R;, or Ry

Figure 2.21 Synthesis of CECS-g-PHP [15].
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Stabilized metallic nanoparticle with chitosan

Huang et al [47] prepared AuNPs by reducing HAuCl, with a CS, in the
absence/presence of tripolyphosphate (TPP). CS acted as a reducing/stabilizing agent.
The AuNPs obtained from the reaction exhibited differences in shape and size
distribution when the molecular weight and concentration of chitosan were changed.
The obtained AuNPs were characterized with UV-vis spectroscopy and transmission
electron microscopy. More interestingly, the gelation of chitosan upon contacting with
polyanion (TPP) can also affect the shape and size distribution of gold nanoparticles.
By adding TPP to chitosan solution before the reduction of gold salt, gold nanoparticles

have a bimodal size distribution, and at the same time, polygonal gold particles were

obtained in addition to spherical gold nanoparticles as shown in Figure 2.22.

Figure 2.22 TEM images and the histograms of particle size distribution of gold
nanoparticles prepared in the presence of various amount of 0.1% TPP: (a, d) 0 uL, (b,

e) 500 uL, and (c, f) 1000 L.

Huang et al [27] prepared various metal-chitosan nanocomposites including
silver (Ag), gold (Au), platinum (Pt), and palladium (Pd) in aqueous solutions. Metal

nanoparticles were formed by reduction of corresponding metal salts with NaBH, in
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the presence of high molecular weight of CS (400,000 Da, %DD=100). CS adsorbing
onto the surface of as-prepared metal nanoparticles formed the corresponding metal-
chitosan nanocomposites. TEM images of gold and platinum nanoparticles distributed
in Au- and Pt-chitosan nanocomposites was shown in Figure 2.23. Comparison of all
the resulting particles size, it shows that silver nanoparticles are much larger than
others (Au, Pt and Pd). In addition, the difference in particles size leads to develop
different morphologies in the films cast from prepared metal-chitosan
nanocomposites. Polarized optical microscopy (POM) images show a batonet-like
structure for Ag—chitosan nanocomposites film, while for the films cast from other

metal (Au, Pt, and Pd)—chitosan nanocomposites show branched-like structures with a

few differences among them were observed, as shown in Figure 2.24.

y 2 I S = NSRS AL D 7 :‘m g =
Figure 2.24 POM graphs of the films cast from Ag(a)- Pt(b)- Pd(c)- and A

nanocomposite prepared with 20mM AgNO,;, H,PtCls, Na,PdCl;, and HAuUCl,

u(d)-chitosan
respectively.

Laghrib et al [48] prepared silver nanoparticles in the presence of CS via

chemical reduction of AgNO; in the presented of sodium borohydride at room
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temperature. The average size of AgNPs was found at 50 nm, confirmed by X-Ray
diffraction analysis. CS stabilized AgNPs on the carbon paste electrode (CS-SNPs/CPE)
were used as an electrochemically active material for the determination of p-
nitroaniline (p-NA) in neutral medium by differential pulse voltammetry. The
electrochemical analysis revealed that the CS-SNPs/CPE exhibits strong electroanalytic

activity that can be used in sensor development and related applications.

Layer by layer deposition method

Layer-by-layer (LbL) deposition is a method for creating thin films by
sequentially adsorbing oppositely charged species onto a substrate. This process
involves alternating immersion of the substrate in solutions containing positively and
negatively charged materials, leading to the formation of a multilayered structure
through electrostatic interactions. Each layer adheres to the previous one due to the
attraction between opposite charges. Various polyelectrolytes can be used depending
on the specific requirements of the application. Some commonly used
polyelectrolytes include polycationic species such as Poly(allylamine hydrochloride)
(PAH) and Poly(diallyldimethylammonium chloride) (PDADMAC), as well as polyanionic
like Poly(sodium 4-styrenesulfonate) (PSS) and Poly(acrylic acid) (PAA). In the case of
nanoparticle layer film assembly, the negatively charged NP solution and positively
charged PDADMAC were utilized to form a film through electrostatic interactions.
Parameters involved in this method, such as solution concentration, pH, and

immersion time, were studied to enhance the nanofilm's adhesion ability.

Detsri et al [49] prepared the composite thin films of silver nanoparticles and
polyaniline by the Layer-by-Layer (LbL) deposition technique. Anionic polyelectrolyte
was prepared by chemical reduction of silver ion using water soluble polyaniline as
the stabilizing agent to form anionic AgNPs/polyaniline composite solution. From TEM
images, the particle size was found to be less than 20 nm, as shown in figure 2.25 (a).
The negatively AgNPs anionic /polyaniline composite solution and positively charged
cationic poly(diallyldimethylammonium chloride), (PDADMAC) were utilized to created
multilayer thin films using the self-assembled production through electrostatic
interactions. The films were shown a striking color due to the nanoparticles adsorption

(Fig. 2.25 (b)). The lowest polyaniline-CoPSS capping concentration (0.005 %w/v) was
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produced a film that appeared shiny due to the close packing of AgNPs which made
the NPs contact one another. This is probably the result of low electrostatic charge
and low electrostatic repulsion between particles. This lower electrostatic repulsion
between particles has provided higher packing of the particles. On the other hand,
when the polyaniline-CoPSS capping concentration is increased (0.1 %w/v and 0.8
%w/v) the films appear orange-red color which matches the optical properties of
individual silver nanoparticles in solution. The nanoparticles posses a vivid orange color
as a result of the surface plasmon resonance, (SPR) of the conduction electron, their
assembly also led to the formation of an orange-colored film. Finally, these films are
design to use as optical sensor for the ammonia detection. The silver
nanoparticles/polyaniline-CoPSS composite thin films was found to display the strong
color changes from orange-red to yellow upon adjunction of ammonia concentration,

as shown in Figure 2.26.
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Figure 2.25 (a) TEM images of silver nanoparticles at various concentration of
polyaniline-CoPSS stabilizing agent A-0.005, B-0.1, C-0.8 %w/v, (b) the absorbance value

of silver nanoparticles as the different polyaniline-CoPSS stabilizing concentration.
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Figure 2.26 UV-visible spectrum of silver nanoparticles/polyaniline-CoPSS/PDADMAC
multilayer films exposed to various concentration of ammonia (0, 10, 100, 200, 300,

400,500, 600, 700 and 800 mM).

Antimicrobial textile and suture material

Yunping et al [50] prepared antibacterial cotton fabrics with silver nanoparticles.
The average particle size of silver nanoparticles is 2.3 nm with the minimal inhibitory
concentration of 7.8 mg/ml. In the synthesis process, sodium citrate acted as a
stabilizer to prevent Ag NP agglomeration, while citric acid (CA) served as a binder to
fix Ag NPs on the cotton fibers through chemical bonding, as shown in Figure 2.27. The
agar diffusion plate and shaking flask methods were used to evaluate the antibacterial
capabilities of hybrid textiles. It is discovered that the cotton fabrics coated with Ag NP
have outstanding antibacterial properties against  both the Gram-positive
Staphylococcus aureus and the Gram-negative Escherichia coli. The percentages of
bacterial reduction remained at 91.8% and 98.7% for S. aureus and E. coli, respectively.

The antibiotic performance of the fabrics was also durable after 50 cycles of

laundering.
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of CA Ag NPs curing )
A i I
= cotton fabrics = citric acid e = AgNPs . = aggregates of Ag NPs

Figure 2.27 Schematic for fabrication of Ag- CA cotton fabrics and the supposed linkage
mode between AgNPs and fabrics through CA.
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T. Dubas et al [51] prepared antimicrobial textile from nylon and silk by the
layer-by-layer deposition method. A colored thin film with antibacterial properties was
prepared by sequentially dipping nylon or silk fibers in diluted solutions of poly (diallyl
dimethylammonium chloride) (PDADMAC) and silver nanoparticles with poly
(methacrylic acid) (PMA). Scanning electron microscopy studies confirmed morphology
of silver nanoparticle that coating on the fibers by the layer-by-layer method. 20
PDADMAC/PMAcapAg layers were applied to the fibers. The percentages of bacterial
reduction remain at 80% for silk fiber and 50% for nylon fiber. The fibers coated with
nanoparticles have antibacterial activity, which makes them valuable for other

applications, including water sanitation and antimicrobial fabrics.

Augustine et al [52] synthesis AgNPs stabilized with tri-sodium citrate, with an
average particle size of 20 nm. The AgNPs exhibited excellent antimicrobial properties,
with MIC values of 10.0 pg/mL against E. coli (ATCC 12228) and 12.5 pg/mL against S.
aureus (ATCC6538-P). Furthermore, the nanoparticles were immobilized on surgical gut
sutures using alginate as a crosslinking agent. The controlled release of the
nanoparticles checked in vitro in Simulated Body Fluid. The successful release of silver
nanoparticles under physiological PH depicts the applicability of this novel suture in

surgery for the prevention of surgical wound infection and to enhance wound healing.



Chapter 3

Research Methodology

In this research, the operation method is divided into 2 sections:

1) New chitosan-grafted thymol coated on gold nanoparticles for control of
cariogenic bacteria in the oral cavity.

2) Antimicrobial nanolayer films of carboxyethyl chitosan—grafted—

chloroxylenol modified silver nanoparticles for enhanced surgical suture performance.

Each section consists of 3 experimental steps: Step 1: Synthesis of modified
chitosan (Chitosan-grafted thymol and carboxyethyl chitosan—grafted-chloroxylenol)
through @ mannich reaction and Michael reaction. Step 2: Synthesis of metallic
nanoparticle using chemical reduction method. Modified chitosan and sodium
borohydride (NaBH,) were used as the stabilizing and reducing agent, respectively. Step
3: Antimicrobial activity of chitosan-grafted thymol and carboxyethyl chitosan—grafted-
chloroxylenol coated metallic nanoparticles were investigated against E. coli

(ATCC25922), S. aureus (ATCC25923), and A. baumanii (ATCC19606).

3.1 Equipment

1. Glass wares 6. Filter paper

2. Hot plate and thermostat 7. Buchner funnel and suction flask

3. Magnetic stirrer 8. Vacuum pump filter system

4. pH meter 9. Analytical Four digit weighing balance

5. Micro pipette

3.2 Instrument

Instrument Model Brand
UV-vis spectrophotometer UV-1800 Shimadzu
Attenuated total reflectance — FTIR IRTracer-100 Shimadzu

Nuclear magnetic resonance spectroscopy; JNM-ECZS JEOL

NMR
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Instrument Model Brand
Elemental analysis Thermo Thermo Scientific
FLASH 2000

Zeta potential analysis SZ-100 Horiba
Transmission Electron Microscope (TEM) JEM-2010 JEOL

X-ray diffractometer (XRD) Smartlab SE RIGAKU

pH Meter FEP20 Mettler Toledo
3.3 Chemicals

Chemicals Chemical Company

Formula

High molecular weight chitosan, %DD = 85, (C4Hi;NOg4),  Eland Co., Ltd.
Mw = 320,000 Da

Low molecular weight chitosan, %DD = 85, (C¢HiiNOg),,  Sigma-Aldrich
Mw = 50,000 Da

Thymol CioH140 Sigma-Aldrich
Chloroxylenol CgHyCLO Sigma-Aldrich
Acrylic acid C3H.0, Acros Organics
Gold (Ill) chloride trihydrate HAUCL,3H,O  Sigma-Aldrich
Silver nitrate AegNO5 Sigma-Aldrich
Sodium borohydride NaBH,4 Sigma-Aldrich
Formaldehyde 37% w/w CH,O Carlo Erba
Dimethylformamide HCON(CH3),  Carlo Erba
Ethanol C,HsOH Carlo Erba
Hydrochloric acid CioH140 Carlo Erba
Sodium hydroxide NaOH Carlo Erba
Deionized water H,O Milli-Q ultrapure water

3.4 New chitosan-grafted thymol coated on gold nanoparticles for control of

cariogenic bacteria in the oral cavity.

3.4.1 Synthesis and characterization of CST (Chitosan-grafted-Thymol).

HCS (1g) was dissolved in 100 mL 1% w/v acetic acid solution. Thymol with

various concentrations in 50 ml DMF was slowly dropped to the CS solution with
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vigorously stirring. The assigned amount of formaldehyde was then slowly dropped

into the CS-thymol solution according to mole ratio in Table 3.1. The mixture was

stired at 60 °C for 24 h. After that, 0.5M NaOH solution was added into the mixture

to precipitation. The mixture was then filtered and the precipitate was washed with

ethanol and distilled water, and dried at 60 °C to obtain CST product.

The structural characterizations of CST (Chitosan-grafted-Thymol) were
determined by three characterization methods. The UV-vis spectra were obtained by
scanning the wavelength from 200 to 800 nm by a BlueStar B spectrophotometer (Lab
Tech, China). The 'H-NMR spectra were determined by a JNM-ECZ-500R/S1
spectrometer (JEOL, Japan) at 500 MHz. D,O/CF;COOH was used to dissolve CST. The
percentages of carbon, hydrogen, nitrogen of CS and its derivatives were determined
using a FLASH 2000 elemental analyzer (Thermo Fisher Scientific, USA). The degree of
substitution (%DS) determination of CST was calculated using data from 'H NMR and

EA.

Thymol, HCHO

H,0, CH;COOH., DMF
60 °C. 24 Ir

CST;R=R;orR,

Remark :R=R,;: —H or R=R,: 7 - < .

Figure 3.1 Schematic Illustration of the synthesis of CST.

Table 3.1 Mole ratio of Chitosan : Formaldehyde : Thymol

Mole ratio of Chitosan Formaldehyde
Thymol ()
HCS : Formaldehyde : Thymol (9) (e)
1.0:05:0.5 1 0.2147 0.3966
1.0:05:1.0 1 0.2147 0.7932
1.0:05:2.0 1 0.2147 1.5864
1.0:1.0:1.0 1 0.4293 0.7932

1.0:1.0:2.0 1 0.4293 1.5864
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3.4.2 Synthesis of Gold Nanoparticles (AuNPs)

Deionized water (DI), 50 mmolar tetrachloroaurate trinydrate and 1% CST were
pipetted at the assigned volume as shown in Table 3.2. The mixture was stirred for 3
minutes, before 2 ml sodium borohydride was rapidly added without stopping stirring
causing color of the solution change from yellow-orange to red-wine. The mixture was
further stirred for 10 min, and subsequently stored at room temperature for 24 h.
Various ratios of the substances according to Table 3.2 were also repeated following
the above procedure. The obtained solutions are called gold nanoparticle solutions

(CST-AuNPs).

Table 3.2 Mole ratio of Gold (lll) chloride trihydrate : CST : Sodium borohydride.

Gold (lll) chloride trihydrate : 10 mM 0.1% w/v NaBHg4 DI Water
CST : Sodium borohydride HAUCl,*3H,0  CST (ml) (mU) (mU)
(mM) (ml)
1.0:0.005: 10 1 O 2 6.5
1.0 : 0.006 : 10 1 0.6 2 6.4
1.0:0.008 : 10 1 0.8 2 6.2
1.0:0.010: 10 1 1.0 2 6.0
1.0 :0.020 : 10 1 2.0 2 5.0
1.0:0.030: 10 1 3.0 % 4.0
1.0:0.040: 10 1 4.0 2 3.0
1.0:0.050 : 10 1 5.0 2 2.0

The absorption characteristics of gold nanoparticle solution were studied by
ultraviolet-visible spectroscopy. The stability of CST-AuNPs was studied by Zeta
potential. The size and particle morphology were studied by TEM. The crystallinity
structure of the NPs was studied by XRD.

3.4.3 The stability of CST-AuNPs
1) Effect of pH: The solution of gold nanoparticles from section 3.4.2 at
the appropriate condition (decided by colloidal stability and particle size) was placed
into 5 beakers. The pH (measured by pH meter) of the solution in each beaker was

then adjusted to 3, 5, 7, 9 and 11 by adding appropriate amount of 1M hydrochloric
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acid or 1M sodium hydroxide solutions. The solutions were kept at room temperature

for 24 h before analyzed by a UV-visible spectrophotometer and a zeta sizer.

2) Effect of ionic strength: The colloidal of gold nanoparticles from
section 3.4.2 was chosen. Three types of salts as interference, including the mono-
valent (NaCl), di-valent (Na,SO,) and tri-valent (NasPO,) at 100, 50, 20, 10 and 1 mM
were put into the gold nanoparticles colloidal. The observation of sedimentation was
followed up for 7 days and the amount of sedimentation was relatively compared

using UV-vis spectroscopy.

3) Effect of time: The colloidal of gold nanoparticles was followed up
to observe sedimentation for 180 days and the amount of sedimentation was

compared using UV-vis spectroscopy.

3.4.4 Antimicrobial assay: The antimicrobial activity of CS, CST and CST-AuNPs
against S. mutans ATCC 25175 and S. sobrinus ATCC 33402 was evaluated by agar well
diffusion method and macro—-dilution method.

1) Agar well diffusion assay: The 10* CFU/mL inoculum was swapped onto
Mueller-Hinton agar plates; afterward, well with the size of 5 mm was cut in the agar
plate. Each well was aseptically filled up with 20 pL of CS, CST or CST-AuNPs as
assigned. The plates were incubated at 37 °C for 24 h. 4% tween 80 was introduced as
controls. The diameter of the inhibition zone around each well was measured and

expressed in the mean diameter of the inhibition zone in millimeters (n = 3).

2) Minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) assay: MIC and MBC values were determined by broth macro-
dilution assay. Colonies of the same morphological type were selected and transferred
to 0.85% w/v sterile saline. To achieve the turbidity of a 0.5 McFarland standard
inoculum was diluted with Brain Heart Infusion broth (BHI) 1:200 (approximately 5 x
10° CFU/mL). Each stock CS, CST or CST-AuNPs was dissolved with 4% w/v tween 80
with the final concentration ranging from 0.40-200 mg/L. Then, 50 pL adjusted S.
mutans or S. sobrinus was added into each tube. After that the samples were

incubated overnight at 37 °C for 24 h. MICs and MBCs were evaluated by no visible
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growth of bacteria and lowest concentration of an antimicrobial agent that kills 99.9%

of the initial bacterial population method, respectively.

3.5 Antimicrobial nanolayer films of carboxyethyl chitosan—grafted-
chloroxylenol modified silver nanoparticles for enhanced surgical suture

performance.

3.5.1 Synthesis and characterization of HCSX (High Mw Chitosan-g-
Chloroxylenol) and LCSX (Low Mw Chitosan-g-Chloroxylenol)

A solution of high Mw CS or Low Mw CS (1g) was prepared by dissolving it in
100 mL 1% w/v acetic acid solution. Chloroxylenol, dissolved in 50 ml DMF, was then
slowly dropped to the vigorously stirred CS solution. The assigned amount of

formaldehyde was subsequently added dropwise into the CS-Chloroxylenol solution

according to the mole ratio in Table 3.3. The resulting mixture was stirred at 60 °C for
24 h. After that, 0.5M NaOH solution was added into the mixture during time the

precipitation was occurred. The precipitate was then filtered and washed with ethanol

and distilled water. The precipitate was later dried at 60°C to obtain the CSX product.

OH OH

PCMX. HCHO
o 4 — 4] 9
HO “H,C s
H. H,0. C Hé(‘OOH .DMIF HO o
60 °C, 24 hr y
R
OH CSX;R=R;orR;

Remark : R=R;: —H or R=R,: —

c1

Figure 3.2 Schematic Illustration of the synthesis of CSX.
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Table 3.3 Mole ratio of Chitosan : Formaldehyde : Chloroxylenol

Mole ratio of
Formaldehyde | Chloroxylenol
CS : Formaldehyde: HCS () LCS (9)

Chloroxylenol ® o
1.0:05:1.0 1 0.2147 0.8269
1.0:05:20 1 0.2147 1.6538
1.0:1.0:1.0 1 0.4293 0.8269
1.0:1.0:20 1 0.4293 1.6538
1.0:1.0:4.0 1 0.4293 3.3076
1.0:10:1.0 1 0.4293 0.8269
1.0:1.0:20 1 0.4293 1.6538
1.0:1.0:4.0 1 0.4293 3.3076

The structural characterizations of CSX were determined by nuclear magnetic
resonance (*H-NMR), elemental analysis (EA) and UV-vis spectroscopy techniques. The
UV-vis spectra were scanned from 200 to 800 nm by a BlueStar B spectrophotometer
(Lab Tech, China). The 'H-NMR spectra were determined by a JNM-ECZ-500R/S1
spectrometer (JEOL, Japan) at 500 MHz. D,O/CF;COOH was used to dissolve CSX. The
degree of substitution (%DS) determination of CSX was calculated using data from H

NMR and EA.

