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Abstract

This study aimed to produce wash durable antibacterial, and UV-protective cotton fabrics by
first modifying cotton fabric (Cot). The cotton fabrics were modified by covalently linking L-
methionine (Am), used as the binder, via esterification and then functionalizing the modified
cotton fabrics (AmCot) with silver (Ag), copper oxide (CuO), zinc oxide (ZnO), and titanium
dioxide (TiO2) nanoparticles (NPs) and Ag-CuO, Ag-ZnO, Ag-TiO2 and CuO-TiO2 bimetallic
nanocomposites (NCPs) to take advantage of their possible synergistic antibacterial and UV-
protective properties.. Nitrate salts of Ag, Cu, and ZnO and titanium isopropoxide (TIP) were
reduced by NaBHs in situ to form the NPs and NCPs onto the surface of AmCot. Fourier
transform infrared (FTIR) and micro-Raman spectroscopy confirmed Am's chemical
modification of the cotton fabrics. X-ray diffraction (XRD) revealed the crystallographic
structure and the average crystalline size of Ag, CuO, TiO2, and ZnO NPs in AmCot+Ag,
AmCot+CuO, AmCot+TiO2, and AmCot+ZnO which were 30.10, 18.13, 30.12 and 14.88 nm
respectively. The average crystalline size of Ag NPs in AmCot+Ag-CuO, AmCot+Ag-ZnO, and
AmCot+Ag-TiO2 were 30.34, 27.24, and 16.85 nm, respectively. The average crystalline size of
CuO, ZnO, and TiO2 NPs in AmCot+Ag-CuO, AmCot+Ag-ZnO, and AmCot+Ag-TiO> were
11.75, 9.16, and 22.50 nm, respectively. The AmCot+CuO-TiO; yielded CuO and TiO2 NPs
with average crystalline sizes of 18.09 and 32.05 nm, respectively. X-ray photoelectron
spectroscopy (XPS) further supported the ATR-FTIR and XRD results. Scanning electron
microscopy (SEM) showed the distribution of the NPs and NCPs on the fibers of functionalized
amine-modified cotton, and energy-dispersive X-ray (EDX) mapping of sulfur (S), oxygen (O),
and nitrogen (N) supported the esterification reaction between Am and Cot. The mapping
further supported the evidence of Ag, CuO, ZnO, and TiO2 NPs on the respective functionalized
AmCot. The ultraviolet protection factor (UPF) examined by UV-vis diffuse reflectance
spectroscopy (UV-DRS) was 7.54, 27.76, 58.5, 26.5, and 16.97 for AmCot, AmCot+Ag,
AmCot+CuO, AmCot+TiO2> and AmCot+Zn0O, respectively. AmCot+Ag-CuO, AmCot+Ag-
ZnO, AmCot+Ag-TiO2, and AmCot+CuO-TiO2 had UPF values of 36.21, 48.2, 28.5, and 26.5,
respectively. The results showed that the functionalization of AmCot by the NPs and NCPs
resulted in good UV protection. The NP and NCP functionalized AMCot antibacterial activity,
water absorbability, and vapor permeability were also analyzed. AmCot did not show any
antibacterial activity, whereas the NP and the NCP functionalized fabrics showed excellent
antibacterial activity against Gram-negativee (E. coli and P. aeruginosa) and Gram-positive
(S. aureus and S. pyogenes) bacteria species with excellent wash durability of up to 50 wash
cycles. The largest zone of inhibition (ZOI) was reported for AmCot+Ag-ZnO and AmCot+Ag-
CuO. For AmCot+Ag-ZnO against E. coli and S. aureus, the ZOl was 22.6+ 0.6 and 21.7 £ 0.1
before washing and 21.1 + 0.2 and 18.5 £ 0.2 after 50 washing cycles respectively. The ZOI of
AmCot+Ag-CuO against E. coli and S. aureus was 22.1 + 0.8 and 19.6 + 0.8 before washing,
and 20.3 £ 0.4 and 18.8 = 0.7 after 50 washing cycles, respectively. Moreover, the change in
water absorption and vapor permeability properties after functionalization was within 10%,
which is acceptable regarding important properties and comfort.