3.5.2 Synthesis of HCECSX (High Mw Carboxyethylchitosan-grafted-
Chloroxylenol) ~and LCECSX (Low Mw  Carboxyethylchitosan-grafted-
Chloroxylenol)

To improve the water-soluble properties of modified-CS, acrylic acid was
introduced onto amino group of the modified-CS backbone. Firstly, the selected CSX
(1 ¢) was dispersed in 100 mL distilled water. Acrylic acid was then added according to
the mole ratio in Table 3.4. After adding acrylic acid, the temperature was raised to 60
°C for 48 h. The reaction was stopped by adding 10% w/v NaOH to adjust the pH to a
range of 10-12. The resulting solution was then dialyzed against distilled water for a

period of 3 days to purify it. The purified yield was then subjected to lyophilization.
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OH
Acrylic acid

60 °C. 48 hr

CSX:R=R, orR, CECSX:R=R; R, orR;

Remark :R=R;: —H or R=R,: N | or R=Rs: ~ //\\H/,OH

Figure 3.3 Schematic Illustration of the synthesis of CECSX.

Table 3.4 Mole ratio of CSX : Acrylic acid

Mole ratio of

HCSX () LCSX (g) Acrylic acid (g)
(H or L) CSX : Acrylic acid
1.0:1.0 1 - 0.70
1.0:2.0 1 > 1.40
1.0:3.0 1 - 2.10
1.0:1.0 X 1 0.69
1.0: 2.0 - 1 1.38
1.0:3.0 # 1 2.07

The  structural characterizations of CECSX were determined by nuclear
magnetic resonance (*H NMR) and elemental analysis (EA). The degree of substitution

(%DS) determination of CECSX was calculated using data from 'H NMR and EA.

3.5.3 Synthesis of Silver Nanoparticles (AgNPs)

Deionized water (DI), 10 mM silver nitrate and 0.1% CECSX were pipetted at the
assigned volume as shown in Table 3.5. The mixture was stirred for 3 minutes and
subsequently 20 ml sodium borohydride was rapidly added without stopping stirring
leading to the change of the solution color from clear to dark yellow. The mixture was
further stirred for 10 min and subsequently stored at room temperature for 24 h.
Various ratios of the substances according to Table 3.5 were also repeated following
the above procedure. The obtained solutions are called silver nanoparticle solutions

(CECSX-AgNPs).



aaq

Table 3.5 Mole ratio of Silver nitrate : CECSX : Sodium borohydride (100 ml)

Silver nitrate : CECSX : 10 mM 0.1% w/v  0.1% w/v
Sodium borohydride AgNO, HCECSX LCECSX

NaBH, DI Water
(ml) (ml)

(mM) (ml) (ml) (ml)
1.0:0.001: 10 10 1 - 20 69
1.0:0.002 : 10 10 2 - 20 68
1.0:0.003: 10 10 3 - 20 67
1.0: 0.005 : 10 10 5 - 20 65
1.0:0.010: 10 10 10 - 20 60
1.0:0.020 : 10 10 20 5 20 50
1.0:0.030 : 10 10 30 - 20 40
1.0:0.001 : 10 10 - 1 20 69
1.0 : 0.002 : 10 10 - 2 20 68
1.0 : 0.003 : 10 10 € 3 20 67
1.0 : 0.005 : 10 10 - 5 20 65
1.0:0.010: 10 10 - 10 20 60
1.0:0.020: 10 10 s 20 20 50
1.0:0.030: 10 10 ¥ 30 20 40

The absorption characteristics of silver nanoparticle solution were studied by
ultraviolet-visible spectroscopy. The stability of HCECSX-AgNPs and LCECSX-AgNPs was
studied by Zeta potential. The size and particle morphology were studied by TEM. The
crystallinity structure of the NPs was studied by XRD.

3.5.4 Fabrication of Nanoparticle film on substrate

The various substates including woven and nonwoven textiles were used as
substrate for nanoparticles coating. The glass slide was used to represent the surface
used in the Layer-by-Layer deposition technique. PDAD/PSS were used to modified

glass slide’s surface (hydrophobic surface) before being immersed in the NPs solution.

1) Preparation of PDDA/PSS Films: The glass substrate was washed
with dishwashing liquid and then ultra-sonicated, first in EtOH followed by DI water.

The cleaned substrate was then blown to dry with hot air.
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Poly(diallydimethylammonium chloride) (PDADMAC)/ Poly (sodium 4-styrenesulfonate)
(PSS) multilayers were assembled on cleaned glass slide. PDADMAC/PSS films were
assembled by repeatedly sequential dipping of the substrate in
PDADMAC(10mM)/NaCl(1M) and PSS(10mM)/NaCl(IM) agueous solutions for 5 min
each with water rinsing in between each deposition step until five layers were obtained

to gain positively charged film on the slide glass (Primer).

2) Preparation of AgNPs films on glass substrate: Glass slide with five
layers of PDADMAC/PSS film were immersed in various concentration of HCECSX-AgNPs
and LCECSX-AgNPs solutions for 24 hr. After that, the adhesion ability of the AgNPs film

was evaluated by intensity of UV-vis spectroscopy.

- Study on the effect of salt in AgNPs solution on film adhesion:
Glass slides with five layers of PDADMAC/PSS film were immersed in
HCECSX-AgNPs = and  LCECSX-AgNPs  solutions with  various
concentrations of NaCl, i.e. 5, 10, 25, 50 mM. After 24 hr, the
adhesion ability of the AgNPs film was evaluated by intensity of UV-
Vis spectroscopy.

- Study on the effect of pH on film adhesion: Glass slides with five
layers of PDADMAC/PSS film were immersed in HCECSX-AgNPs and
LCECSX-AgNPs solutions after adjust pH to 5, 7 and 9. The adhesion
ability of the AgNPs film was evaluated by intensity of UV-Vis
spectroscopy.

- Study on the effect of time on film adhesion: Glass slides with
five layers of PDADMAC/PSS film were immersed in HCECSX-AgNPs
and LCECSX-AgNPs solutions with an appropriate concentration of
NaCl. The adhesion ability of the AgNPs film was evaluated by
intensity of UV-vis spectroscopy at 1, 3, 5, 10,15, 20, 30, 40, 50, 60,
90 and 120 minutes.

- Study on the number of layer: Glass slides with five layers of
PDADMAC/PSS film were alternatively immersed in HCECSX-AgNPs
or LCECSX-AgNPs solutions with optimized time in the previous

section and 5 min of PDADMAC solution to obtain the number of
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layers 1, 3,5, 7,9 and 11. The film’s adhesion was measured by the

intensity of UV-vis spectroscopy.

3) Preparation of AgNPs on substrate
The optical conditions determined from the previous experiments were
employed to coat various surgical suture materials including cotton, polyamide,

and polypropylene following the abovementioned procedure.

3.5.5 Antimicrobial assay

Agar well diffusion assay: The 10% CFU/mL inoculum was swapped onto
Mueller-Hinton agar plates; afterward, well with the size of 5 mm was cut in the agar
plate. Each well was aseptically filled up with 20 pL of CS, HCECSX, LCECSX HCECSX-
AgNPs or LCECSX-AgNPs as assigned. The plates were incubated at 37 °C for 24 h. 4%
tween 80 was introduced as controls. The diameter of the inhibition zone around each
well was measured and expressed in the mean diameter of the inhibition zone in

millimeters (n = 3).

Minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) assay: MIC and MBC values were determined by broth macro-
dilution assay. Colonies of the same morphological type were selected and transferred
to 0.85% w/v sterile saline. To achieve the turbidity of a 0.5 McFarland standard
inoculum was diluted with Brain Heart Infusion broth (BHI) 1:200 (approximately 5 x
10° CFU/mL). Each stock CS, HCECSX, LCECSX HCECSX~AgNPs or LCECSX-AgNPs was
dissolved with DI water with the final concentration ranging from 0.40-200 mg/L. Then,
50 pL adjusted E. coli and S. aureus were added into each tube. After that the samples
were incubated overnight at 37 °C for 24 h. MICs and MBCs were evaluated by no
visible growth of bacteria and lowest concentration of an antimicrobial agent that kills

99.9% of the initial bacterial population method, respectively.

Antimicrobial Test for Metallized Sutures (/In vitro time-kill study): A time-
kill study is an essential microbiological method for evaluating an antimicrobial activity
of test material. Neat cotton, polyamide, and polypropylene fibers and all treated

cotton, polyamide, and polypropylene fibers were prepared to test against
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microorganisms cultured in MHB at 37 °C for 18 h. After that, the concentration of each
bacterial solution was adjusted to 0.5 McFarland standard solution, which equals
1.5x10% CFU/mL. This resulted in 5 x10° CFU/ml in MHB. Each sample contained 3 mL
of an inoculum that had been diluted to 5x10° CFU/mL and was continuously
turbulent at 37 °C for 0, 1, 3, 6, and 24 hours. At each time point, 20 pL of each
inoculum was taken out and refilled with regular saline solution. Finally, 10 uL of each
serial dilution was taken out and dropped onto MHB agar that had been sterilized in a
Petri dish. After incubating overnight at 37 °C, the number of bacterial colonies was
totalled and compared to the control culture by measuring the CFU/ml values. The

percentage of bacterial reduction was obtained by the following equation.

control specimen

Bacterial reduction (%) = X100

control

Where:
Neontrot IS the number of colonies in the control (CFU/ml)

Nspecimen 1S the number of colonies in the specimens (CFU/mL)



Chapter 4

New chitosan-grafted thymol coated on gold
nanoparticles for control of cariogenic bacteria in the

oral cavity

4.1 Results and discussion

4.1.1 Synthesis and characterization of CST (Chitosan-g-Thymol)

The Mannich reaction was employed in the experiment to attach thymol onto the
side chain of chitosan. This process involves the amino group of chitosan reacting with
formaldehyde to form an electrophilic imine compound (-N=CH,), which can
subsequently react by inserting a phenol group at the para position to produce
secondary amines or benzylamine. As a result, thymol could be grafted onto chitosan
via a carbene bridge.

The synthesis mechanism of CST can be seen in Figure 4.1. The protonation of
formaldehyde at oxygen double bonds (=O) resulting in Methylideneoxidanium
(positively charged of O), then Methylideneoxidanium will reacts with the amine group
(-NH,) of chitosan to form -NH,* and then -NH," is deprotonated back to amine, while
the hydroxyl group (-OH) of CH, connected to -NH," is protonated to form Oxoniumyl
ion (-H,O%) and then dehydration of H,O to form Iminium ion. After that, while thymol
react with Iminium ion, the positive charge on the Iminium ion will disappear. The
double bond of the Iminium ion then breaks to form a single bond between -CH,-
connected to -NH- of chitosan and carbon of thymol. The alcohol group (-OH) of
thymol becomes positively charged (unstable). The positively charge turn back into
the aromatic ring, where there is a resonance within the aromatic ring.

The structural characterizations of CST were determined by three characterization
methods including UV-vis spectroscopy, *H Nuclear Magnetic Resonance and Elemental
analyzer. The degree of substitution (%DS) determination of CST was calculated using

data from 'H NMR and EA.
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Figure 4.1 The synthesis mechanism of CST.
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4.1.1.1 UV-vis spectroscopy

Figure 4.2 illustrates the absorption spectra of chitosan, CST, thymol,
and the combination of chitosan with thymol. Thymol exhibited distinct broad peaks
at 276 and 282 nm, whereas the chitosan spectra showed an absence of observable
peaks within the 250 to 350 nm range. In contrast, the CST spectra displayed broad
peaks at 281 nm, indicating a bathochromic shift compared to thymol. This shift
provides supporting evidence for the covalent bonding of thymol to the chitosan
structure. Consequently, the findings suggest that thymol was effectively grafted onto

the chitosan backbone.

1.0
——Thymol
Dy 25

0.8 4 = Chitosan

—— Chitosan-Thymol (added)

Absorbance (a.u.)

250 270 290 310 330 350
Wavelength (nm)

Figure 4.2 UV-vis spectra of chitosan, thymol, CST and chitosan combined with thymol.

4.1.1.2 Proton nuclear magnetic resonance (*H NMR)

To graft thymol onto the chitosan side chain, the Mannich reaction was
employed. In this reaction, an amino group of chitosan reacts with formaldehyde to
form an electrophilic imine compound (-N=CH,). Subsequently, this compound reacts
with the phenol group introduced at the para position, resulting in the formation of
secondary amines or benzylamine. This process effectively grafts thymol onto chitosan

via a carbene bridge. The CST was structurally characterized using 'H NMR, as
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illustrated in Figure 4.3. In the chitosan spectra, characteristic peaks were observed at
1.86 and 2.97 ppm, corresponding to H; and H,, respectively. Peaks in the range of 3.25
to 4.02 ppm were assigned to Hs-Hg and H,-H¢'. In the CST spectra, characteristic
chitosan peaks were retained, and new peaks at 1.00 and 2.15 ppm were observed,
corresponding to the proton signals of the methyl group of thymol (Hf and Hy),
respectively. Furthermore, doublet peaks around 6.74 and 7.10 ppm, attributed to the
aromatic protons of thymol (H. and Hy), were also evident. H. with a coupling constant
(J) of 6.2 Hz and Hy with a coupling constant (J) of 6.7 Hz indicate long-range couplings
in the aromatic ring of thymol, suggesting that H. and Hg are in ortho positions.

These observations provide strong evidence that thymol was
successfully erafted onto chitosan through the Mannich reaction. The degree of
substitution of CST was calculated using Equation 1, based on data from 'H NMR. The
results, corresponding to various ratios of chitosan and thymol, are presented in Table

4.1. The additional 'H NMR results, obtained at various ratios of thymol and

formaldehyde, are shown in Appendix A.

Hy-Hy,
Hy-H,.

Hy-H,.
H,-H, H,

7.0 65 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
ppm

Figure 43 'H NMR spectra of a) chitosan and b) CST
(Mole ratio of Chitosan : Formaldehyde : Thymol 1 : 0.5 :1) in CFsCOOH/D,0.
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The degree of substitution determination of CST was calculated using the

following equation 1

Where:

%DSywr is the degree of substitution percentage

H¢ is the integral area of protons at ¢ 1.00 ppm

H, is the integral areas of CS proton at 6 2.97 ppm

Table 4.1 The degree of substitution (%DSyyr) determination of CST calculated from

'H NMR

Mole ratio of

Chitosan : Formaldehyde : Thymol

The degree of substitution (%)

1.0:

1.0

1.0:

1.0

1.0:

0.5:
TS
0.5 :
:1.0:
1.0 :

0.5
1.0
2.0
1.0
2.0

4.3%
9.8%
10.0%
16.2%
15.2%

According to the experiment, it was observed that increasing the

amount of thymol beyond 1 mole ratio during the synthesis did not elevate the degree

of substitution of thymol (%DSywg). This lack of enhancement can be attributed to the

exhaustion of aldehyde content in the reaction. Therefore, adding more than 1 mole

ratio of thymol did not yield a higher %DS. Moreover, it is also difficult to eliminate

excess thymol from the product. Additionally, increasing the aldehyde content in the

synthesis process results in an increase in the crosslinking reaction. While this can

indeed raise the %DS, it also makes the CST difficult to dissolve and renders it

unsuitable for use as a stabilizer for gold nanoparticles.
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4.1.1.3 Elemental analysis (EA)
The results of the elemental analysis shown in Table 4.2. The degree
of substitution determination of CST using data from Elemental Analysis (%DSg,) was

calculated using the following equation 2.

WAL ],

Where:

%DSg, is the degree of substitution percentage obtained from elemental
analysis data

(C/N)p is the carbon to nitrogen mass ratios of the chitosan derivative

(C/N)g is the carbon to nitrogen mass ratios of the original chitosan

N is the number of carbon introduced to the amino group

Table 4.2 The degree of substitution (%DSgs) determination of CST calculated from
Elemental Analysis (EA).

Elemental content (%)

Sample %DSkn
N Z H
Chitosan 7.23 39.49 6.66
Thymol 0 77.57 Q22
CST1.0:0.5:1.0 6.60 41.79 2 9.23

According to the elemental analysis results, the higher C/N ratio in CST
compared to unmodified chitosan signifies the incorporation of additional carbon
atoms into the chitosan structure during the reaction. This suggests that a significant
portion of the chitosan has been modified with the addition of another carbon-
containing group onto the chitosan backbone, while a substantial amount of the
original CS is still present. The data from elemental analysis after calculation also

revealed that the degree of substitution value (%DSg,) was 9.2%.
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4.1.2 Synthesis of gold nanoparticles using CST as stabilizing agent (CST-
AuUNPs)

CST as a stabilizing agent is essential during the synthesis of nanoparticles (NPs)
to inhibit the agglomeration of NPs-NPs by adsorbing onto their surface. CST-AuNPs
were synthesized using a straightforward and quick chemical method. This synthesis
process involves a chemical reduction using sodium borohydride (NaBH,) as the
reducing agent. In the presence of CST serving as the stabilizing agent, Au®* ions are
reduced to Au’, resulting in the formation of stable AuNPs. The study also explored
the impact of different CST concentrations on the synthesis of AuNPs, with
concentrations ranging from 0.006% to 0.030% w/v being investigated. Visual
observations and absorption characteristics of AuNPs stabilized with various CST
concentrations were shown in Figure 4.4. Notably, the AuNPs in the solution exhibited
a color change from vivid blue to dark red as the CST concentration increased,
attributed to nucleation growth. Furthermore, an increase in CST concentrations
resulted in a blue-shift in the absorption spectra, a phenomenon associated with
surface plasmon resonance. A.; of gold nanoparticle colloidal with concentrations
ranging from 0.006% to 0.030% w/v displayed a single peak as shown in Table 4.3.

However, using both lower and higher concentrations of stabilizing agents can
result in the precipitation of AuNPs. When there is insufficient stabilizing agent,
nanoparticles may grow uncontrollably, leading to the formation of larger particles or
aggregates that precipitate due to gravitational settling. Conversely, an excess of
stabilizing agent can result in polymer chains adsorbing onto multiple particles,
effectively bridging them together. This process causes ageregation and precipitation
[53]. Therefore, such conditions are unsuitable for the synthesis of AuNPs.

To determine the concentration of CST-AuNPs, the stock colloidal CST-AuNP
solution was diluted threefold with ultrapure water, and the absorbance intensity was
measured at Ama = 502 nm using UV-vis spectrometry. Beer’s law, along with an
extinction coefficient based on particle diameter (¢ = 7.19 x 10° M~ cm™ for CST-
AuUNPs with a particle size of 2.41 nm), was utilized for the calculation. The extinction
coefficient for CST-AuNPs was determined using the equation In € = 1.4418 (nD +
18.955, where D represents the diameter in nanometers (nm) [54]. Consequently, the

concentration of CST-AuNPs was found to be 3.637 nanomolar [nM].
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Figure 4.4 The visual observation and absorption spectra of chitosan-grafted-thymol
coated on gold nanoparticles with various concentration of chitosan-grafted-thymol
(@) 0.006 %w/v, (b) 0.007 %w/v, (c) 0.008 %w/v, (d) 0.009 %w/v, (e) 0.010 %w/v, (f)
0.020 %w/v () 0.030 %w/v-and CST as control on the synthesis step.

Table 4.3 A Of gold nanoparticle colloidal

Concentration of CST (%) Armax (NM)
0.004 precipitated
0.005 precipitated
0.006 535

0.007 535

0.008 533

0.009 526

0.010 524

0.020 520

0.030 518

0.040 Precipitated

0.050 Precipitated
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To study the stability of AuNPs, a zeta potential analyzer was employed. The
zeta potential of CST coated on gold nanoparticles with various concentration of CST
from 0.006 to 0.030 %w/v was shown in Figure 4.5 and zetapotential value was shown
in Table 4.4. CST-AgNPs show negative charge in basic pH due to phenolic hydroxyl
groups of thymol are acidic with a lower pKa. In basic conditions (pH 8-10), the phenolic
group can lose a proton and become negatively charged (-O").

At lower CST concentrations, the zeta potential values are more negative,
suggesting a stable dispersion due to strong electrostatic repulsion between particles.
Increasing the concentration of CST leads to a higher ionic strength, which compresses
the electrical double layer and results in a reduced zeta potential due to the shorter
Debye length. However, the stability of the AuNPs is mainly due to steric stabilization
rather than electrostatic stabilization. The polymer chains of CST creating a physical
barrier that prevents the nanoparticles from aggregation.

Typically, dispersions with zeta potentials less negative than -30 mV or more
positive than +30 mV are considered moderate stable[55]. The results indicate that
the as-synthesized CST-AuNPs at all concentrations possess a negative potential
charge, with values less negative than -30 mV at a pH of 9. Therefore, CST-AuNPs can
be dispersed stably, as the negative potential charge prevents aggregation between
nanoparticles-nanoparticles. This allows for the synthesis of a stable nanoparticle

colloid in the aqueous phase.