Keywords: Cotton fabric, L-methionine esterification, nanoparticles, nanocomposite particles,
antibacterial activity, wash durability

Xi



CHAPTER 1

Introduction
1.1 Background of the Study

Nosocomial infections are called hospital-acquired infections (HAIs), which in clinical terms
are recognized as a disease caused by microbes that affect the patient because of hospitalization
or the hospital workforce due to their activity in the hospitals, regardless of signs of the illness
emerging while the infected person is in the hospital. HAIs are the foremost health and financial
problems worldwide (Perelshtein et al., 2015) and one of the significant reasons for mortality
in hospitals worldwide (Alagarasan et al., 2021). Due to the overall problem of bacterial
contagion in general and specifically in hospitals, comprehensive research is being conducted
on how to produce antibacterial textiles in the industry (Arendsen et al., 2019). The economic
impression of such infections overcomes the present health improvements by increasing the
average hospital days per patient. HAIs are related to increased impute death, longer hospital
days, and health care expenses acquired by patients and health care services (Perelshtein et al.,
2015). Preventing nosocomial disease transmission is stimulating due to the large size of sick
and immune-compromised populations and enormously transitional communities. An infection
is conceived as HALI if it appears within 48 hours of a patient's hospitalization or 30 days of
discharge. Escherichia coli (E. coli), Pseudomonas aeruginosa (P. aeruginosa), Staphylococcus
aureus (S. aureus), Legionella and Mycobacterium tuberculosis are the primary pathogenic
organisms that cause HAIs (Haque et al., 2018). Due to the continuous use of antibiotics over
the past two decades, there has been a prevalence of genetically decisive multidrug-resistant
(MDR) and highly multidrug-resistant (XDR) bacteria that are a cause of life-threatening
infections (Tabah et al., 2012).

According to WHO (2020), HAIs are more recurrent in low-income countries than in high-
income countries. Accordingly, in terms of trends, it has been shown that the prevalence of
health-related infectious diseases varies between 5% and 19% in low- and middle-income
countries. In low-income countries, the number of infected patients treated in intensive care
units (ICU) increased from 4% to 88%, with overall infections occurring approximately
threefold higher than in developed countries (Haque et al., 2018). Even in developed countries

like Germany and the USA, the frequent infections related to using ICU devices, which are most
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widely used for newborns, are prevalent. However, these devices are used at higher percentages
in low-income countries because of the frequent infections associated with central lines,
ventilators, and other invasive devices (Haque et al., 2018). Among hospital-born babies in low-
income countries, HAIs are thought to account for four to 50% - 60% of all infant deaths.
Furthermore, surgical site infections are the most common infections in the patient population
in resource-constrained countries. It affects 67% of surgical patients, and its frequency is about

nine times higher than in developed countries (Mengesha et al., 2014).

Wound infections are predominantly caused by S. aureus, E. coli, P. aeruginosa, and
Enterococci. It is an essential issue for healthcare professionals, not only because of the
increasing trauma experienced by patients but also because of the pressure on financial
resources and the growing demand for cost-effective management in the healthcare system
(Mohammed et al., 2017). With the growth of antibiotic resistance in the prevalent resistant
strains of microorganisms, there is a significant need to produce a novel pharmacotherapy for
severe infection caused by Gram-positive and Gram-negativee bacterial species. Preparing
antibacterial agents on a soft substrate is one of the novel pharmacotherapies being investigated
for reducing both Gram-negativee and Gram-positive bacterial species. In recent years, many
significant research efforts have been made to produce antibacterial agents on various materials

such as textiles and medical devices (Morris & Murray, 2020).

In the textile industry, a new revolution in technologies that may add particular functions and
features to fabrics has created opportunities for the textile sector to be widely employed in the
healthcare sector (Raut et al., 2010). Textiles comprising natural and synthetic fibers and their
blends are commonly used materials in healthcare sectors, and cotton fabric-based textiles must
not transfer microbes to people admitted to hospitals for medical care and hospital workers
(Kurtz et al., 2008). However, the growth of pathogens on non-functionalized cotton fabric
textiles, specifically those made from natural fibers, can be viewed in terms of a sizeable sensor
surface part and the facility for adequate growth conditions, namely temperature, oxygen,
humidity, and nutrients (Fijan and Turk, 2012). The growing of microbes has an adverse burden
on cotton fabric and the carrier since it causes the biological degradation of textile materials,
and their spread is hazardous to people’s health (Fijan and Turk, 2012). Unless functionalized
with antibacterial chemicals, all textiles have the potential to grow bacteria and serve as a source



of infection. In pathogen transmission, such textile materials play a critical part in the
concatenation of infection caused by pathogenic microorganisms such as bacteria, fungi, and
viruses and are significantly involved in providing a conducive environment for the propagation
of infection outbreaks. (Sasahara et al., 2011; Fijan and Turk, 2012).