£25

Unstable
Yo, W B F & N I, ‘<. Y. SO AP i

35 - /

40 |

-45 -/
4

-50

Zeta Potential (mV)

0.006 0.008 0.010 0.020 0.030

Concentration of CST (%w/v)

Figure 4.5 Zeta potential of CST coated on gold nanoparticles with various

concentration of CST from 0.006 to 0.030 %w/v.
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Table 4.4 The zetapotential value of CST-AuNPs

Concentration of CST (%) Zetapotential (mV)
0.006 -45.8
0.007 -43.3
0.008 -41.8
0.009 -38.9
0.010 -37.5
0.020 -33.7
0.030 -32.0

The XRD patterns of CST-AuNPs are shown in Figure 4.6. Distinct peaks at
specific 28 values correspond to the standard Brage reflections for AuNPs, confirming
their successful synthesis. The identified peaks are associated with the (111), (200),
(220), and (311) planes of the face-centered cubic (FCC) lattice of gold. The diffraction
peak at a 20 value of 38.1, corresponding to the (111) plane[56], suggests that the
AuNPs have a preferred growth orientation in this direction. The (111) plane is often
associated with the lowest surface energy, which is a favorable growth direction for
nanoparticles due to energy minimization.

The results indicate that zero valent gold (Au®), the metallic form of gold, was
successfully synthesized. Furthermore, the CST capped AuNPs exhibit a crystalline

structure, consistent with literature reports.



58

—CS (a)
——CST (b)
-CST*AuNPs (c)

M Thymol (d)
(@) - -

Intensity (a.u.)
c
i}
i

38.1(111)
44.3(200) 64.5(220)  77.7(311)
(0) EENWY ¥ B & et
(d) | |
T | T T 5 T T T
0 10 20 30 40 50 60 70 80
20 degree

Figure 4.6 XRD pattern of (a) chitosan (b) chitosan-grafted-thymol (c) chitosan-
grafted-thymol coated on gold nanoparticles and (d) thymol.

TEM analysis was used to investigate the size and morphology of the particles,
as shown in Figure 4.7. This analysis studied the impact of varying CST concentrations
on the preparation of AuNPs. During the synthesis step, the concentration of
HAuUCl, * 3H,O was consistently maintained at 1 mM, while the CST concentration
varied from 0.006 to 0.02% w/v under different conditions. Particle sizes of the AuNPs
were found to range from 1.50 to 5.10 nm under these conditions. The particle size
does not show significant variation with different CST concentrations (from 0.008 to
0.02% w/v), suggesting that the synthesis process is robust and not overly sensitive to
changes in CST concentration. An optimal CST concentration of 0.020% w/v was
identified for AUNP synthesis, yielding particle sizes between 2.41 and 3.30 nm at a pH
of 9, with a zeta potential value of -33.7 mV. The observation supports the role of CST
as a stabilizing agent, facilitating good dispersion of AuNPs. Stabilization is vital for
preventing aggregation and maintaining the colloidal stability of the nanoparticles in

solution.
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Figure 4.7 TEM images and size distribution of chitosan—grafted-thymol coated on gold
nanoparticles at  the  CST  concentration of (@)  0.006%  w/v

(b) 0.008% w/v (c) 0.01% w/v (d) 0.02% w/v.

4.1.3 The stability of CST-AuNPs
After the synthesis of CST-AuNPs, the stability of CST-AuNPs in various

conditions was also assessed. The CSTy g00wa-AUNPs were selected as the optimal
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condition and served as a representative sample for the investigation. The selection of
the optimal condition was determined based on the size and size distribution of the

nanoparticles as analyzed by TEM, and Zeta potential value of the AuNPs colloidal.

1) Effect of pH: The stability of CST-AuNPs under various pH conditions
provides important insights into their behavior. The solubility of CST under acidic
conditions (pH < 5), due to the protonation of amino groups on the chitosan backbone,
significantly influences the stability of AuNPs conjugated with CST. Therefore, it was
imperative to explore the impact of different pH values on the stability of CST-AuNPs.

The UV-visible absorbance at a }\max of 520 nm for CST-AuNPs at pH levels
ranging from 3 to 11 was shown in Figure 4.8. The CST-AuNPs were dispersible at pH
levels below 5 and above 7, with precipitation observed at pH 7. The addition of NaBH,4
resulted in a solution with a pH of 9, where the CST-AuNPs were well-dispersed,

consistent with findings from various studies [57, 58].
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Figure 4.8 Effect of pH on the stability of CST-AuNPs.

The CST-AuNPs exhibit good dispersion at a basic pH of 9, with no significant
impact on stability upon further pH increase. However, when the pH shifted to 7,
precipitation of all particles was observed. This phenomenon might be attributed to

the disruption of the electrostatic repulsion of the negatively charged BO;™ ions and
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the lack of charge on the deprotonated CST (with a zeta potential value approaching
zero), leading to the precipitation of AUNPs. In contrast, at a more acidic condition, the
amino groups of CST were protonated, resulting in a positive charge (and a higher zeta

potential value), which facilitated the good dispersion of AuNPs.

2) Effect of ionic strength: The effect of ionic strength on the stability of CST-

AuNPs was demonstrated through the UV-visible absorbance at Kmax of 520 nm of CST-
AuNPs as the function of salt concentration and type, as presented in Figure 4.9. The
result reveal that ionic strength is a crucial parameter influencing their stability. The
study examined the stability of CST-AuNPs in relation to various salt concentrations
and types, including NaCl (monovalent), Na,SO4 (divalent), and Nas;PO, (trivalent). It
was observed that the stability of CST-AuNPs decreases as salt concentration increases.
The variation in charge among monovalent, divalent, and trivalent salts significantly
impacts the ionic strength, thereby affecting electrostatic repulsions between charged
nanoparticles and consequently influencing stability and precipitation of nanoparticles.
This occurrence is attributed to the reduction in electrostatic repulsion between CST

and AuNPs due to the varying ionic strengths provided by these salts.
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Figure 4.9 Effect of ionic strength on the stability of CST-AuNPs.
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Monovalent salts yield lower ionic strength, resulting in weaker charge
screening and gradual nanoparticle precipitation, often necessitating higher
concentrations to induce this effect, which corresponds to higher UV intensity values.
In contrast, divalent salts exhibit moderate ionic strength and more effectively reduce
electrostatic repulsions, leading to quicker precipitation at comparatively lower
concentrations. Trivalent salts possess the highest ionic strength, providing robust
charge screening and inducing rapid nanoparticle aggregation and precipitation even at

minimal concentrations, associated with lower UV intensity values.

3) Effect of time: The effect of time onto the stability of CST-AuNPs was
shown in Figure 4.10. The UV-visible absorbance at a Ao of 520 nm for CST-AUNPs
was observed at various time points, ranging from 0 to 180 days. CST-AuNPs exhibit
long-term stability (over three months) at pH 9. This long-term stability is advantageous

for applications that require extended nanoparticle shelf life or performance duration.
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Figure 4.10 Effect of time on the stability of CST-AuNPs
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4.1.4 Antimicrobial assay

1) Agar well diffusion assay: The antibacterial activity of chitosan, CST
and CST-AuNPs was evaluated using the agar well diffusion method, as shown in Figure
4.11. chitosan, CST or CST-AuNPs were mixed with 4% tween 80 as controls to enhance
stability in the solution and prolong the settling time during the antimicrobial test. 4%
tween 80, used as a control, had no effect on antibacterial activity. chitosan and CST,
on their own, are not antibacterial. This is attributed to their large polymer structure,
which prevents them from spreading in water, the primary matrix of agar and culture
media.

CST-AuNPs demonstrated significant antibacterial action against a
majority of the pathogenic bacteria tested. The choice of capping agent during the
synthesis process greatly impacts the nanoparticles' subsequent antimicrobial activity,
particularly against S. mutans ATCC 25175 and S. sobrinus ATCC 33402. Specifically,
the nanoparticles inhibited S. mutans with a clear zone of 15.90 mm and S. sobrinus
with a clear zone of 14.25 mm. The observation suggests that AuNPs exhibit enhanced
antibacterial properties when CST coated to their surface. The interaction between

CST and the surface of AuNPs could be affecting bacterial membranes or interfering

with essential bacterial processes, leading to their inhibition.

Figure 4.11 Bacterial inhibition photographs of chitosan, chitosan—grafted-thymol and
chitosan—-grafted-thymol coated on gold nanoparticles and control against using agar

well diffusion method (a) S. mutans and (b) S. sobrinus.
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2) Minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) assay: The antibacterial effectiveness of chitosan,
CST and CST-AuNPs against S. mutans and S. sobrinus was evaluated through Minimum
Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) assays
as shown in Table 4.5. Chitosan showed MIC and MBC values of 100 against both S.
mutans and S. sobrinus. The introducing of hydrophobic group on chitosan backbone
will enhance antimicrobial activity [13, 59]. Thymol [13, 46, 59], a well-known
hydrophobic group with antimicrobial properties, is expected to enhance the
antimicrobial activity of chitosan after being grafted to the chitosan backbone, resulting
in the production of CST. CST showed MIC and MBC values of 50 against both S. mutans
and S. sobrinus.

Moreover, CST coated on AuNPs (CST-AuNPs) enhances antibacterial
properties. CST-AuNPs exhibit MIC and MBC values of 25 mg/L and 100 mg/L,
respectively, against S. mutans. Meanwhile, for S. sobrinus, the MIC and MBC values
were recorded at 100 mg/L and 200 mg/L, respectively. These results demonstrate the
antibacterial properties of CST-AuNPs against both bacterial strains, underscoring the
significance of integrating thymol into the chitosan backbone to enhance its

antimicrobial activity.

Table 4.5 MICs and MBCs of chitosan, chitosan—grafted—-thymol and chitosan-grafted-

thymol coated on gold nanoparticles against S. mutans and S. sobrinus.

S.mutans ATCC 25175 S. sobrinus ATCC 33402
Synthesis materials

MIC (mg/L)  MBC (me/L) - MIC (me/L) MBC (me/L)

chitosan 100 100 100 100
CST 50 50 50 50
CST-AuNPs 25 100 100 200

4.2 Conclusions
The synthesis of Chitosan-g-Thymol (CST) and its subsequent utilization in the
formation of gold nanoparticles (CST-AuNPs) was successfully achieved through the

Mannich reaction. Structural characterizations of CST were confirmed using UV-vis
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spectroscopy, 'H NMR, and Elemental Analysis, with the UV-vis spectra revealing a
bathochromic shift indicative of thymol's covalent bonding to chitosan. The 'H NMR
data further supported the successful grafting of thymol onto chitosan at a mole ratio
of chitosan: formaldehyde: thymol of 1.0: 0.5: 1.0 with a degree of substitution
(%DS\wr) Of 9.8%. The elemental analysis also confirmed the grafting, with a degree of
substitution value (%DSg,) of 9.2%.

The stability of AuNPs is significantly impacted by the excellent characteristics
of CST. The electrostatic characteristics of CST were primarily attained by the stability
of the AuNPs through electrostatic repulsion. The synthesized CST-AuNPs exhibited
stability across various pH levels, ionic strengths, and over extended periods. The
average particle size of the AuNPs ranged between 2.41 and 3.30 nm, with
predominantly spherical morphology.

The AuNPs displayed significant antibacterial activity against S. mutans ATCC
25175 and S. sobrinus ATCC 33402 when CST was coated on their surfaces. This study
highlights the potential of CST coated on AuNPs surfaces as promising antimicrobial
agents, particularly against cariogenic bacteria. The integration of thymol into the

chitosan backbone plays a crucial role in enhancing its antimicrobial properties.



Chapter 5

Antimicrobial nanolayer films of carboxyethyl
chitosan-grafted-chloroxylenol modified silver
nanoparticles for enhanced surgical suture

performance

5.1 Results and discussion

5.1.1 Synthesis and characterization of HCSX (High Mw Chitosan-g-
Chloroxylenol) and LCSX (Low Mw Chitosan-g-Chloroxylenol)

Numerous studies have highlighted the antimicrobial properties of chitosan and
its derivatives.  While chitosan alone possesses antibacterial activity, but its

effectiveness can be enhanced by incorporating various active functional groups such

as thymol [20], catechol [59, 60], B—cydodextrin [61], N-halamine [12], and phenolic
acid [13]. Each of these additions contributes to improving the antimicrobial efficacy
of chitosan derivatives.

In the experiment, the Mannich reaction was employed to attach chloroxylenol
onto the amino group of chitosan. Chitosan's amino group reacts with formaldehyde,
forming an electrophilic imine compound (-N=CH,), which then reacts by inserting a
phenol group at the para position to produce secondary amines or benzylamine. As a
result, chloroxylenol could be grafted onto chitosan via a carbene bridge.

The synthesis mechanism of CSX is illustrated in Figure 5.1. Initially, formaldehyde
undergoes protonation at oxygen double bonds (=O) resulting in the formation of
Methylideneoxidanium (positively charged of O). Subsequently, Methylideneoxidanium
reacts with the amine group (-NH,) of chitosan to form -NH," and then -NH,* is
deprotonated back to amine form. Meanwhile, the hydroxyl group (-OH) of -CH,-
connected to -NH," is protonated to form Oxoniumyl ion (-H,O"), which subsequently
undergoes dehydration to form Iminium ion. Following this, chloroxylenol reacts with
Iminium ion, resulting in the disappearance of the positive charge on the Iminium ion.

The double bond of the Iminium ion then breaks to form a single bond between -CH,-
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connected to -NH- of chitosan and carbon of chloroxylenol. This process leaves the
alcohol group (-OH) of chloroxylenol with a positively charged, rendering it unstable,
which then undergoes a return to the aromatic ring, where resonance occurs within

the aromatic ring, as described in the CST section of topic 4.1.1.

Figure 5.1 Synthesis mechanism of CSX.
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Figure 5.2 'H NMR spectra of chitosan, CSX in D20/CFsCOOH and CECSX in D,0.

In the experiment, chloroxylenol was grafted onto the side chain of chitosan
through the Mannich reaction. A secondary amine or benzylamine is produced when
the amino group of chitosan combines with formaldehyde to form an electrophilic
imine (-N=CH,). This product can then react by adding a phenol group at the para
position, allowing the grafting of chloroxylenol onto chitosan via a methylene bridge.
The structural characteristics of HCSX 1:1:2 and LCSX 1:1:2, as determined by 'H NMR,
are displayed in Figure 5.2 (other ratios are provided in Appendix A). The characteristic
peaks corresponding to H; and H, in chitosan structure were assigned at 1.86 and 2.97
ppm, respectively, and the characteristic peaks of Hs-Hy were assigned within the range
of 3.25 - 4.00 ppm.

Regarding CSX, it retains the characteristic peaks of chitosan and reveals two
additional peaks at 2.27 and 2.18 ppm, corresponding to the protons of the methyl
group of chloroxylenol (H, and Hy), respectively. Additionally, the aromatic protons of
chloroxylenol (H,) displayed distinct peaks at 6.66 ppm. These findings confirm the
successful grafting of chloroxylenol onto chitosan via Mannich reaction. The degree of
substitution of chloroxylenol (%DSyyr) on the chitosan backbone was calculated using
Equation 3, utilizing data from 'H NMR. The calculated results are presented in Table

5.1.
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%DS,,,, = X100 EQ.3

where:
%DSyvr is the degree of substitution percentage obtained from 'H NMR

Heg and H, are the integral areas of protons indicated in Figure 5.2

Table 5.1 The degree of substitution (%DS) determination of CSX calculated from 'H NMR

and Elemental analysis (Mole ratio of chitosan: formaldehyde: chloroxylenol).

Elemental Content (%)

Sample %DSg4 %DS\mr
N C H
HCS 7.23 39.49 6.66 - -
LCS 7.25 39.86 6.71 - -

HCSX 1:0.5:1 7.46 40.834 7.075 0.15
7.42 40.708 6.674 0.31 2ot

HCSX 1:0.5:2 7.15 41.009 6.948 3.55
731 41.318 6.541 2.47 10

HCSX 1:1:1 6.972 41.048 7.048 5.52
6.821 40.921 6.675 6.97 o0

HCSX 1:1:2 6.964 44.068 7.012 11.23
6.939 43.819 6.657 11.06 >0

HCSX 1:1:4 72567  44.6825 6.806 9.02
71524 439815  6.6687 8.91 7

LCSX 1:1:1 6.64 42.40 6.64 11.33
6.57 41.81 6.99 11.07 6

LCSX 1:1:2 6.36 42.65 6.82 15.48
15.83

6.31 42.54 6.34 15.95

LCSX 1:1:4 7.01 45.70 6.72 13.12
14.16

6.99 45.69 6.72 13.25
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According to the experiment, it was found that when more chloroxylenol is
added in the synthesis step, the degree of substitution of chloroxylenol does not
increase due to the depletion of aldehyde content in the reaction. Therefore,
increasing the chloroxylenol content by more than 2 mol did not result in an increase
in %DS. Moreover, it is also difficult to clear excess chloroxylenol from the reaction. In
addition, increasing the aldehyde content in the synthesis increases the crosslinking
reaction. While increasing the aldehyde content elevates the %DS, it renders the
resulting CSX difficult to dissolve and unsuitable for use as a stabilizer of silver
nanoparticles.

In the elemental analysis results, the C/N ratio of CSX surpassed that of
chitosan, indicating the presence of additional carbon atoms after reaction. The
analysis showed a degree of substitution value (%DSgs) of 11.14% for HCSX 1:1:2 and
15.72% for LCSX 1:1:2, as determined using Equation 4.

(C) (C)

N N 14

%DS., =~ =X —X 100 Eq. 4
n 12

where:

%DSg, is the degree of substitution percentage obtained from elemental analysis
data

(C/N)y is the carbon to nitrogen mass ratios of the chitosan derivative

(C/N)o is the carbon to nitrogen mass ratios of the original chitosan

n is the number of carbons introduced to the amino group

5.1.2 Synthesis of HCECSX (High Mw Carboxyethylchitosan-grafted-
Chloroxylenol) and LCECSX (Low Mw Carboxyethylchitosan-grafted-
Chloroxylenol)

In the experiment, chitosan was modified with chloroxylenol to obtain CSX as
described in topic 5.1.1, the Michael addition reaction was utilized to attach acrylic
acid onto the amino group of CSX, resulting in the formation of CECSX

(carboxyethylchitosan-grafted-chloroxylenol).



71

The Michael addition involves the nucleophilic attack of the CSX on the 3-
carbon of acrylic acid, which is part of an Q, 3 -unsaturated carbonyl system, leading
to the formation of a new carbon-carbon bond. This chemical process occurs in three
stages; initially, the nucleophile attaches to the (-carbon of the carbonyl and then
transfers a proton to oxygen. Finally, enolates resulting from this process undergo a
1,4 addition from carboxyethylchitosan tautomerize. The entire reaction mechanism,
as depicted in Figure 5.3, demonstrates the nucleophilic addition and the formation of

the CECSX as the outcomes of this nucleophilic addition reaction [62].

OH oH OH OH
O (O 0
HO —>
HO NH, OH Nucleophilic attach HO Nt HO NH
o / H—N Y
H R
OH n
o
OH
m/
(0]

‘ Proton Transfer
O
H

o OH OH
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HO N\ /NH H N /NH
H H0 K H R
& pt OH n

)

O
]

carboxyethylchitosan ]-[/
OH
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R H ~___-CH;
i
0 H5C CH,4

Figure 5.3 Synthesis mechanism of CECSX.
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The optimum conditions for CSX (HCSX 1:1:2 and LCSX 1:1:2) were modified
with acrylic acid via the Michael addition reaction to increase water solubility. 'H NMR
was used to structurally characterize the CECSX as shown in Figure 5.2.

The carboxyethyl group was affixed onto the amino group of chitosan, resulting
in new signals at 2.94 and 2.18 ppm, assigned to H. and H¢ of the methylene group
from the acrylic acid segment. Additionally, the signal at 2.3 ppm, corresponding to H.
of chloroxylenol, overlaps with the signal of Hs from acrylic acid [16, 62]. The degree
of substitution of acrylic acid (%DSxs) for HCESX and LCECSX is presented in Table 5.2

and was calculated from the 'H NMR data using Equation 5.

(He )
%DS,, =~2L %100 EqQ. 5
H

2

where:
%DSps is the degree of substitution percentage obtained from 'H NMR

He and H, are the integrals areas of protons indicated in Figure 5.2

Table 5.2 The degree of substitution (%DSu) determination of acrylic acid on CECSX

structure calculated from *H NMR.

Sample %DSan
HCECSX 1:1 Not soluble in water
HCECSX 1:2 a5
HCECSX 1:3 a2
LCECSX 1:1 23
LCECSX 1:2 33
LCECSX 1:3 36

Using a mole ratio of acrylic acid to CSX (CSX: acrylic acid = 1:1), which is
insufficient, results in HCECSX being insoluble in water and LCECSX being partially
soluble in water. According to the literature, the optimal mole ratio is 1:2, where
chitosan completely dissolves in water. Increasing the amount of acrylic acid to more
than 2 moles per 1 mole of CSX does not affect the solubility of chitosan. Therefore,

the optimal condition selected for the synthesis of both HCECSX and LCECSX was 1:2.



73

The UV-vis spectra of chitosan, HCECSX, LCECSX, and chloroxylenol are
presented in Figure 5.4. It was observed that the chitosan spectrum lacked any peaks
between 250 and 350 nm. In contrast, the CECSX spectra exhibited broad peaks at 286
nm, aligning with the aromatic structure of chloroxylenol. The peak displayed a red
shift in comparison to the standalone PCMX, which exhibited a broader peak ranging
from 279 to 284 nm. These findings suggest that chloroxylenol was covalently bonded

to the chitosan backbone.
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Figure 5.4 UV-vis spectra of HCECSX, LCECSX, high and low molecular weight chitosan
and chloroxylenol (PCMX).
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Figure 5.5 pH dependent of the water-solubility of high and low molecular weight
chitosan, HCECSX and LCECSX.
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Additionally, the acrylic acid modification of CSX enhanced its water solubility.
To assess the water solubility, turbidity measurements of chitosan, CSX and CECSX
were conducted at 600 nm. Chitosan and CSX typically dissolves well in a pH range of
1-6 but tend to become turbid and partially precipitate at pH levels greater than 6 for
high molecular weight type and 6.5 for low molecular weight type due to the
deprotonation of ammonium groups (-NH5") to form amino groups (-NH,). CSX exhibits
less turbidity than chitosan due to interference from PCMX, a hydrophobic substance
capable of disrupting crystallization and aggregation behavior.

As shown in Figure 5.5, CECSX exhibits good solubility and maintains a clear
solution over a wide range of acid pH values, However, it shows initial turbid point at
pH 6 due to the loss of protons from the carboxylic group (<COOH) to the amino group
(-NH,), forming -NH;* and -COO’, generating a zwitterion. Nevertheless, increasing the
pH allows for redissolution, attaining total dissolution at a pH 8. This occurrence is due
to deprotonation, resulting in the creation of -COO and -NH, groups. The results
indicate the successful bonding of acrylic acid onto the CSX backbone, enhancing its

water solubility.

5.1.3 Synthesis of silver nanoparticles (HCECSX-AgNPs and LCECSX-AgNPs)

Carboxyethylchitosan-g-chloroxylenol (CECSX-AgNPs) were  synthesized by
chemical reduction method using NaBH, as described in topic 3.5.3. The mole ratio of
silver nitrate: CECSX: NaBH4 was shown in Table 3.5. HCECSX or LCECSX was used as
stabilizing agent during the reduction of Ag* ions to Ag?, facilitating the binding of this
agent onto the surface of AgNPs to obtain stable AgNPs. The stability of the AgNPs
solution in different HCECSX or LCECSX concentrations, ranging from 0.001% to 0.030%
was assessed using a UV-vis spectrometer and a zeta potential analyzer. Visual
observations and absorption spectra are displayed in Figure 5.6.

The absorption spectra exhibit a red shift due to the surface plasmon
resonance phenomenon, which relates to the visual observation of a color change
from dark yellow to light yellow with increasing CECSX concentration. Optimal
conditions were selected based on )\max, particle size, and the film adhesion ability of
the nanoparticles. A concentration of 0.005% was chosen as optimal for synthesizing
AgNPs for both HCECSX and LCECSX. The extinction spectrum for all conditions of
HCECSX-AgNPs and LCECSX-AgNPs displayed a single peak, as depicted in Table 5.3.
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Figure 5.6 The visual observation and absorption spectra of a) HCECSX-AgNPs b)

LCECSX-AgNPs with various concentration of HCECSX and LCECSX from 0.001-0.030

%w/v on the synthesis step.
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Table 5.3 Apa of CECSX-AgNPs colloidal

CECSX concentration (%) A, of HCECSX (nm)  Aax of LCECSX (nm)

0.001 402 387
0.002 404 394
0.003 401 402
0.005 400 411
0.010 400 411
0.020 395 410
0.030 391 411

The trends in zeta potential are depicted in Figure 5.7, and the specific zeta
potential values are shown in Table 5.4, indicating that the as-synthesized HCECSX-
AeNPs and LCECSX-AgNPs possess a negative charge at pH 9. This negative charge helps
prevent aggregation of the AgNPs in the aqueous phase. According to the literature,
nanoparticles exhibit moderate stability in a dispersion medium if the zeta value is
above +30 mV or below -30 mV [55, 63]. However, exceptions exist where AgNPs
maintain stability in solutions with a zeta potential less than +30 mV, as observed with
certain hydrophilic polymers like agar and PVA [64]. In the case of CECSX, the stability
of AgNPs is facilitated by solubility of CECSX and the steric effects attributed to its
modified positions. These aspects promote enhanced dispersion of polymer chains
within the medium, effectively inhibiting the aggregation of AgNPs in the aqueous
phase, even with a zeta potential lower than +30 mV.

HCECSX-AgNPs tend to exhibit a higher zeta potential compared to LCECSX-
AgNPs due to their longer polymer chains, which allow for more extensive surface
coverage and increased surface charge on the nanoparticles. The enhanced steric
stabilization and higher charge density, due to the greater availability of amino groups
for protonation in high MW chitosan, contribute to increased electrostatic repulsion
between nanoparticles. This phenomenon prevents aggregation more effectively,

resulting in a higher zeta potential.
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Figure 5.7 Zeta potential of HCECSX-AgNPs and LCECSX-AgNPs with various
concentration of HCECSX or LCECSX from 0.001 to 0.030 %w/Vv.

Table 5.4 The zetapotential value of HCECSX-AgNPs and LCECSX-AgNPs

Zeta potential of Zeta potential of
HCECSX-AgNPs (mV) ~ LCECSX-AgNPs (mV)

Concentration (%)

0.001 -28.7 -17.53
0.002 -30.3 -18.7
0.003 -27.3 -19.23
0.005 -26.7 -20.97
0.010 -24.9 -21.7
0.020 -21.5 -27.47
0.030 -21.2 -27.43

The particle size and shape were evaluated using TEM analysis. The TEM image
demonstrates that both HCECSX-AgNPs and LCECSX-AgNPs are effectively dispersed in
agueous environments, exhibiting a nano size spherical shape. The particle size of

AgNPs, capped with varying concentrations of HCECSX and LCECSX (0.003, 0.005, and
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0.010% w/v), was found to range from 0.80 to 10.80 nm. The TEM images and size
distributions of HCECSX-AgNPs and LCECSX-AgNPs are displayed in Figures 5.8 and 5.9,
respectively.

The optimal concentrations of HCECSX and LCECSX for synthesizing AgNPs were
determined to be 0.005% w/v. The average particle sizes were found to be 5.8+3.1 nm
for HCECSX-AgNPs and 4.8+2.4 nm for LCECSX-AgNPs. These results suggest that CECSX,
when prepared under basic conditions, acts effectively as a stabilizing agent, ensuring

that the AgNPs remain suitably dispersed.
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Figure 5.8 TEM images and size distribution of HCECSX-AgNPs at the HCECSX
concentration of (a) 0.003% w/v (b) 0.005% w/v (c) 0.010% w/v.
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concentration of (a) 0.003% w/v (b) 0.005% w/v (c) 0.010% w/v.



80

—— L-CECSX-AgNPs
—— H-CECSX-AgNPs
38.18°
Ag(111) ——Glass slide
> .
G “ 64.72° 77.40°
c Ag(200)
o Agl(220) Ag(311)
£ |a A A
b) | A A
R TR
1 I I 1 1 I 1
0 10 20 30 40 50 60 70 80
20 degree

Figure 5.10 XRD pattern of a) chitosan—grafted-HCECSX coated on silver nanoparticles
and b) chitosan-grafted-LCECSX coated on silver nanoparticles and c) glass slide as

substrate.

The crystalline nature of the nanoparticles was analyzed using XRD
measurements, with corresponding patterns illustrated in Figure 5.10, affirming the
successful synthesis of HCECSX-AgNPs and LCECSX-AgNPs. Notably, both HCECSX-
AgNPs and LCECSX-AgNPs displayed four remarkable peaks, aligning with characteristic
Bragg reflections. The face centered cubic (FCC) lattice's 20 (Bragg reflections) values
were identified as 38.18(111), 44.25(200), 64.72(220), and 77.40(311), signifying the
nanoparticles” spherical geometry and crystalline character (JCPDS card no: 65-2871).
A pronounced diffraction at the 38.18 peak highlights the preferred growth orientation
of zero-valent silver in the (111) direction. These findings confirm that the capping of

AgNPs with HCECSX and LCECSX aligns with existing literature[65].

5.1.4 Layer by Layer deposition of silver nanoparticles film fabrication on
substrate

The suitable condition of the layer-by-layer method will be studied through
the glass surface before actually being used in film formation on the suture materials.
The prepared silver nanoparticles stabilized with HCECSX/LCECSX were then used for
the fabrication of silver nanoparticle/PDADMAC composite thin films using LbL self-
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assembly method. The fundamental principle of LbL film formation relies on the
attraction between oppositely charged components. The LbL film was built up by the
electrostatic interaction between negatively charged silver nanoparticles and positively
charged PDADMAC. The adhesion ability of HCECSX-AgNPs and LCECSX-AgNPs
nanolayer films, with varying concentrations of HCECSX and LCECSX ranging from
0.001% to 0.030%, was evaluated using UV-vis absorption intensity after immersion in

an AgNPs solution for 24 hours. The visual observations and absorption spectra are

displayed in Figure 5.11, with the corresponding Ana fOr €ach concentration listed in
Table 5.5. The films showed a striking color due to the nanoparticle’s adsorption. The
color will brighten up when using higher concentrations of stabilizer during the NPs
synthesis process due to a reduction in the particle size of NPs. The assembly of
nanoparticles showed a yellow color due to the surface plasmon resonance (SPR) of

the conduction electron.
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Figure 5.11 absorption spectra of a) HCECSX-AgNPs on glass substrate b) LCECSX-AgNPs

on glass substrate with various concentration.
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Table 5.5 Kmax of CECSX-AgNPs on glass slide films.

Concentration (%) A, of HCECSX (nm) Avmax Of LCECSX (nm)
0.001 503 499
0.002 469 454
0.003 464 451
0.005 451 434
0.010 433 431
0.020 424 422
0.030 423 419

The optimum HCECSX-AgNPs and LCECSX-AgNPs concentrations (0.005 % w/v)
for the synthesis of AgNPs would be the best conditions for LbL film growth. CECSX at
the optimal concentration of 0.005% w/v was selected based on considerations of
colloidal particle stability, nanoparticle size, and film adhesion to the surface.

To investigate the effect of controlling LbL ¢rowth, the growth of the silver
nanoparticle composite thin films was monitored using UV-vis spectroscopy and AFM,
with a focus on key factors including ionic strength, pH, time, and number of layers.
These four fundamental parameters are typically studied when a new type of

polyelectrolyte multilayer (PEM) thin film is proposed.

Effect of pH on film adhesion

To fabricate nanolayer films, a pH of 9 was selected to take advantage of the
negative charges under basic conditions following the synthesis of AgNPs. All conditions
of the CECSX-AgNPs film adhered well to the glass surface, according to Figure 5.11.
Furthermore, CECSX-AgNPs at the optimal concentration (0.005 %w/v) were selected
to study the impact of both basic and acidic conditions. The adhesion of CECSX-AgNPs
to the film surface was investigated, as shown in Figure 5.12. Since the surface of the
nanoparticles is largely negatively charged, the results showed that raising the pH value
above 9 had little effect on the adhesive capabilities of the film. On the other hand,
the film's adhesive ability decreased when the pH was changed to neutral or acidic

conditions because the surface of the nanoparticles lost its negative charge.
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Figure 5.12 The effect of pH on preparing each layer of film
at 0.005 %w/v of CECSX a) HCECSX-AgNPs b) LCECSX-AgNPs.

Effect of time on film adhesion

The effect of time on film preparation steps was tested under optimum
conditions for HCECSX-AgNPs and LCECSX-AgNPs (0.005 % w/v) to estimate the
appropriate duration for growing each film layer. The experiment revealed that
immersing each layer of film for a period of 10 minutes for HCECSX-AgNPs and 15
minutes for LCECSX-AgNPs was sufficient. Specifically, immersing the CECSX-AgNPs film
for this duration resulted in complete adhesion of the nanoparticles to the film layer.
However, prolonging the immersion time did not improve nanoparticles film adhesion.

The effect of time on the film preparation steps is shown in Figure 5.13.
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Figure 5.13 The effect of time on preparing each layer of film at 0.005 %w/v of CECSX
a) HCECSX-AgNPs b) LCECSX-AgNPs.
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Figure 5.14 Absorption spectra of on preparation steps at 0.005 %w/v of CECSX
a) HCECSX-AgNPs solution b) 1 layer of HCECSX-AgNPs film on glass substrate
) LCECSX-AgNPs solution d) 1 layer of LCECSX-AgNPs film on glass substrate, with NaCl
from 0-50 mM.

Effect of ionic strength on film adhesion

The various concentrations of NaCl ranging from 0 to 50 mM were added to
the as-synthesized CECSX-AgNPs solutions to evaluate their impact of ionic strength.
NaCl concentration served as a parameter that enhances the formation of the film by
reducing the attraction between polyelectrolytes. The absorption spectra of AgNPs
solutions, the visual observation, and one-layer AgNPs film on glass substrate with
various concentrations of NaCl are shown in Figure 5.14 with (a, b) for HCECSX and (c,
d) for LCECSX. According to the experimental results, both scenarios -no addition of
salt, and addition of 50 mM NaCl- exhibited the same surface adhesion ability.
However, the addition of salt can greatly improve the adhesion performance of the
film on the surface. The optimum salt concentration for film preparation was
determined to be 50 mM, demonstrating the ability to enhance the film adhesion
without inducing the solution precipitation. NaCl increases the ionic strength of the

nanoparticle dispersion, resulting in a higher nanoparticle density within the absorption
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layer. This leads to reduced electrostatic repulsion between nanoparticles, thereby
strengthening the adherence of the nanoparticles to the surface. A comparison of
CECSX-AgNPs films as a function of number of layers, with and without NaCl addition,

is illustrated in the subsequent section.

Effect of number of film layer

The effect of the number of layers was studied in relation to the optimum
concentration of NaCl in the previous section. Visual observation and absorption
spectra of CECSX-AgNPs films with 0. and 50 mM NaCl as a function of the number of
layers are shown in Figure 5.15 (a, b) for HCECSX and (c, d) for LCECSX. The number of
layers was investigated ranging from 3 to 11 layers. The results revealed that the growth
of film adhesion at 50 mM NaCl showed the appropriate condition. An increase in the
number of layers corresponded to an increase in UV-visible absorbance intensity. The
enhancement in absorbance values at }\max for each layer of HCECSX-AgNPs and

LCECSX-AgNPs are shown in Figure 5.15 (e) and (f), respectively.
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H-CECSX-AgNPs RMS L-CECSX-AgNPs RMS
Number
Roughness i k K K Roughness

of layer Two dimensional Three dimensional Two dimensional Three dimensional
(nm) (nm)

(scanned at 1 pym) (scanned at 5 um) (scanned at 1 ym) (scanned at 5 pym)
5 8.27 5.11
7 8.91 6.01
9 9.28 6.19
11 7.04 6.79

Figure 5.16 AFM images of HCECSX-AgNPs/PDADMAC and LCECSX AgNPs/PDADMAC

multilayer films as the function of number of layers.

AFM images in Figure 5.16 clearly showed that HCECSX-AgNPs/PDADMAC and
LCECSX-AeNPs/PDADMAC composites contain an interconnection network structure
with isolated individual silver nanoparticles. During the LbL process, the electrostatic
force between anionic AgNPs and cationic PDADMAC contributes to the formation of
ageregates. These AgNPs counteract van der Waals interactions, leading to closely-
packed aggregations and consequently resulting in a smoother surface of the LbL films.
This aggregation causes the AgNPs to arrange themselves randomly and kinetically
within the LbL films. Root-mean-square (RMS) roughness values, as determined from
AFM imasges at 5, 7, 9, and 11 layers, were calculated to be 8.27, 8.91, 9.28, and 7.04
for HCECSX-AgNPs, and 5.11, 6.01, 6.19, and 6.79 for LCECSX-AgNPs, respectively.
Increased roughness values result in the creation of a larger surface area with higher
surface energy, potentially contributing to the development of hydrophobic surfaces.
It can also make surfaces difficult to wet with polar liquids such as water (the contact
angle of the neat suture materials and AgNPs-coated suture materials is shown in Figure

5.17). From the morphology obtained by the AFM technique, it was found that
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nanolayer films could be formed, resulting in uniform coloration of the suture

materials.

Neat Coated with AgNPs
Hydrophilic 0~143°

Cotton | M i e
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Hydrophilic 6~127°

Polyamide A <

26.5s 37.5s 60.3s 63.5s

0~131° 0~136°

Polypropylene

Figure 5.17 Contact angle of neat suture materials and AgNPs coat on suture materials.

The optimal conditions determined from the study of the layer-by-layer
method on glass surface were selected for application to suture materials. HCECSX-
AgNPs and LCECSX-AgNPs, as synthesized at pH 9, 50 mM NaCl and 9 layers, were
selected to fabricate LbL films on three kinds of suture materials including cotton,
polyamide, and polypropylene. Visual observation of HCECSX-AgNPs/PDADMAC and
LCECSX-AgNPs/PDADMAC coating on cotton, polyamide, and polypropylene are shown
in Figure 5.18. From visual observation with the naked eye, the color of the suture
material surface has clearly changed from opaque white to yellowish brown
demonstrating that silver nanoparticles are adhered to the suture material surface. To
further verify the development of silver nanoparticles on the three types of suture
materials, elemental data of the nanoparticles were investigated using FESEM/energy
dispersive X-ray spectrometer (EDS). The EDS images of cotton, polyamide, and

polypropylene covered with silver nanoparticles are also shown in Figure 5.19. The
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EDS measurements revealed the presence of Ag element on all tested types of suture
materials. These observations collectively support the conclusion that silver
nanoparticles were effectively deposited onto various suture materials, including

cotton, polyamide, and polypropylene, through a well-defined LbL process.

Coating Material

Fabrics HCECSX-AgNPs LCECSX-AgNPs
Primer

5 layer 7 layer 5 layer 7 layer

Cotton

Polyamide

o
e v
Polypropylene _g,:z#
e
i o

Figure 5.18  Visual observation of HCECSX-AgNPs/PDADMAC and LCECSX-
AgNPs/PDADMAC coat on cotton, polyamide, and polypropylene by LbL method.
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Figure 5.19 FESEM image and EDS of HCECSX-AgNPs/PDADMAC and LCECSX-
AgNPs/PDADMAC coat on cotton, polyamide, and polypropylene by LbL method.
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5.1.5 Antimicrobial assay

1) Minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) assay

The antibacterial action of HCS, LCS, HCSX, LCSX, HCECSX, LCECSX, HCECSX-
AgNPs and LCECSX-AgNPs was determined as MIC and MBC values (see Table 5.6). The
impact of incorporating PCMX into the chitosan structure was examined under a pH of
4. The findings showed that both high (HCSX) and low (LCSX) molecular weight CSX
demonstrated enhanced activity compared to CS. The increased hydrophobicity of
chitosan enables it to interact more effectively with the bacterial cell membrane's
hydrophobic regions, facilitating membrane disruption and boosting antimicrobial
activity [13, 20, 59]. This indicates that the addition of PCMX groups to the chitosan
structure leads to enhanced antibacterial properties against both S. aureus and A.
baumannii. However, for E. coli, the addition of PCMX groups to the chitosan structure
does not affect antibacterial properties. This indicates that antimicrobial properties
depend on the microbial strain and environmental conditions, further complicating the
enhancement process.

Additionally, under neutral condition (pH 6.5-7), the results indicated that both
high (HCECSX) and low (LCECSX) molecular weight exhibited antibacterial activity
against the provided bacteria as reported in Table 5.6 as evidenced by their MIC and
MBC values. In contrast, HCS, LCS and CECS (carboxyethylchitosan without grafting with
PCMX) were ineffective against bacteria due to precipitation, rendering them
ineffective. As evidenced in the literature, water-soluble chitosan derivatives are better
dispersed in agueous solutions, enabling a more even distribution of the antimicrobial
agent [62, 66-68]. LCECSX demonstrated the most powerful antibacterial effect against
both gram-positive and gram-negative strains under neutral conditions, while HCECSX
show antibacterial properties against only against S. aureus. However, antibacterial
properties at higher concentrations of HCECSX should be studied. Remarkably, at its
isoelectric point in neutral pH, CECSX carries both negative (COO") and positive charges
(NH5"). This dual charge feature allows it to inhibit a broad spectrum of bacteria,

encompassing both gram-negative and gram-positive species.
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Table 5.6 MIC and MBC values of HCS, LCS, HCSX, LCSX, HCECSX, LCECSX, HCECSX-
AgNPs and LCECSX-AgNPs by microdilution method in neutral condition.

E. coli S. aureus A. baumanii
Synthesis ATCC25922 ATCC25923 ATCC19606
materials
MIC (mg/L)  MBC (mg/L) MIC (mg/L) MBC (mg/L) MIC (mg/L) MBC (mg/L)
pH = 4.0
HCS 200 200 200 400 50 50
LCS 200 200 200 200 100 100
HCSX 200 200 100 200 25 50
LCSX 200 200 100 200 50 100
pH = 6.5 - 7.0
HCS® ND ND ND ND ND ND
LCS? ND ND ND ND ND ND
HCSX® ND ND ND ND ND ND
LCSX® ND ND ND ND ND ND
HCECS” ND ND ND ND . -
HCECSX ND ND 400 400 ND ND
LCECSX 400 >400 200 400 400 >400
HCECSX-AgNPs ND ND 25 25 3.125 3.125
LCECSX-AgNPs 25 25 12.5 25 1.56 1.56

® = Precipitation stage

® = Antimicrobial resistant up to 0.5 %w/v
ND = Not detected

- = Not studied

Moreover, many research projects have focused on metallic nanoparticles,
which have been employed as powerful antibacterial agents[65, 69]. Based on our
proposed methodology, HCECSX-AgNPs and LCECSX-AgNPs possess the potential to
demonstrate strong antibacterial activity. CECSX-AgNPs, carrying both negative and
positive surface charges, can adhere to microbial layers, compromising their structural
stability and function. In gram-positive bacteria, the negative charge of CECSX primarily
engages with the thicker peptidoglycan layer. On the other hand, gram-negative

bacteria have a thinner peptidoglycan layer and an outer membrane, predominantly
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interact with the positive charge of CECSX on the AgNPs surface. This interaction
disrupts the outer membrane, increasing its permeability, which subsequently leads to
the bacteria's death [70]. Hence, CECSX may be used as an antibacterial agent in a
range of biological applications by being coated on the surface of AgNPs.

Although HCECSX-AgNPs show effectiveness against E. coli, it is probably due
to factors such as limited diffusion, weaker interactions with bacteria, slower release
kinetics of silver nanoparticles, and bacterial resistance mechanisms. However,
HECESX-AgNPs at higher concentrations or under more acidic conditions may exhibit
better antibacterial activity because the positive charge from -NH;* groups may interact
with the bacterial cell wall, increasing its permeability. Therefore, optimizing the
molecular weight and other properties of chitosan is crucial for enhancing its efficacy

as an antimicrobial substance against bacteria.

2) Antimicrobial test for metallized suture materials (In vitro time-kill study)

In vitro time=kill study: /n vitro bacterial reduction of AgNPs/PDADMAC films on
the three kinds of suture materials were evaluate against both gram-positive and gram-
negative pathogens. The effectiveness of antibacterial coatings on suture materials
significantly depends on the material substrate[71]. This indicates that the suture
material properties, such as porosity, absorbency, and chemical composition, are
crucial in determining the antibacterial coating's success. The embedding of AgNPs in
suture materials operates through a mechanism observed in in vitro time-kill studies,
where silver ions (Ag*) are released into a solution [72]. In the presence of water or
oxygen, AgNPs undergo oxidation, leading to electron loss from the silver atoms on
the nanoparticles' surface, with the released electrons being accepted by oxygen or
other environmental electron acceptors. The released silver ions then interact with
bacterial cell membranes, causing structural damage and increased permeability.
Inside the microbial cell, silver ions attach to proteins and DNA, disrupting vital cellular
activities, ultimately leading to the cell's demise. The in vitro bacterial reduction of
CECSX-AgNPs/PDADMAC films on various suture materials against £. coli, S. aureus and
A. baumannii at 6 and 24 hr are shown in Table 5.7 for HCECSX-AgNPs and Table 5.8
for LCECSX-AgNPs. The bacterial reduction of CECSX-AgNPs coated on various suture
materials against £. coli, S. aureus and A. baumannii at each time point over a 24-hour

period is shown in Figure 5.20 for HCECSX-AgNPs and Figure 5.21 for LCECSX-AgNPs.
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The variation in the antibacterial activity of silver nanoparticles across different
suture materials can be ascribed to multiple factors and may not be directly
comparable due to variations in thickness, fiber content, and density. For LCECSX-
AgNPs, cotton’s higher porosity and absorbency compared to polyamide and
polypropylene play an important role. In addition, cotton and polyamide with
hydrophilic properties, further facilitates the adherence and penetration of AgNPs [59],
amplifying its antibacterial efficacy. Conversely, polypropylene [73] fabrics, generally
being smoother and less fibrous, may offer limited surface area for the attachment of
silver nanoparticles, potentially reducing their effectiveness in inhibiting bacterial
activity.

However, in the case of high molecular weight chitosan. Overall, it was found
that HCECSX harder to cover the surface area of all types of suture materials, lead to
a reduction in its antimicrobial activity. But in the case of polypropylene, HCECSX-
AgNPs could form a more continuous and uniform coating on the surface. This
uniformity can provide a more effective barrier against bacterial adherence and
colonization. Unlike the case of using low molecular weight chitosan, polypropylene

exhibited the best antibacterial activities.

Table 5.7 Antibacterial property of HCECSX-AgNPs coated on various suture materials

against E. coli, S. aureus and A. baumannii.

Sample Contact Bacterial reduction

time (hr)  E coli S. aureus A. baumannii

% Log % Log % Log

HCECSX-AgNPs- 6 46.00 0.27 3197 0.17 69.60  0.52
cotton

24 28.26 0.14 59.18  0.38 26.02 0.13
HCECSX-AgNPs- 6 49.00 0.29 59.56  0.39 7890  0.68
polyamide

24 29.89 0.15 1429  0.07 30.61 0.16
HCECSX-AgNPs- 6 99.98 3.63 99.99 433 99.99 4.04
polypropylene

24 29.89 0.15 43.54 0.250 34.69  0.19
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Table 5.8 Antibacterial property of LCECSX-AgNPs coated on various suture materials

against E. coli, S. aureus and A. baumannii.

Sample Contact Bacterial reduction

time (hr) £ coli S. aureus A. baumannii

% Log % Log % Log

LCECSX-AgNPs- 6 99.99 3.82 99.97 357 99.99 430
cotton

24 90.22 1.00 98.36 1.78 9347 1.18
LCECSX-AgNPs- 6 99.63 2.43 99.99 394 99.74 258
polyamide

24 92.12 1.10 99.01 200 89.23  0.96
LCECSX-AgNPs- 6 94.00 1.22 83.07  0.77 94.00 1.22
polypropylene

24 33.70 0.17 28l ™ 005 3776 0.20
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Figure 5.20 Antimicrobial bacterial reduction of HCECSX-AgNPs coat on cotton,

polyamide and polypropylene against a) E. coli, b) S. aureus and c) A. baumannii.
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Figure 5.21 Antimicrobial bacterial reduction of LCECSX-AgNPs coat on cotton,

polyamide and polypropylene against a) E. coli, b) S. aureus and c) A. baumannii.
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5.2 Conclusions

This part of research explored the development of suture materials with
enhancing antibacterial properties using water-soluble chitosan derivatives coating on
AgNPs surfaces. Both high and low molecular weight chitosan served as synthetic
precursors. HCECSX and LCECSX were synthesized by two step procedures. Initially,
chloroxylenol was grafted onto the chitosan backbone through the Mannich reaction
to obtain HCSX and LCSX, followed by further reacting acrylic acid with HCSX and LCSX
through the Michael reaction to improve water solubility. Structural characterization of
modified-CSs was achieved by 'H NMR, UV-vis spectroscopy and elemental analysis.

AgNPs was synthesized using a simple chemical reduction method in the
presence of NaBHg4, using HCECSX and LCECSX as stabilizing agents. Excellent HCECSX
and LCECSX characteristics make AgNPs stabilize relatively efficiently through
electrostatic repulsion forces. The particles of HCECSX-AgNPs and LCECSX-AgNPs were
found to be well dispersed and mostly spherical in shape, with nanosizes smaller than
10.8 nm.

The HCECSX-AgNPs and LCECSX-AgNPs were applied as coating on suture
materials include cotton, polyamide and polypropylene using layer-by-layer method.
The primary electrostatic interaction between anionic CECSX-AgNPs and cationic
PDADMAC led to the growth of nanolayer films on the suture materials. Notably,
HCECSX-AeNPs, applied on polypropylene, demonstrated more than 99.98% reduction
against all of the tested bacteria. Similarly, LCECSX-AgNPs, applied on cotton,
demonstrated over 99.99% reduction, while LCECSX-AgNPs, applied on polyamide,
exhibited over 99.63% reduction, both against all of the tested bacteria. This coating
of CECSX on AgNP's surface potentially constitutes an important new alternative

material for antimicrobial surgical sutures.
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ABSTRACT: Chitosan-grafted thymol (CST) coated on gold
nanoparticles has been synthesized and characterized for the
design of antimicrobial materials. CST was synthesized via
adapting the Mannich reaction, and it acted as the capping agent
for the synthesis of gold nanoparticles (AuNPs). The grafting of
thymol onto the side chain of chitosan has provided a degree of
substitution value (%DSyyugr) of 10.0%, calculated by nuclear
magnetic resonance spectroscopy. UV—visible spectrometry and
elemental analysis were used to confirm the successful synthesis of
CST through adapting the Mannich reaction. The appropriate
concentration of CST for AuNP synthesis was found to be 0.020%
w/v. A red-wine colloidal AuNP solution of 2.41—3.30 nM particle
size exhibits a strong surface plasmon resonance at 502 nm, which
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shows negative charges at pH = 9 of —=36.37 mV. This result evidenced that the AuNPs showed electrostatic repulsion and CST
played a role as a capping agent to provide a good dispersion and stability state. CST coated on the AuNP surface was successfully
utilized for the control of cariogenic bacteria in the oral cavity. The results obtained from this study show that the tuning of the
capping agent used in the synthesis step strongly influences the latter antimicrobial activity of the nanoparticles against Streptococcus
mutans ATCC 25175 and Streptococcus sobrinus ATCC 33402 activity, with an inhibition zone of 15.90 and 14.25 mm, respectively.
The average minimum inhibitory concentration values against S. mutans ATCC 25175 and S. sobrinus ATCC 33402 were found to
be 25 and 100 mg/L, respectively, whereas the minimum bactericidal concentration values were 100 and 200 mg/L, respectively.

1. INTRODUCTION

Some oral infections including cavities, gingivitis, and
periodontal disease are common from childhood to adulthood.
Cavities are one of the most common oral infections caused by
the bacteria Streptococcus mutans (S. mutans) and Streptococcus
sobrinus (S. sobrinus), one of the principal cariogenic dental
biofilm inhabitants that feeds on sugary, sticky foods, and
beverages. S. mutans and S. sobrinus secrete glucosyltransferase
on its cell wall, which allows the bacteria to produce
polysaccharides from sucrose. These sticky polysaccharides
are responsible for the bacteria’s ability to aggregate with one
another and adhere to tooth enamel."”” To prevent the oral
infections, daily brushing, flossing, and the use of appropriate
mouthwash can significantly reduce the number of oral
bacteria. Three different types of clinically used and most
frequently studied antiplaque agents are sodium fluoride,
ampicillin, and chlorhexidine."”* However, some inherent
issues of these antiplaque agents could not be avoided such
as brown staining of the teeth and tongue, an unpleasant taste,
enhanced supragingival calculus formation, and rarely painful
desquamations of the oral mucosa all of which have led to the
search for new formulations. Recently, gold nanoparticles

© 2022 The Authors. Published by
American Chemical Society
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26582

(AuNPs) have been proposed as an antimicrobial agent to
prevent the oral infections.™ Most of the published work has
mainly focused on the preparation of AuNPs conjugated with
antibiotics, antimicrobial peptides, and ligands®”~"* in order to
enhance the antibacterial abilities. AuNPs with smaller sizes
have various benefits in antibiotic delivery such as regulating
size and morphology, high-density surface ligands, and delivery
without losing drugs which protects them from destruction.
Darabpour et al,'” developed AuNPs using the chemical
reduction technique and immobilized methylene blue onto
AuNP surface. The particle sizes of AuNPs and zeta potential
were found to be 85 nm and +32 mV, respectively. AuNPs
conjugated with methylene blue demonstrated important
photoinactivation across Staphylococcus aureus (S. aureus)
biofilms. A reduction of greater than Slog,, CFU was found.
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Figure 1. '"H NMR spectra of (a) chitosan and (b) CST in CF;COOH/D,0.

Singh et al, ' explored the aqueous extract of C. sativa to
synthesized AuNPs without any additional reducing and
capping agents. The synthesized AuNPs were crystalline with
an average diameter of 12—18 nm and showed bactericidal
effects against Pseudomonas aeruginosa and Escherichia coli.
Jiang and co-workers'” fabricated AuNPs with 4,6-diamino-2-
pyrimidinethiol in order to kill Escherichia coli ATCC11775 (E.
coli) with multidrug-resistance Gram-negative bacteria effi-
ciency to induce drug resistance to a much smaller degree than
conventional antibiotics.

In this research, we have performed synthesis and character-
ization of chitosan-grafted thymol (CST) on the AuNP surface
for antimicrobial activities in the oral cavity. It is well known
that chitosan'®~"? and thymol®*~** are most frequently used
for antimicrobial and antiplaque agents. Chitosan has received
much more attention as a chemical agent for mouthwashes that
provides clinical benefits for plaque control. Chitosan is a
linear polysaccharide composed of randomly distributed /-
linked D—glucosamine and N-—acetyl-D—glucosamine. The
protonated amino groups upon chitosan chains interact with
bacterium cell walls negatively charged, disrupting them and
providing microbial death. Various methods have been tried to
improve its antibacterial activity either by a physical or
chemical strategy. Chemical modification requires introducing
new groups onto the backbone by reacting with hydroxyl or
with amino groups such as saccharization, alkylation, acylation,
quaternization, and metallization.”*~>” These modifications
bring chitosan a better antibacterial activity and expand its
application as well with S. aureus and E. coli. However, there
are a few research studies on the effects of chitosan derivatives
against S. mutans and S. sobrinus especially for oral application.
For this reason, the objective was to designed chitosan
modified with thymol via adapting the Mannich reaction to

enhance the antimicrobial properties and use them as a
capping agent for AuNP synthesis. Many characterization
techniques, such as UV—visible spectrometry, X-ray diffraction
(XRD), transmission electron microscopy (TEM), zeta
potential analyzer elemental analysis (EA), and 'H NMR,
were used to confirm the successful synthesis of CST and
AuNPs. Finally, CST coated on gold nanoparticles was applied
as the antimicrobial agent to control the growth of bacteria in
oral application.

2. EXPERIMENTAL SECTION

2.1. Chemicals. High-molecular-weight chitosan (320,000
Da) was purchased from Eland Co., Ltd. (Bangkok, Thailand).
The percentage of degree of deacetylation (%DD) of chitosan
(CS) is 85%. Formaldehyde (HCHO: 37% w/w), hydrochloric
acid (HCI), and sodium hydroxide (NaOH) were purchased
form Carlo Erba (Italy). Thymol (C,,H;,0), gold(III)
chloride trihydrate (HAuCl,-3H,0), and sodium borohydride
(NaBH,) were acquired from Sigma-Aldrich Germany. All
chemicals are of analytical reagent grade (AR grade) and used
without further purification. Ultrapure deionized water (Milli—
Q ultrapure water) with a resistivity of 18.2 MQ cm at 25 °C
was used for preparing all chemical solutions.

2.2. Preparation of CST. CST was synthesized by a well-
described method through the Mannich reaction adapted from
our previous research.”® The preparation steps can be
summarized as follows: chitosan (1 g) was dissolved in 100
mL of 1% w/v acetic acid solution under vigorous stirring.
Then, 0.7932 g of thymol dissolved in 10 mL of
dimethylformamide and 0.2147 g of formaldehyde were slowly
dropped into chitosan solution and stirred at 60 °C for 24 h.
After that, 0.5 M of fresh NaOH solution was added into the
solution mixture for precipitation. The mixture was then

https://doi.org/10.1021/acsomega.2c02776
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Scheme 1. Schematic Illustration of the Synthesis of (a) CST and (b) CST Coated on the Gold Nanoparticle Surface
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Thymol, HCHO
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OH OH

HO
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filtered using filter paper and washed with ethanol and distilled
water. The precipitate was dried at 60 °C to obtain a CST
product.

The structural characterization of CST was performed by 'H
NMR, EA, and UV—vis spectroscopy techniques. The UV—vis
spectra were scanned from 200—800 nm using a BlueStar B
spectrophotometer (Lab Tech, China). The '"H NMR spectra
were determined using a JNM-ECZ-S00R/S1 spectrometer
(JEOL, Japan) at 500 MHz. D,0/CF;COOH was used to
dissolve CST. The degree of substitution (%DS) determi-
nation of CST was calculated using 'H NMR and EA followed
eqs 1 and 2, respectively.

HI
H, (1)

where %DS is the degree of substitution percentage, and H;
and H, are the integral areas of protons indicated in Figure 1.

(i)b B (%)O 14

X — X 100
12

%DSyvr =

%DSg, =
n

)

where %DSg, is the degree of substitution percentage obtained
from EA data; (C/N)y, is the carbon to nitrogen mass ratios of
the chitosan derivative; and (C/N),, is the carbon to nitrogen
mass ratios of the original chitosan.

2.3. Synthesis of CST Coated on Gold Nanoparticles.
AuNPs were synthesized by chemical reduction using CST and
NaBH, as the capping and reducing agents, respectively.
Briefly, 10 mL of 10 mM HAuCl,-3H,0 was mixed with 0.1%
w/v of CST. Then, an aliquot of 0.5 mL NaBH, (50 mmol/L)
was rapidly added to a solution mixture under stirring for 10
min at 25 °C. The color of the solution was changed rapidly
from light yellow to red-wine immediately. The stirring process
was continued for 30 min to complete reduction and

homogenization. Finally, the dark red solution of CST-—
AuNPs with pH 9.0 was obtained. The synthesized solution
was purified with a dialysis tube and stored at 4 °C in a
refrigerator for 24 h before further use.

To estimate the concentration of CST—AuNPs, the stock
colloidal CST—AuNP solution was diluted three times using
ultrapure water, and the absorbance intensity was measured at
Amax = 502 nm using UV—vis spectrometry. The concentration
of CST—AuNPs was 3.637 nanomolar [nM] calculated using
Beer’s law according to the extinction coefficient on particle
diameter (¢ = 7.19 X 10° M™' em™ for the particle size of
CST—AuNPs = 2.41 nm). For references, the extinction
coefficient for CST—AuNPs is calculated using the following
equation of In & = 1.4418 InD + 18.95S5 and D is the diameter
in nanometer (nm).”’

2.4. Characterization. Ultraviolet—visible (UV—vis)
absorption spectra of AuNPs were measured using a double-
beam UV1800 (Shimadzu, China) spectrophotometer with a 1
cm path length quartz cuvette. All the measurements were
repeated at least three times. The morphology, particle size,
and distribution of AuNPs were photographed using a
transmission electron microscope (TEM, JEM—2010 model,
JEOL Co., Ltd. Japan) at an accelerating voltage of 200 kV.
Zeta potential of NPs was measured using a Nano ZS—
Malvern instrument, England with a 633 nm helium—neon
laser. An X-ray diffractometer was used to analyze the
crystallographic structure of the NPs. The XRD patterns
were recorded over a 20 (Smartlab SE diffractometer,
RIGAKU, Japan). pH of the synthesized solution was adjusted
using a benchtop pH meter (Mettler)

2.5. Antimicrobial Assay. The antimicrobial activity of
chitosan, CST, and CST—AuNPs against S. mutans ATCC
25175 and S. sobrinus ATCC 33402 was evaluated by the agar
well diffusion method and macrodilution method.

2.5.1. Agar Well Diffusion Assay. The 10* CFU/mL of
inoculum was swapped onto Mueller—Hinton agar plates;

https://doi.org/10.1021/acsomega.2c02776
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afterward, a well with a size of S mm was cut in the agar plate.
Each well was aseptically filled up with 20 L of (a) Control:
prepared by mixing 1% v/v CH;COOH with 4% w/v of
Tween80, (b) Chitosan: prepared by dissolving 1% w/v of
chitosan pH 4.5 in control solution), (c) CST: prepared by
dissolving 1% w/v of CST pH 4.5 in control solution, and (d)
CST—AuNPs: prepared by dissolving pH 9.0 of AuNPs coated
with CST 0z09./ mixed with 4% w/v of Tween80. The plates
were incubated at 37 °C for 24 h. 4% of Tween 80 was
introduced as controls. The diameter of the inhibition zone
around each well was measured and expressed in the mean
diameter of the inhibition zone in millimeters (n = 3).

2.5.2. Minimum Inhibitory Concentration (MIC) and
Minimum Bactericidal Concentration (MBC) Assay. MIC
and MBC values were determined by broth macrodilution
assay. Colonies of the same morphological type were selected
and transferred to 0.85% w/v of sterile saline. To achieve the
turbidity of a 0.5 McFarland standard, inoculum was diluted
with Brain Heart Infusion broth 1:200 (approximately § X 10°
CFU/mL). Each stock as-synthesized chitosan, CST, and
CST—AuNPs were dissolved in 4% w/v of tween 80 with the
final concentration ranging from 0.40 to 200 mg/L. Then, 50
uL of adjusted S. mutans ATCC 25175 and S. sobrinus ATCC
33402 were added into each tube. After that, the samples were
incubated overnight at 37 °C for 24 h. MICs and MBCs were
evaluated by no visible growth of bacteria and lowest
concentration of an antimicrobial agent that kills 99.9% of
the initial bacterial population method, respectively.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of CST. To graft
thymol onto the chitosan side chain, the Mannich reaction was

1.0
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0.8 1 ——Chitosan
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Figure 2. UV—vis spectra of CST, chitosan, thymol, and chitosan
mixed with 0.05% w/v thymol in 0.1 M HCI solution.

used in the experimental step. An amino group of chitosan can
react with formaldehyde to form an electrophile imine
compound (—N=CH,) and then react with attached by
introducing at the para position of the phenol group to yield
secondary amines or benzylamine. Thus, chitosan could be
grafted with thymol through the carbene bridge. The synthesis
pathway of CST is shown in Scheme la. The product was
structurally characterized by 'H NMR as shown in Figure 1.
The chitosan spectra showed characteristic peaks at 1.86 and
2.97 ppm assigned to H, and H,, respectively. The peaks at
3.25—4.02 ppm were assigned to H;—H, and H,—Hy. In
terms of CST, it showed a characteristic peak of chitosan and

0.006 %w/v (b)
—0.008 %w/v (a)
=—=0.010 %w/v (c)
~=0.020 %w/v (d)
~—CST (Control)

Absorbance
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Wavelength (nm)

Figure 3. Visual observation and absorption spectra of CST coated on
gold nanoparticles with various concentrations of CST (a) 0.006%w/
v, (b) 0.008%w/v, (c) 0.010%w/v, and (d) 0.020%w/v and CST as
the control on the synthesis step.

| —Cs
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IM‘ Thymol

Intensity

9y ¥ -l i

20 degree

Figure 4. XRD pattern of (a) chitosan, (b) CST, (c) CST coated on
gold nanoparticles, and (d) thymol.

found new peaks at 1.00 and 2.15 ppm which correspond to
protons of the methyl group of thymol (H; and H,),
respectively. Moreover, the doublet peaks around 6.74 and
7.10 ppm of aromatic protons of thymol (H, and H) were also
observed, respectively. Thus, it was indicated that thymol was
successfully grafted onto chitosan through the Mannich
reaction. The degree of substitution of CST was 10.0%, as
calculated from the 'H NMR data. For EA results, the C/N
ratio of CST was higher than that of chitosan, indicating that
additional carbon atoms existed after the reaction. The data
also revealed that the degree of substitution value (%DSg,)
was 9.2% (Table S1, Supporting Information).

The UV—vis spectra of chitosan, CST, thymol, and chitosan
mixed thymol are displayed in Figure 2. It was found that the
chitosan spectrum did not show any peak ranging from 250 to
350 nm while CST spectra exhibited broad peaks at 281 nm
corresponding to the aromatic structure of thymol. Compar-
ison with the spectra of chitosan mixed thymol which showed
absorption peaks at 276 and 282 nm, corresponding to the
characteristic peak of thymol, the CST spectra showed a red
shift phenomenon implying chemical modification on thymol
molecules.”” The results suggested that thymol was grafted
onto the chitosan backbone.

3.2. Synthesis and Characterization of CST Coated on
the Gold Nanoparticle Surface. Our main motivation in
this work was to produce AuNPs using CST as the capping
agent. The capping agent is needed to prevent the growth of
the nanoparticles (NPs). This process occurs during the

https://doi.org/10.1021/acsomega.2c02776
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formation of the NPs when a capping agent adsorbs at the NP
surface. In the present case, CST-modified AuNPs were
synthesized according to a very simple and rapid chemical
method as shown in Scheme 1b. The synthesis of AuNPs with
CST can be achieved through chemical reduction with NaBH,
as a reducing agent. Au** ions were reduced to Au’ in the
presence of CST as a capping agent obtaining stable AuNPs. A
zeta potential analyzer has been used to clarify the stability of
NPs. Zeta potential analysis (Figure S1, Supporting Informa-
tion) demonstrated that the as-synthesized CST—AuNPs had
negative potential (pH = 9), which can prevent nanoparticle—

nanoparticle aggregation and be dispersed from each other in
the aqueous phase.

To study the influence of CST concentration for AuNP
synthesis, four different CST concentrations of 0.006, 0.008,
0.010, and 0.020% w/v were used for investigation. The visual
observation and absorption characteristics of various concen-
trations of AuNPs stabilized with CST are shown in Figure 3.
The AuNPs formed in the solution, through nucleation
growth, displayed a characteristic of vivid blue to dark red
color when the concentration of CST increased from 0.006—
0.020% w/v. Indeed, when the concentration of CST increased
from 0.006—0.020%, the absorption spectra shifted to blue-

https://doi.org/10.1021/acsomega.2c02776
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Figure 6. Effect of (a) pH, (b) ionic strength, and (c) time on the
stability of CST coated on gold nanoparticles.

shift due to the surface plasmon resonance phenomenon. The
extinction spectrum of CSTygy%wy — AuNPs exhibited a
single peak around 502 nm with the zeta potential at pH 9 of
—33.8 mV.

To further confirm the successful formation of CST—
AuNPs, XRD measurements were carried out in order to
identify the crystallinity structure of the NPs, and correspond-
ing XRD patterns are shown in Figure 4. CST—AuNPs

cubic (FCC) lattice. The potent diffraction at 38.1 peak shows
that the preferred growth orientation of zero valent gold was
fixed in the (111) direction.’’ These experimental observations
clearly demonstrate that AuNP capping with CST was found
to be in agreement with the literature report.”

To examine the size and particle morphology, TEM analysis
was performed. As shown in Figure 5, the effect of CST
concentration onto the preparation of AuNPs has been
studied. The concentration of HAuCl,-3H,0 was kept
constant at 1 mM in the synthesis step, and different batches
were prepared with CST concentration increasing from 0.006
t0 0.02% w/v. The TEM images show that AuNPs are nanosize
in shape and well dispersed in aqueous media. The particle size
of AuNP capping with different CST concentrations from
0.006 to 0.02% w/v was found in the range of 1.50—5.10 nm.
The particle size of CST—AuNPs was found to be not
statistically significant different. The appropriate concentration
of CST for AuNP synthesis was found at 0.020%w/v showing a
particle size of 2.41—3.30 nM. This observation suggested that
CST played a role as a stabilizing agent to provide a good
dispersion state of the AuNPs.

3.3. Stability of CST Coated on the Gold Nanoparticle
Surface. The stability of CST—AuNPs under various
conditions was also investigated. The results are shown in
Figure 6. It is well known that chitosan was soluble under acid
conditions due to the protonation of amino groups on the
chitosan backbone. The derivatives of CST could be dissolved
under acid conditions at about pH < 5. The pH values of the
CST would affect the interaction of AuNPs conjugated with
CST. Therefore, it was necessary to investigate the effect of pH
values on the stability of CST—AuNPs. Figure 6a shows the
UV-—visible absorbance at 4, of 502 nm of CST—AuNPs
when varying pH from 3—11. CST—AuNPs could be dispersed

https://doi.org/10.1021/acsomega.2c02776
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Table 2. Comparison of Antibacterial Properties of Metallic Nanoparticles

inhibition zone

method microorganism (mm) MIC (mg/L) MBC (mg/L) ref.
peptide (extracted from Vespa orientalis waspvenom) S. mutans 14.71 18.78 32 34
—AuNPs

chitosan gel — AuNPs S. mutans 8.56 35

lycopene — AgNPs S. aureus 12 36
S. mutans 12

Aspergillus terreus IFO — AuNPs E. coli 13 37
S. mutans Not Active

CST—AuNPs S. mutans ATCC 25175 15.90 25 100 Present work
S. sobrinus ATCC 33402 14.25 100 200

in pH less than S and higher than 7 whereas the precipitation
occurred at pH 7. As a result of the addition of NaBH,, the pH
solution was 9, and the solution was well dispersed, as reported
in several studies.””*’ Adjusting pH to basic range seemed to
have no effect on their stability. When the pH was changed to
acidity (pH 7), however, all particles precipitated. This could
be because the electrostatic repulsion of negatively charged
BO®~ has been destroyed, and deprotonated CST has no
charge (zeta potential value near zero), causing AuNPs to
precipitate. In a more acidic solution (pH 3), the amino groups
of CST were protonated, making it more positively charged
(corresponding to a higher zeta potential value) and causing
AuNPs to have good dispersion.

Another important parameter for the stability of CST—
AuNPs is ionic strength. The stability of CST—AuNPs as a
function of salt concentration and salt type such as NaCl,
Na,S0,, and Na,PO, was investigated (Figure 6b). At low salt
concentration, CST—AuNPs showed higher stability more
than that at high concentration. The monovalent (CI~) and
divalent (SO,*”) showed the slow precipitation of CST-—
AuNPs, while for trivalent (PO,*”), the CST—AuNP colloid
tends to precipitate the fastest. The precipitation could be
attributed to the lower of the electrostatic repulsion between
CST and AuNPs and thus lead to the aggregation and
sedimentation of AuNPs.

Figure 6¢ showed the effect of time onto the stability of
CST—AuNPs. CST—AuNPs with pH 9 can be more stable
more than 3 months.

3.4. Antimicrobial Assay. 3.4.1. Agar Well Diffusion
Assay. The antibacterial activity of CST—AuNPs was assessed
by the agar well diffusion method. The results are shown in
Figure 7. The CST—AuNPs showed good antibacterial activity
against almost all pathogenic bacteria. The tuning of the
capping agent used in the synthesis step strongly influences
latter antimicrobial activity of the NPs against S. mutans ATCC
25175 and S. sobrinus ATCC 33402, with an inhibition clear
zone of 15.90 and 14.25 mm against S. mutans and S. sobrinus,
respectively. Indicated AuNPs show antibacterial properties
when CST binds with the AuNP surface.

3.4.2. MIC and MBC Assay. The antibacterial activity of
chitosan, CST, and CST—AuNPs against the bacterial strains
was assessed by MIC and MBC. MIC and MBC values for CS,
CST, and CST—AuNPs against S. mutans ATCC 25175 and S.
sobrinus ATCC 33402 are shown in Table 1. The MICs and
MBCs of CST—AuNPs against S. mutans ATCC 25175 were
found to be 25 and 100 mg/L, respectively, while S. sobrinus
ATCC 33402 was found to have an MIC and MBC of 100 and
200 mg/L, respectively. The report indicated that CST—
AuNPs exhibited antibacterial activity against both bacterial
species. Therefore, the modification of thymol into the

backbone of chitosan was considered essential for antimicro-
bial activity enhancement.

Metallic nanoparticles have been widely studied and applied
as an effective antibacterial agent. The antibacterial properties
of modified metallic nanoparticles in the previous study are
shown in Table 2. According to our proposed method, CST—
AuNPs can be deemed to have potential with strong
antimicrobial activity. CST coated on the AuNP surface can
thus be employed as an antibacterial agent in a variety of
biological applications.

4. CONCLUSIONS

A novel control of cariogenic bacteria in the oral cavity was
made from a simple chemical reduction method using CST
coated on the AuNP surface. The grafting of thymol onto the
chitosan backbone was synthesized through adapting the
Mannich reaction which provided degree of substitution values
(%DSnmr) Oof 10.0%. Excellent properties of CST are very
effective in stabilization of AuNPs. The electrostatic properties
of CST were used to primarily provide the stabilization of the
AuNPs by electrostatic repulsion. The particles of AuNPs were
found to be well dispersed and mostly spherical in shape with
an average particle size of 2.41—-3.30 nm. The presence of
AuNPs with CST enhanced bactericidal activity against S.
mutans ATCC 25175 and S. sobrinus ATCC 33402. This CST
coated on the AuNP surface potentially constitutes an
important new weapon in the fight of cariogenic bacteria-
related infection.
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CECSX-AgNPs against E. coli (ATCC25922), S. aureus (ATCC25923), and A. baumanii (ATCC19606) were
determined as 25, 12.5, and 1.56 mg/L, respectively. Using the LbL deposition technique, CECSX-AgNPs were
successfully deposited onto various suture materials including cotton, polyamide, and polypropylene. Remark-
ably, CECSX-AgNPs coated surgical sutures exhibited the highest bacterial reduction of 99.99 %. These findings
underscore the efficacy of CECSX as a high-performance stabilizing agent for AgNPs production, providing
outstanding antibacterial activity on diverse surgical suture materials and promoting the wound healing process.

1. Introduction

Sutures are important surgical medical devices used for sealing
injured organs and tissues and fostering postoperative wound healing.
Inadequate closure may potentially increase the risk of wound dehis-
cence, thereby creating a pathway for bacterial contamination. Histor-
ically, both systemic and localized antibiotic therapies have been
employed to manage surgical-site infections [1]. Nowadays, suture
functionalization with antibacterial agents is regarded as an alternate
control strategy that counteracts cross—contamination and microbial
proliferation. A variety of antibacterial agents are used in suture func-
tionalization, including triclosan [2], chlorohexidine [2-4], and iodine
[5]. Despite their effectiveness, these antimicrobial medications may
induce allergies, skin irritation, and staining of surrounding tissues or
clothing, particularly with iodine-containing solutions. In recent years,
silver nanoparticles (AgNPs) have emerged as promising antimicrobial
agents for coating sutures, owing to their exceptional attributes such as
limited susceptibility to pathogen at surgical sites and extensive anti-
microbial and antiviral properties [6]. Interestingly, the antimicrobial
properties of AgNPs were found to be size- and shape-dependent [7].
Moreover, the conjugation of AgNPs with antibacterial agents has
demonstrated notable antimicrobial effects. Despite these exceptional
characteristics, there is a scarcity of literature on the utilization of
biogenic agents modified AgNPs for suture coating. S. Yadav et al. [8]
reported the antimicrobial properties of surgical sutures coated by
propolis modified AgNPs. Propolis modified AgNPs exhibit a highly
dispersed, mostly spherical morphology with a diameter of approxi-
mately 20 nm. Coated sutures displayed a clear zone of clearance where
they were not observed with uncoated sutures. Significant differences
were observed in zone of clearance for 1.8 + 0.01 mm, 1.2 4 0.03 mm,
and 1.0 + 0.06 mm against S. aureus, E. coli, and A. niger, respectively. S.
T. Dubas et al. [9] fabricated surgical sutures by coating sodium alginate
modified AgNPs. The antimicrobial properties of AgNPs against S. aureus
were found to increase as the size of the nanoparticles (NPs) decreased.
The % reduction of S. aureus was 76.82 %. Indeed, numerous studies
suggested that AgNPs have exhibited significant extensive antimicrobial
properties. Each research uniformly concurs on the assertion that not
only size and shape but also surface characteristics of AgNPs play a
pivotal role in their interactions with bacteria. To curtail the agglom-
eration and unrestrained growth of AgNPs, a stabilizing agent is
required. This stabilizing agent prevents NPs aggregation through
mechanisms of steric hindrance or electrostatic repulsion, simulta-
neously regulating particle growth dynamics [10].

Chitosan (CS) is a naturally occurring polysaccharide derived from
the deacetylation of chitin [11]. Because of its chemical and physical
properties, CS is becoming increasingly popular as a stabilizing agent in
AgNP synthesis. CS contains amino and hydroxyl groups, which allow
for electrostatic interactions with negatively charged nanoparticles,
effectively preventing aggregation [12]. The ability of CS to polymer to
encapsulate AgNPs also reduces their tendency to agglomerate, thereby
enhancing their stability [13]. Furthermore, CS contains active func-
tional groups that can be modified to improve properties such as anti-
microbial activity [14-18] and water solubility [19-21]. The
antibacterial activity of CS can be further enhanced by integrating some
functional groups into its structure through chemical reactions involving
hydroxyl or amino moieties [22-27]. Despite numerous studies aimed at
enhancing the efficacy of CS in antimicrobial properties, challenges

persist regarding its water solubility. Hence, our objective was to
enhance the antimicrobial property of CS, while also aiming to improve
its water solubility. Subsequently, the modified CS was utilized to
fabricate antimicrobial surgical suture materials.

In the present study, a new antimicrobial agent was developed by
incorporating AgNPs with CS derivatives and subsequently coated on
the surface of a surgical suture. The strong antimicrobial effect of the CS-
modified AgNPs can be enhanced by altering the surface charges of
AgNPs to achieve stronger attractive force. To achieve this, the study
focuses on two main objectives for altering the surface properties of CS.
Firstly, chloroxylenol (PCMX) was covalently bonded to the CS back-
bone yielding chloroxylenol-chitosan (CSX). The incorporation of
chloroxylenol as hydrophobic active functional groups onto the CS
backbone represents a strategic enhancement to the antimicrobial ac-
tivity of the materials. Secondly, hydrophilic acrylic acid was introduced
to GSX to obtain chloroxylenol-carboxyethylchitosan (CECSX). The
modification of acrylic acid brings CSX better water solubility affecting
the higher antibacterial activity under neutral and basic conditions (pH
7-12) against pathogenic bacteria. Subsequently, the novel CECSX
antimicrobial compound was used as a stabilizer in the synthesis of
AgNPs to produce a highly stable colloidal and antimicrobial AgNPs
solution (CECSX-AgNPs). Finally, using the advantages of Layer-by-layer
(LbL) technique [28], CECSX-AgNPs were coated onto various suture
materials to create multifunctional nanolayer films for antimicrobial
sutures. The LbL technique based on the electrostatic interaction be-
tween the negatively charged CECSX-AgNPs and the positively charged
poly(diallyldimethylammonium chloride) (PDADMAC) was employed
to fabricate CECSX-AgNPs coating on surgical suture materials. The
resulting CECSX-AgNPs coated surgical suture surfaces demonstrated
outstanding antimicrobial properties against E. coli (ATCC25922),
S. aureus (ATCC25923), and A. baumanii (ATCC19606), thereby high-
lighting the potential of this innovative approach to advance the field of
medical materials and infection control.

2. Experimental
2.1. Chemicals and instruments

Low molecular weight CS powder of 50-190 kDa with 85 % degree of
deacetylation, para-chloro-meta-xylenol (Chloroxylenol; PCMX), silver
nitrate  (AgNOg3), sodium borohydride (NaBH4), poly(dia-
llyldimethylammonium chloride) (PDADMAC) and poly (sodium 4-styr-
enesulfonate) (PSS) were purchased from Sigma-Aldrich Co., Ltd., USA.
Acetic acid (CH3COOH), acrylic acid (C3H403), hydrochloric acid (HCI),
formaldehyde (HCHO), and sodium hydroxide (NaOH) were purchased
from Carlo Erba Co., Ltd., USA. All reagents were of analytical grade (AR
grade) and were used as received without further purification. All stock
solutions were prepared with deionized water (DI water) with a re-
sistivity of 18.2 MQ-cm at 25 °C obtained from Milli-Q® EQ 7000 ul-
trapure water system.

The absorbance spectra of the as-synthesized materials in a wave-
length range of 200-700 nm were recorded using a UV-vis spectro-
photometer (UV1800, Shimadzu Co., Ltd., Japan). The Zeta Potential
analyzer (Nano ZS-Malvern Instrument Co., Ltd., England) was used to
measure the surface zeta potential of NPs. Morphology of CECSX-AgNPs
was observed using a Transmission Electron Microscope (TEM,
JEM2100, JEOL Co., Ltd., Japan) at an accelerating voltage of 200 kV.
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The crystalline phase of CECSX-AgNPs was characterized by X-ray
diffractometer (XRD, RIGAKU Co., Ltd., Japan). Atomic Force Micro-
scopy (AFM, SPA400 model, SEIKO Instruments Co., Ltd., Japan) was
utilized to examine the surface morphology of nanolayer films. The
morphology and appearance of AgNPs on suture materials were pho-
tographed by Field Emission Scanning Electron Microscope (FESEM,
Quanta 250 FEG, FEI Co., Ltd., United States) and Energy Dispersive X-
Ray Spectrometer (EDS, INCAx-act, 51-ADD001, Oxford, United
Kingdom).

2.2. Synthesis of chloroxylenol-carboxyethylchitosan (CECSX)

CECSX was synthesized based on a modified two-step process [14],
involving Mannich and Michael reactions. Firstly, chloroxylenol (PCMX)
was chemically bonded to the chitosan (CS) structure via the Mannich
reaction, forming chloroxylenol-chitosan (CSX). Low molecular weight
CS powder of 5.28 mmol (1.00 g) was dissolved in 100 mL of 1 % w/v
acetic acid and stirred overnight at room temperature until complete
dissolution. Then 10.56 mmol (1.654 g) of chloroxylenol in 50 mL DMF
was added immediately into the CS solution. Subsequently, 5.28 mmol
(0.429 g) of formaldehyde was slowly added dropwise into the mixed
solution under vigorous stirring. The reaction proceeded at 60 °C for

o
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24 h. After the reaction completed, the mixture solution was terminated
by adding 100 mL of 0.5 M NaOH. The precipitant was filtered using
Whatman No. 40 and dried to obtain the CSX product, with yield 84.0 %.

Acrylic acid was then attached to the CSX backbone using Michael
reaction to obtain CECSX. Briefly, 4.44 mmol (1.00 g) of CSX was sus-
pended in 100 mL of distilled water. The solution was left to swell for
30 min under continuously stirred and followed by adding 8.88 mmol
(0.64 g) of acrylic acid into CSX suspension. The mixture was vigorously
stirred at 60 °C for 48 h. To terminate the reaction, 10 % w/v NaOH was
rapidly added into the mixture solution for adjusting pH to 12. CECSX
was purified using a dialysis membrane (Sigma-Aldrich Co., Ltd USA.,
molecular weight cut-off: 14,000 Da). The purified CECSX product was
obtained after lyophilization and stored in a desiccator until further use.
The synthesis resulted in a high yield of CECSX (84 %).

The absorption characteristics of CS, CSX, CECSX and PCMX were
evaluated using a UV-vis spectrophotometer. 0.75 mg of CS, CSX, and
CECSX were individually dissolved in 1.0 mL of 0.1 M HCl. Meanwhile,
0.02 mg of PCMX was dissolved in a slight amount of 5 % ethanol and
then adjusted to a volume of 1.0 mL by adding 0.1 M HCI. The modified
chitosan structure was characterized using 'H NMR (JNM-ECZ-500 R/
S1 spectrometer, JEOL Co. Ltd., Japan). Samples of 1 % w/v of CS and
CSX were dissolved in CF3COOH/D,0 (1/100 w/v), while 1 % w/v of
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Fig. 1. (a) Synthesis scheme of CSX and CECSX, and (b) 'H NMR spectra of CS and CSX in D,0/CF3COOH, and CECSX in D,0.
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CECSX was dissolved in D20. The degree of substitution of PCMX (%
DSpcmx) and acrylic acid (%DSpa) on chitosan backbone structure was
calculated using data from 1H NMR spectra following the Eqs. (1) and
(2), respectively.

H
%DSpevx = H—“ x 100 1)

where: %DSpcux is the degree of substitution percentage obtained from
'H NMR. Hy, and H; are the integral areas of protons indicated in Fig. 1

ol

%DSpp =

x 100 (2)

oo}

2.

where: %DSx, is the degree of substitution percentage obtained from 'H
NMR. H. and Hj are the integrals areas of protons indicated in Fig. 1

2.3. Synthesis of chloroxylenol-carboxyethylchitosan-modified silver
nanoparticles (CECSX-AgNPs)

CECSX-AgNPs was synthesized based on chemical reduction method
using CECSX and NaBH, as stabilizing agent and reducing agent,
respectively. A typical procedure was as follows: 10 mL of 10 mM
AgNO3 solution and 0.3 mL of 0.1 % w/v CECSX were mixed homoge-
nously in 6.7 mL of DI water. Then, 2 mL of 50 mM NaBH, solution was
rapidly added and continuously stirred for 30 min. The mixture solution
was immediately changed from clear to dark yellow color, indicating the
formation of AgNPs. Different final CECSX concentrations of 0.003 % w/
v, 0.005 % w/v, and 0.010 % w/v were also studied for the formation of
CECSX-AgNPs. The excess NaBH4 was removed using a dialysis tube
with molecular weight cut-off 14,000 Da. Ultimately, the obtained
CECSX-AgNPs product was stored in a dark amber glass container in a
4 °Crefrigerator for further use. The concentration of CECSX-AgNPs was
determined to be 5.1 nM using Beer-Lambert’s law with an extinction
coefficient (¢) of 1.63x10° M~ em ! for an average AgNPs size of 4.8
+2.4 nm. The equation, In € = 1.4418 In D + 18.955, was employed to
calculate € based on the nanoparticle diameter (D) [29].

2.4. Nanolayer films of chloroxylenol-carboxyethylchitosan-modified
silver nanoparticles assembly

To simulate CECSX-AgNPs nanolayer films built up on suture mate-
rials, glass slides were used as the primary substrates for the LbL
deposition study. Firstly, glass slide substrates were coated with 10 mM
of positively charged PDADMAC and subsequently 10 mM of negatively
charged PSS solution for 5 layers to ensure good buildup of nanolayer
films of CECSX-AgNPs assembly. The coatings of PDADMAC and PSS
complexes were formed via electrostatic interaction on the surfaces of
hydrophobic glass slides. Then, the 5th positively charged layer of
PDADMAC glass slide substrates was immersed into CECSX-AgNPs so-
lution for 5 min and rinsed with DI water to remove the excess of
unbonded CECSX-AgNPs. The desired number of layers of CECSX-AgNPs
nanolayer films was obtained by repeating self-assembling negatively
charged CECSX-AgNPs solution and positively charged PDADMAC.
When the outermost layer of the glass slide is formed by more hydro-
philic PDADMAC, the positively charged balance of CECSX-AgNPs is
more equilibrated. Although, PDADMAC [30,31] and PSS [32] seem to
be highly toxic and may pose a definite threat to cells. However, certain
low-concentration counterparts remain practically safe. To enhance the
nanofilm adhesion ability, several films formation parameters including
PH, time, ionic strength, and number of layers were studied. The best
optimal conditions for CECSX-AgNPs nanofilms assembled were fabri-
cated on surgical suture materials including cotton, polyamide, and
polypropylene.
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2.5. Antimicrobial assay

The Minimum Inhibitory Concentration (MIC) and Minimum
Bactericidal Concentration (MBC) assays are employed to determine the
lowest concentration of an antibacterial substance or agent required to
visibly prevent bacterial growth and to identify the smallest concen-
tration of an antibacterial agent needed to kill bacteria under specific
conditions over a defined period, respectively. The MIC and MBC values
were determined using a broth macro-dilution method. Initially, bac-
terial colonies were transferred to 0.85 % sterile saline to reach the
turbidity level equivalent to a 0.5 McFarland standard. This bacterial
suspension was then diluted with Mueller Hinton Broth (MHB) at a ratio
of 1:200, resulting in a concentration of approximately 5x 10° CFU/mL.
The CS, CECSX, and CECSX-AgNPs with concentrations ranging from
0.78 to 400 mg/L were prepared by diluting with 0.1 % v/v CH3COOH.
Subsequently, 50 pL of each prepared pathogenic bacteria, including
E. coli (ATCC25922), S. aureus (ATCC25923), and A. baumanii
(ATCC19606), were added into the CS, CECSX, and CECSX-AgNPs test
tube samples. All sample tubes were incubated at 37 °C overnight. The
MIC and MBC values were determined as the lowest concentrations of
the antimicrobial agents that resulted in the elimination of 99.9 % of the
initial bacterial population, without any observable bacterial growth.

In vitro time-kill study: A time-kill method is an effective assay for
evaluating antibacterial activity by measuring the effect of biologic
compounds on bacterial growth. In this study, CECSX-AgNPs coated
surgical sutures were cut into 3 cm-long samples. The microorganisms
were cultivated in Mueller Hinton Broth (MHB) at 37 °C for a duration
time of 18 h. Adjust the turbidity of the suspension to 0.5 McFarland by
0.85 % sterile NaCl standard solution (inoculum of 1.5x10% CFU/mL).
The final inoculum was prepared at of 5x 10° CFU/mL in MHB solution.
A 3 cm-long CECSX-AgNPs coated surgical suture was dipped into 3 mL
of bacterial suspensions under continuous agitation at a temperature of
37 °C. After these cultures were incubated, 20 uL of samples were
collected at specified time intervals of 0, 1, 3, 6, and 24 h. Subsequently,
the cultures solution was diluted 2-fold and dropped onto a petri dish
containing MHB agar. All plates were then incubated at 37 °C for 24 h.
Different bacterial colonies were observed on all the plates. Data were
analyzed by determining the percent reduction of microbial growth
compared to control samples in CFU/mL, which can be calculated using
the following Egs. (3) and (4).

(A—B) x 100

e 3)

Percent of bacterial reduction (%) =

4 ¢ 2 A
Log of bacterial reduction = logl(,ﬁ 4
where: A = the number of viable microorganisms before coated (CFU/
mL), B = the number of viable microorganisms after coated (CFU/mL)

3. Results and discussion
3.1. Characterizations of chloroxylenol-carboxyethylchitosan

Firstly, chloroxylenol (PCMX) was chemically attached to the chi-
tosan (CS) structure using the Mannich reaction to obtain chloroxylenol-
chitosan (CSX). The presence of hydrophobic PCMX junctions on the CS
backbone significantly enhances antibacterial properties. Introducing
hydrophobic moieties into the CS structure can also enhance its inter-
action with the lipid components of bacterial membranes. This modifi-
cation can disrupt the membrane’s integrity, causing leakage of cellular
contents and ultimately leading to bacterial cell death [14]. As depicted
in Fig. 1a., PCMX was chemically attached to the CS structure through a
methylene bridge between the ortho position of PCMX and the amino
group of CS. The 'H NMR (Fi g. 1b) spectrum of CSX revealed new peaks
at 2.27 and 2.18 ppm, corresponding to the methyl groups of PCMX (H,
and Hy, respectively). Additionally, the aromatic proton (Hy) appeared
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at 6.66 ppm. These observations confirm the successful covalent
attachment of PCMX onto the chitosan backbone with a degree of sub-
stitution (%DS) of 9. To enhance the water solubility of CSX, carbox-
yethylation was carried out through the Michael reaction between
acrylic acid and CSX to produce chloroxylenol-carboxyethylchitosan
(CECSX). In comparison to the IH NMR spectrum of CSX, CECSX
exhibited a new peak around 2.9 ppm, assigned to the methylene proton
He. Furthermore, a broad peak overlapping with H. was observed at
2.3 ppm corresponding to Hf [19,21]. Nevertheless, the peaks corre-
sponding to Hy, and Hy of the PCMX moiety remained in the same po-
sitions, indicating that PCMX remained covalently bonded to the CS. The
%DS values for acrylic acid and PCMX in CECSX were determined to be
33 and 8, respectively.

To further confirm the successful synthesis of CECSX, a series of
experiments for comparison were designed and conducted. In the
UV-vis spectra results (Fig. 2a), CSX exhibited a distinctive single peak
at 287 nm, whereas no such peak was observed in the CS spectrum.
Notably, this peak was shifted to a higher wavelength when compared to
the free PCMX, which displayed a broader peak ranging from 279 to
284 nm. This shift confirms the covalent bonding between PCMX and CS
[14,33]. In the case of the CECSX spectrum, it displayed the same
maximum absorption peak as CSX, indicating that the carboxyethylation
of CSX did not impact the PCMX moiety of the product. Fig. 2b illustrates
the water-solubility characteristics of CS, CSX, and CECSX over a broad
pH range, as measured by their transmission at 600 nm [19,34]. CS and
CSX were generally soluble within a pH range of 1-6 but tended to
become cloudy and partially precipitate when the pH exceeded 6.5. This
phenomenon can be attributed to the deprotonation of ammonium
groups (-NH3) to amino groups (-NHs). Notably, CSX exhibited a higher
transmittance value, possibly owing to the interruption of crystallization
and aggregation by the presence of the PCMX moiety in CSX. In the case
of CECSX, it demonstrated solubility in acidic solutions and exhibited
poor solubility at pH 6.2 due to its isoelectric point. However, it could be
redissolved with an increase in pH and achieved complete dissolution at
a pH of 8. This behavior resulted from deprotonation, leading to the
formation of -COOH and -NH3 groups. The enhanced water solubility of
CECSX has potential for use in a variety of applications, including the
synthesis of AgNPs using an acid-free condition for dissolving CS.

3.2. Characterizations of chloroxylenol-carboxyethylchitosan-modified
AgNPs

The CECSX-modified AgNPs were synthesized through the chemical
reduction of AgNO3 with a NaBH, solution. CECSX acted as the stabi-
lizing agent for controlling size and shape by inhibiting nanoparticles
overgrowth and preventing their aggregation. CECSX could be adsorbed
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on the surface of AgNPs, possibly through interaction via the coordinate
bond of Ag (sp orbital) and the carboxylate groups of CECSX. The visual
observation and absorption spectra of CECSX-AgNPs are shown in
Fig. 3a. The color of the colloidal solution changed from colorless to dark
yellow immediately after Ag* ions were reduced to Ag°® to obtain AgNPs
coated with CECSX. Visual observation revealed a characteristic color
change in CECSX-AgNPs from dark yellow to pale yellow, displaying the
strong surface plasmon resonance (SPR) characteristic at 402, 411, and
412 nm, when the synthesized concentration of AgNO3 was kept con-
stant at 1 mM and the concentration of CECSX varied from 0.003 % w/v,
0.005 % w/v, and 0.010 % w/v, respectively. The red shift phenomenon
in the SPR of CECSX-AgNPs in the synthesized nanoparticles is probably
due to the dielectric constant of CECSX surrounding nanoparticles. Ac-
cording to the reports in the literature [35], the SPR spectrum of AgNPs,
which use CECSX as the stabilizing agent, was found in agreement with
each AgNPs production method.

To examine the size distribution and surface morphology of CECSX-
AgNPs, TEM analysis was conducted, as shown in Fig. 3b-d. When using
CECSX concentrations of 0.003 % w/v, 0.005 % w/v, and 0.010 % w/v,
the particle sizes of CECSX-AgNPs were found to have a narrow size
distribution ranging of 7.2 + 3.5 nm, 4.8 + 2.4 nm, to 4.8 + 2.9 nm,
respectively. The CECSX-AgNPs are spherical-like shapes and are
effectively dispersed in aqueous environments. We note that the particle
size of CECSX-AgNPs is relatively small compared to others, suggesting
the strong coordinate bond of Ag" occupation on the -NH4 and -COO
groups of the chitosan derivatives. We also observe that CECSX can
effectively serve as a stabilizing agent for AgNPs preparation under basic
conditions. Furthermore, the stability of CECSX-AgNPs colloidal solu-
tion at various CECSX concentrations was characterized using a zeta
potential analyzer. The stability of the colloidal particles is expressed by
the zeta potential ({), which quantifies the electric potential of the
nanoparticles. The { of as-synthesized CECSX-AgNPs at CECSX concen-
trations of 0.003 % w/v, 0.005 % w/v, and 0.010 % w/v were nega-
tively charged at —19.23, —20.97 and —21.70, respectively. This
negative charge ( is essential for binding with carboxylate functional
groups of CECSX on nanoparticles. According to the literature [13,36],
nanoparticles with high stability and dispersibility have { greater than
+30 mV or less than —30 mV. Our observation revealed that the ¢ of
CECSX-AgNPs are less than +30 mV. Although, despite the lower , the
nanoparticles are now stabilized by the steric effect of CECSX, leading to
more stable nano colloidal suspensions.

To confirm the successful synthesis of CECSX-AgNPs, XRD mea-
surement was carried out to identify the crystallographic structure of the
nanoparticles. The XRD patterns of the synthesized CECSX-AgNPs are
dispicted in Fig. 4. Four intense diffraction peaks corresponding to
typical Bragg reflections were observed in the synthesized CECSX-

100 & S & \
80 A
4
60 -
40 A
—-CS
20 1 -e-CSX
-+-CECSX
0 T T T T
2 4 6 8 10 12

pH

Fig. 2. (a) UV-vis spectra of 0.75 mg/mL of CS, CSX, CECSX and PCMX in 0.1 M HCI, and (b) pH dependent of the 0.75 mg/mL water-solubility of CS, CSX and

CECSX in water.
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Fig. 3. (a) Absorption spectra with the corresponding photographs and (b-d) TEM images and size distribution of colloidal CECSX-AgNPs with various CECSX
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Fig. 4. XRD patterns of a) CECSX-AgNPs coated on glass slide substrate and b)
glass slide substrate.

AgNPs. The XRD pattern exhibited 20 (Bragg reflections) values of
38.18° (111), 44.25° (200), 64.72° (220), and 77.40° (311) corre-
sponding to a spherical structure of face-centered cubic (FCC) lattice.
These observations suggested that the crystalline structure of CECSX-
AgNPs is in agreement with JCPDS card nos. 65-2871 [37]. The

resulting XRD pattern clearly demonstrated that the stabilization of
CECSX under reaction conditions caused the silver ions to be reduced to
Ag with no peaks of any other impurity crystalline phases visible in the
pattern [38].

3.3. Nanolayer films assemblies of chloroxylenol-carboxyethylchitosan-
modified AgNPs

The aim of this work was the deposition of CECSX-AgNPs onto cot-
ton, polyamide, and polypropylene surgical suture materials using
Layer-by-layer (LbL) self-assembly technique by taking advantage of
electrostatic interaction between oppositely charged species of nega-
tively charged CECSX-AgNPs and positively charged of PDADMAC.
PDADMAC, being a strong polyelectrolyte, possesses a high linear
charge density, which enhances the perennial binding of negatively
charged CECSX-AgNPs. Glass slides were used as the primary substrates
for the fundamental study of nanoparticle adhesion. The surface growth
of CECSX-AgNPs with various CECSX concentrations of 0.003 %w/v,
0.005 %w/v, and 0.010 %w/v for synthesized AgNPs were shown in
Fig. 5a. The nanolayer films displayed a striking yellow color, con-
firming the adhesion of CECSX-AgNPs onto the glass slides substrate. In
the presence of CECSX, the formation of AgNPs generated a Surface
Plasmon Resonance (SPR) characteristic in the range of 450-480 nm.
The SPR absorption intensity of AgNPs decreased with the increasing
concentrations of CECSX from 0.003 % to 0.010 %w/v. This is probably
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Fig. 5. Nanolayered films buildup of CECSX-AgNPs (a) Absorption spectra of AgNPs as the different CECSX stabilizing concentration, (b) Effect of pH, (c) Effect of
NaCl ionic strength concentration, (d) Effect of Adsorption time, and (e) Effect of number of layers.

the result of higher electrostatic charges and higher electrostatic
repulsion between nanoparticles, leading to a low packing of
nanoparticles.

To achieve high adhesion of CECSX-AgNPs onto the glass slide sub-
strate, the experimental conditions influencing the adsorption of nano-
particles based on LBL assembled technique were investigated. The LbL
parameters affecting nanofilms growth including pH, time, ionic
strength, and the number of layers were investigated. For the optimi-
zation of each parameter, 0.005 % w/v of CECSX stabilized AgNPs was
chosen to investigate the adhesion of AgNPs onto the glass slide sub-
strate surface. The growth of CECSX-AgNPs nanolayer films was moni-
tored by UV-vis spectrophotometer. As shown in Fig. 5b, the pH effect of
CECSX-AgNPs on the LbL adhesion was investigated at pH values of 5, 7,
9, and 11. It was observed that at pH 9, CECSX-AgNPs exhibited suffi-
cient strong adhesion onto the glass slide substrate. Further increase in
pH did not lead to any increase in the film adhesion properties. In
contrast, when the pH of CECSX-AgNPs was adjusted to neutral or acidic
medium, the film adhesion ability performed less effectively due to the
loss of the negative charge on the nanoparticle surface. Another
important aspect of the LbL adsorption of CECSX-AgNPs is ionic
strength. As shown in Fig. 5c, colloidal CECSX-AgNPs were mixed with
various concentrations of NaCl of 5, 10, 25, 50, and 100 mM. In this
study, for the lowest salt concentrations (5, 10, and 25 mM), the LbL
build-up was shown in a constant linear fashion. At 50 mM NacCl con-
centration, the CECSX-AgNPs adhesion response reached a maximum
probably because strong charge density ensures strong film growth, thus
providing an excellent bonding candidate. In contrast, at 100 mM NaCl
concentration, CECSX-AgNPs were precipitated. Therefore, 50 mM of
NaCl concentration was selected to enhance the adhesion of CECSX-
AgNPs growth onto the substrate. Another optimization of CECSX-
AgNPs film buildup was performed on adsorption time (Fig. 5d). The
glass slides were immersed in CECSX-AgNPs solutions for various du-
rations ranging from 1 to 60 min. Immersing the CECSX-AgNPs film for
10 min resulted in complete adhesion of the nanoparticles to the film
layer. Extending the immersion time did not lead to a significant
enhancement in adhesion. Finally, to improve the adhesion efficiency of
CECSX-AgNPs nanolayer films, the study of the number of layers is
imperatively carried out. The increase in the number of layers as the
function of absorbance was shown in Fig. Se. It is evident that after a few
layers are deposited, the absorbance increases steadily with each layer of
deposition because the amount of CECSX-AgNPs being deposited for
each dipping cycle is constant. The morphology and smoothness of
nanolayer film assemblies of CECSX-AgNPs at the different number of

layers were also investigated. The AFM images shown in Fig. 6 present
the surface topography of the CECSX-AgNPs nanolayer films, implying
that the CECSX-AgNPs/PDADMAC composite leads to closely packed
aggregations with Van der Waals interactions. The root-mean-square
(RMS) roughness values of CECSX-AgNPs with 5, 7, 9, and 11 layers
were measured at 5.11, 6.01, 6.19, and 6.79 nm, respectively. The RMS
roughness values increased with the number of layers due to the accu-
mulation of imperfections with each additional layer. Increasing the
roughness value results in the creation of a larger surface area with
higher surface energy, which can contribute to the development of hy-
drophobic surfaces. For reference, the contact angle of suture-coated
CECSX-AgNPs was also explored in this study and shown in Support-
ing Information Fig. S1. Normally, cotton and polyamide are hydrophilic
materials. However, following treatment with CECSX-AgNPs, these
materials transform into a hydrophobic state. The contact angle of
CECSX-AgNPs coated on cotton and polyamide reached 127° and 143,
respectively. In the case of polypropylene, which inherently possesses
hydrophobic properties, the contact angle was altered from 131° to 136°
after the deposition of CECSX-AgNPs.

The goal of this research was to deposit colloidal CECSX-AgNPs onto
surgical suture materials using the LbL self-assembly technique to
improve antimicrobial activities. The negatively charged CECSX-AgNPs
colloidal solution was immobilized onto three kinds of surgical sutures
including cotton, polyamide, and polypropylene. To control LBL growth,
the advantage of the electrostatic interaction between negatively
charged CECSX-AgNPs can then be self-assembled into a nano thin film
in the sequence with positively charged PDADMAC. The best optimum
conditions for on nanolayer film assemblies of CECSX-AgNPs, including
CECSX-AgNPs pH 9, 50 mM Nacl ionic strength, 10 min of adhesion
time, and 11 layers were chosen to fabricate nanolayer films onto suture
materials. Moreover, the surface morphology of CECSX-AgNPs obtained
by the AFM implied that the surface was smooth and uniform, which can
be useful in the suture coating process. In Fig. 7, the FESEM images of
three kinds of surgical sutures including cotton, polyamide, and poly-
propylene coated with CECSX-AgNPs are shown. It was found that
CECSX-AgNPs were deposited with high-density coating on the suture
surface. The deposited CECSX-AgNPs with tunable SPR endow the cot-
ton, polyamide, and polypropylene surgical sutures with abundant
color. Optimistic colors were observed revealing a change in the surgical
sutures surface color to yellowish brown on cotton and brownish on both
polyamide, and polypropylene. Additionally, the results from EDS
confirmed the presence of CECSX-AgNPs, which are well distributed on
the surface of the surgical sutures. This result implies that the LbL
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Fig. 6. AFM images of CECSX-AgNPs/PDADMAC multilayer films as the function of number of layers.

method, using the advantages of electrostatic interaction between
negatively charged CECSX-AgNPs and positively charged PDADMAC,
can be assembled onto the surfaces of cotton, polyamide, and poly-
propylene surgical sutures.

3.4. Antimicrobial assay

3.4.1. Minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) assay

The antibacterial activities of CS, CECSX, and CECSX-AgNPs were
determined by microdilution method through MIC and MBC values, as
shown in Table 1. MIC represents the lowest concentration at which
bacterial growth was inhibited, while MBC signifies the lowest con-
centration causing bacterial cell death. The effect of introducing PCMX
into the CS structure was studied at pH=4. The results indicated that
CSX exhibited higher activity than CS, with MIC values improving from
200 to 100 mg/L against S. aureus (ATCC25923) and 100-50 mg/L
against A. baumannii (ATCC19606), respectively. Increasing the hydro-
phobic properties of CS leads to better interaction with the hydrophobic
regions of the bacterial cell membrane, aiding in membrane disruption
and enhancing antimicrobial activity [14,16,18]. These results suggest

that adding PCMX groups to the CS structure resulted in improved
antibacterial properties against S. aureus (ATCC25923) and A. baumanii
(ATCC19606).

Furthermore, under neutral conditions (pH=6.5-7.0), CECSX dem-
onstrates superior antimicrobial activity compared to CS, CSX and car-
boxyethylchitosan (CECS). Prior to chemical structure modification, CS
was precipitated in a neutral state of pH rendering it ineffective against
various bacteria. To solve the insolubility of chitosan at neutral pH,
water-soluble chitosan derivatives were synthesized to improve disper-
sion in an aqueous medium, enabling a more even distribution of the
antimicrobial agent. It is evident that CECSX demonstrates the most
potent antibacterial effect at neutral pH against E. coli (ATCC25922),
S. aureus (ATCC25923), and A. baumanii (ATCC19606), with MIC values
found to be 400, 200, and 400 mg/L, respectively. Due to their amphi-
philic nature, the synthesized CECSX can operate with both hydrophobic
and hydrophilic properties onto the polymer skeleton. The hydrophobic
moieties of CECSX favorably interact with the hydrophobic regions of
bacterial cell membranes, while the water-soluble components of
CECSX improve the dispersion and solubility of CS in aqueous envi-
ronments. As a results, CECSX can adhere to microbial cells causing cell
lysis, or inhibit cell transduction. Notably, at its isoelectric point in
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Fig. 7. FESEM images, visual observation, and EDS of CECSX-AgNPs/PDADMAC coated on cotton, polyamide, and polypropylene surgical sutures.

Table 1
MIC and MBC values of CS, CECSX, CECSX-AgNPs by microdilution method in
acidic (pH=4.0) and neutral conditions (pH=6.5-7.0).

Synthesis E. coli S.aureus A. baumannii
materials (ATCC25922) (ATCC25923) (ATCC19606)
MIC MBC MIC MBC MIC MBC
(mg/L) (mg/L) (mg/L) (mg/L) (mg/ (mg/
L) L)
pH = 4.0
(&) 200 200 200 200 100 100
CSX 200 200 100 200 50 100
pH = 6.5-7.0
cs* ND ND ND ND ND ND
CSX* ND ND ND ND ND ND
CECS” ND ND ND ND - -
CECSX 400 >400 200 400 400 >400
CECSX-AgNPs 25 25 12.5 25 1.56 1.56

ND = Not detected
- = Not studied
# = Precipitation stage
b — Antimicrobial resistant up to 0.5 %w/v

neutral pH, CECSX possesses both negative charges (COO ) and positive
charges (NH3). This dual charge characteristic enables it to inhibit a
wide range of bacteria, including both gram-negative and gram-positive
species.

Moreover, numerous research studies have focused on the antimi-
crobial activity using AgNPs. AgNPs with CS derivatives have been
utilized as potent antibacterial agents. However, the antibacterial ac-
tivity of nanoparticles is influenced by various factors, including size,
shape, surface charges, and functionalization [7,39]. Therefore,
CECSX-AgNPs which possess both functionalized negatively and posi-
tively surface charges and small particle sizes can adhere to microbial
surface layers and disrupt their structural integrity and functions. In
gram-positive bacteria, the negative charges of CECSX on the AgNPs
surface primarily interact with the thicker peptidoglycan layers,
resulting in an MIC value of 12.5 mg/L against S. aureus (ATCC25923).

Conversely, gram-negative bacteria have both an outer membrane and
thin peptidoglycan layers. The positively charges of CECSX on the
AgNPs surfaces primarily interact with and disrupt their outer mem-
brane, increasing permeability and leading to eventual cell death [40].
These results in MIC values were found to be 25 mg/L and 1.56 mg/L
against E. coli (ATCC25922) and A. baumanii (ATCC19606), respec-
tively. Based on these observations, CECSX-stabilized AgNPs can be used
as an antibacterial agent for microorganisms.

3.4.2. In vitro time-kill study

Antimicrobial agents on strains of microorganisms of CECSX-AgNPs
coated on cotton, polyamide, and polypropylene surgical sutures
dependent on time were determined by the time-kill assay, as shown in
Table 2. For E. coli (ATCC25922), S. aureus (ATCC25923) and
A. baumanii (ATCC19606) microorganisms, CECSX-AgNPs coated on
cotton, polyamide, and polypropylene surgical sutures provided better
antibacterial performance. CECSX-AgNPs coated on cotton and poly-
amide showed the highest % of bacterial reduction of 99 %, while
CECSX-AgNPs coated on polypropylene had a maximum efficiency of
94 % bacterial reduction. At 6 and 24 h in the in vitro time-kill condi-
tions, we observed that E. coli (ATCC25922), S. aureus (ATCC25923),
and A. baumanii (ATCC19606) were not significantly affected by

Table 2

Time-kill assay of CECSX-AgNPs coated cotton, polyamide, and polypropylene
surgical sutures against E. coli (ATCC25922), S. aureus (ATCC25923) and
A. baumannii (ATCC19606).

CECSX-AgNPs Contact Bacterial reduction
::::er:lssurglcal time:(hr) E. coli S.aureus A. baumannii
(ATCC25922) (ATCC25923) (ATCC19606)
% Log % Log % Log
Cotton 6 99.99 3.82 99.97 3.57 99.99 4.30
24 90.22 1.00 98.36 1.78 93.47 1.18
Polyamide 6 99.63 243 9999 394 99.74 258
24 9212 /' 1.100 199.01 @ 2.00 89.23 0.96
Polypropylene 6 94.00 1.22 83.07 0.77 94.00 1.22
24 33.70 017 2857 015 37.76  0.20
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bacterial reduction. CECSX-AgNPs cause bacterial damage by oxidizing
in the presence of oxygen or in an aqueous environment to form silver
ions (Ag" ions). Electrons are lost from the surface of AgNPs to oxygen or
other electron acceptors in the environment. The interaction between
Ag" ions and bacterial cell membranes results in enhanced permeability
and structural damage. The essential functions of microbial cells are
disrupted and lead to cell death when silver ions bind to the proteins and
DNA in cells.

3.5. Comparison of antibacterial properties with other reported suture
materials

Other reported suture materials have been extensively researched
and utilized for their potent antibacterial efficacy. A comparison of the
antibacterial properties of these materials with previous studies is pre-
sented in Table 3. Additionally, a comparative assessment of various
colloidal AgNPs is provided in Supporting Information Table S1. In our
proposed method, CECSX-AgNPs display significant potential by
demonstrating robust antimicrobial activity. Coating the surface of
AgNPs with CECSX enhances their functionality as antibacterial agents.
Notably, CECSX, serving as a stabilizing agent, proves suitable for syn-
thesizing of AgNPs, making them versatile for a wide range of applica-
tions, both in solution and as coating on surgical sutures.

4. Conclusions

In conclusion, surgical sutures design through the Layer-by-Layer
assembled (LbL) of CECSX-modified silver nanoparticles (CECSX-
AgNPs) exhibited superior antibacterial properties. Chloroxylenol-
carboxyethylchitosan (CECSX) was synthesized by incorporating chlor-
oxylenol (PCMX) and acrylic acid onto the chitosan (CS) backbone
through Mannich and Michael reactions. The highest substitute values of
8.0 % and 33.0 % of PCMX and acrylic acid have shown great effec-
tiveness as antibacterial and water-soluble properties over pH ranges of
2-12, respectively. CECSX was then incorporated into AgNPs and sub-
sequently coated on the surgical sutures using the LbL technique. The
CECSX-AgNPs coated sutures exhibited different antimicrobial activities
depending on the type of surgical sutures. The finished CECSX-AgNPs
coated cotton and polyamide surgical sutures provided the highest
bacterial reduction at 99 %, while polypropylene surgical sutures
demonstrated a maximum efficiency of 94 % bacterial reduction against
E. coli (ATCC25922), S. aureus (ATCC25923), and A. baumanii
(ATCC19606). This suggests that CECSX-AgNPs could serve as a prom-
ising alternative material for antimicrobial surgical sutures.

However, it is important to state a limitation of the study: while
CECSX-AgNPs have demonstrated antimicrobial effectiveness against
both gram-positive and gram-negative bacteria such as E. coli, S. aureus,
and A. baumanii, their efficacy against other pathogenic bacteria i.e.,
M. luteus, B. subtilis, S. epidermis, and S. lentus has not been adequately
investigated. This quandary warrants further investigation. Addition-
ally, future studies should explore the clinical efficacy and cost-saving
effectiveness of CECSX-AgNPs to provide a comprehensive understand-
ing of their potential applications.
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Table 3
Comparison of antibacterial properties of other reported suture coating
materials.

Suture coating Microorganisms MIC MBC Ref.
materials (mg/ (mg/
L) L)
Tricosan E. coli 0.5 - [41]
S. aureus 0.025 1 [42]
Menadione S. aureus (ATCC 29213) 16 256 [43]
S. aureus (ATCC 33591) 8 256
Totarol S. aureus (ATCC 25923) 64 128 [44]
Eugenol S. mutans (ATCC25171) 250 1000 [45]
Si0,-Ca0-P,0s5 E. faecalis 2.5 5 [46]
AgNPs composite
Securidaca E. coli 2 4 [47]
Inappendiculate S. aureus 4 8
modified AgNPs
Sodium alginate E. coli (ATCC 12228) 10 [48]
modified AgNPs S. aureus (ATCC6538-P) 12.5 =
TiO,-Ag' S. aureus (ATCC 29213) 2 4 [49]
E. faecalis (ATCC 29212) 2 4
Methieillin S. aureus 11.25 22.50 [50]
modified AgNPs
CECSX modified E. coli (ATCC25922) 25 25 Present
AgNPs S. aureus (ATCC25923) 12.5 25 work
A. baumannii 1.56 1.56
(ATCC19606)
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Appendix C

Synthesis and Characterization

C1. NMR of CST
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Figure C1 'H NMR spectra of CST 1.0 : 0.5 : 0.5 mol in CFsCOOH/D,0.
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Figure C2 'H NMR spectra of CST 1.0 : 0.5 : 1.0 mol in CFsCOOH/D,0.
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Figure C3 'H NMR spectra of CST 1.0: 0.5 : 2.0 mol.in CFsCOQH/D,0.
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Figure C4 'H NMR spectra of CST 1.0 : 1.0 : 1.0 mol in CFsCOOH/D,0.
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Figure C5 'H NMR spectra of CST 1.0: 1.0 : 2.0 mol in CFsCOOH/D,0.

The %DSywr can be obtained from the the peak area of the H, position or H; position

as follows equations:

Hy/3

2

He/6

2

Table C1. Peak area of H,, H, and H; in CST structure and %DS,s obtained from *H NMR.

Mole ratio of Chitosan :

Formaldehyde : H, H, He %DS (Hy) %DS (Hy)
Thymol

1.0:05:05 1.00 0.06 0.26 2.0% 4.3%

1.0:0.5:1.0 1.00 0.15 0.59 5.0% 9.8%

1.0:0.5:20 1.00 0.22 0.60 7.3% 10.0%

1.0:1.0:10 1.00 0.48 0.97 16.0% 16.2%

10:1.0:20 1.00 0.48 0.91 16.0% 15.2%
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C2. NMR of CSX
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Figure C6 "H NMR spectra of HCSX 1.0 : 1.0 : 1.0 mol in CFsCOOH/D,0.
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Figure C7 'H NMR spectra of HCSX 1.0 : 1.0 : 2.0 mol in CF;COOH/D,0.
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Figure C8 'H NMR spectra of HCSX 1.0 : 1.0 : 4.0 mol in CFsCOOH/D,0.
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Figure C9 'H NMR spectra of LCSX 1.0 : 1.0 : 1.0 mol in CF;COOH/D,0.
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Figure C10 'H NMR spectra of LCSX 1.0 : 1.0 : 2.0 mol in CFsCOOH/D,0.
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Figure C11 'H NMR spectra of LCSX 1.0 : 1.0 : 4.0 mol in CFsCOOH/D,0.
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The %DSyyr can be obtained from the the peak area of the H. 4 position or Hy, position

as follows equations:

Heg/6

Hp
%DSyy45= — X100

2

2

eq. C3

eq. C4

Mole ratio of Chitosan :

Formaldehyde : H, Hea H, %DS (H.q) %DS (H,)
PCMX

HCSX

1.0:1.0:1.0 1.00 0.37 0.06 6.2% 6.0%
1.0:1.0:20 1.00 0.57 0.10 9.5% 10.0%
1.0:1.0:4.0 1.00 0.56 0.11 9.3% 11.0%
LCSX

1.0:1.0:1.0 1.00 0.46 0.08 7.7% 8.0%
1.0:1.0:20 1.00 0.95 0.13 15.8% 13.0%
1.0:1.0:4.0 1.00 0.85 0.15 14.2% 15.0%
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Appendix D
Calculation of %DS, average molecular weight per

repeating unit and %yield using data from 'H-NMR spectra

In this section, methods for estimating %DS, average molecular weight per
repeating unit, and %yield of each product were presented. Calculation was achieved

using integration information from 'H-NMR spectra.

D1. CST (Chitosan-g-thymol)

D1-1 Chitosan (High Mw): Before calculating average molecular weight per repeating
unit of CST average molecular weight per repeating unit of CS used in the reaction was
needed to be firstly determined. It should be mentioned again that CS is the product

from deacetylation of chitin as illustrated in Figure D-1

OH OH OH
~ o NaOH o o)
0 | — -0 Lo o~
HO NH Deacetylation HO NH, HO NH
o=—cC 0=cC
L CH; _| - L _ L CH; _|

0.93n 0.03m

Figure D-1 Deacetylation reaction of chitin.

Therefore, average molecular weight per repeating unit of CS could be

determined as equation D-1

Mw per repeating unit of CS. = (MWicer,i-(43 x 0.93)) + (Mwy; x 0.93) (D-1)
= (203-40) + (1x0.93)
=164

D1-2 CST (1.0: 0.5: 1.0)
Average molecular weight per repeating unit of CS (1.0 : 0.5 : 1.0) could be
determined as equation B-2
Mw per repeating unit of CST = (Mwcs-(Mwy x 0.10)) + (MWrpymo x 0.10)  (D-2)
= (164-1(0.10)) + (150.22x0.10)
=179
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%Yield

Determining theoretical weight of CST

ImolCS  179¢CST
X

WCST =1 g CS x (D'?))
164¢CS  1molCST
=1.09¢
%Yield of products could be calculated by equation D-4:
Actual.Weight
%Yield = X100 (D-4)

Theroretical.Weight

After the reaction. 1.12 ¢ of product was obtained. Therefore,

0.92
%Yield = ——X 100

1.09

- 84 %

D2. CSX (Chitosan-g-PCMX)
D2-1 High Mw Chitosan (see D1-1)
D2-2 HCSX
Average molecular weight per repeating unit of HCSX (1.0 : 1.0 : 2.0,

%DSwr=9.5%) could be determined as equation D-5

Mw per repeating unit of HCSX = (Mwes-(Mwyy x 0.095)) + (Mwipcx X 0.095) (D-5)
= (164-(1x.095)) + (156.61x0.095)
=179

%Yield

Determining theoretical weight of HCSX

ImolCS  179¢CSX
X

WCST =1 g CS x (D'6)

164¢CS  1molCSX

1.09 g.
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%Yield of products could be calculated by equation D-4:

Actual.Weight
%Yield = X100

Theroretical.Weight

After the reaction. 0.89 g of product was obtained. Therefore,

. 0.89
%Yield= —— X100

1.09
=81%
D2-3 Low Mw Chitosan (LCS)
oH OH oH
N
~o 0 NaOH o o _
st ST AR 1 o
HO NH Deacetylation HO NH, HO NH
o= 0=c
L ol L _ L CH;_|

0.85n 0.15m

Figure D-2 Deacetylation reaction of chitin

Average molecular weight per repeating unit of LCS could be determined as

equation D-7

Mw per repeating unit of CS' = (MWiceryi-(43 x 0.85)) + (Mwj; x 0.85) (D-7)
=(203-36.55) + (1x0.85)
= 167

D2-4 LCSX

Average molecular weight per repeating unit of LCSX (1.0 : 1.0 : 2.0,
%DS\wr=15.8%) could be determined as equation D-8
Mw per repeating unit of LCSX = (Mwcs-(Mwy x 0.158)) + (Mwpcyx X 0.158) (D-8)
= (167-(1x0.158)) + (156.61x0.158)
=192



%Yield
Determining theoretical weight of LCSX

ImolCS v 192¢CSX

WCSX 1 g CS x

167¢CS  1molCSX

1.14 g

%Yield of products could be calculated by equation D-4:

Actual.Weight
%Yield = X100
Theroretical.Weight

After the reaction. 1.02 ¢ of product was obtained. Therefore,

; 1.02
%Yield = —— X100
1.14

= 89%
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