Curative textiles are an expanding and growing field in the textile industry. They represent
engineered and finished structures for medical purposes. The usage of medical fabrics in the
workplace has advanced for various reasons, ranging from a specific yarn suture to
multidimensional fused structures for varied uses. The global price of the medical textile
market, valued at USD 12.2 billion in 2018, will reach USD 18.5 billion by 2025 (Akter et al.,
2014).

Nanotechnology is an effective method for developing functional materials that can turn textiles
into high-performance and value-added goods. Metal and metal oxide NP-based functional
textiles have recently gained popularity. Incorporating metal and metal oxide NPs in textiles
provides multifunctional properties, including UV-protection, self-cleaning, electrical
conductivity, antimicrobial, antistatic, anti-wrinkle, and flame-retardant properties, without
compromising the textile's inherent characteristics. Nanotechnology introduced "Nano
finishing," a new area of textile finishing in which nano-sized materials of suitable size exhibit
unique properties without affecting the natural characteristics of fabric. The first
nanotechnology in textiles was called Nano-tex and was founded by a company in Burlington,
USA (Abou et al., 2022). The factors that make the development of bacterial resistance difficult
and cause the spectrum of antibacterial activity to expand are that metal-based NPs possess a
non-specific mechanism of bacterial toxicity. Due to their well-known antibacterial activities
toward Gram-positive and Gram-negativee harmful bacteria, NPs are proposed as the best
alternatives over traditional antibiotics to overcome bacterial resistance (Sportelli et al., 2020).
Nanomaterials-finished textiles are becoming increasingly popular and are being considered as
medical textiles. Nano finishing, nanocoating, nanofiber, and nanocomposites are the essential
nanotechnology-fabricated textile materials used to functionalize the cotton fabric with
nanomaterials (NMs). The nano-finishing process employs colloid mixtures or ultrafine
dispersions of NMs to the fabrics to enhance specific functionalities. This process results in
more durability owing to the high surface area-to-volume ratio and homogenous distribution of



particles onto the fabric. In a nanocoating, a thin layer with a thickness of about 100 nm is
applied to a surface to advance specific properties or introduce new properties such as color
fastness, flame retardancy, water/oil impermeability, wrinkle resistance, and antimicrobial
properties (Khatami et al., 2018). Nanofiber is a fiber with a nanometer range in diameter and
properties of high surface area to volume ratio, large porosity, and minor pore size. Due to these
properties, nanofiber is used in several applications. Nanocomposite fibers are another type of
nanotechnology-produced textile materials that can be formed by distributing nano-sized
materials (fillers, metal oxide, metal, carbon nanotube) in a fiber matrix for various applications
such as antibacterial activity, UV-radiation protection, electrical conductivity, excellent

strength, ductility, and lightweight properties (Sivaranjana et al.,2021).

Silver nanoparticles (Ag NPs) are characterized by their excellent antimicrobial activities.
However, weak fixation onto cotton fabric surfaces often results in undesired silver loss from
antibacterial fabric surfaces, decreasing antibacterial durability and further leading to

environmental and health pollution (Zhou et al., 2018).

Copper oxide nanoparticles (CuO NPs) are an II-VI group element. It has appropriate
semiconducting properties directly associated with its band gap, which is ~ 1.74 eV at standard
conditions, and CuO is categorized under p-type conductivity. Because of their harmlessness
and biocompatibility with mammalian cells, CuO NPs are suitable modifiers for fibers (El-
nahhal et al., 2022). CuO NPs exhibit excellent properties in inhibiting bacterial growth, and
their availability makes them a more appropriate choice material for functionalizing the surface
of substrates.

Zinc oxide nanoparticles (ZnO NPs) are an N-type semiconductor with a band gap of (3.37 eV)
and high exciton binding energy (60 meV) at room temperature. ZnO NPs are widely used for
their antibacterial and UV-blocking properties because they are an N-type semiconductor with
a band gap of approximately 3.37 eV, high excitation binding energy of approximately 60 meV,

and the ability to form very reactive species that kill microbes (Salat et al., 2018).

Titanium dioxide nanoparticles (TiO2 NPs) are N-type semiconductors with two prominent
phase structures, rutile and anatase. Under UV radiation, TiO2 in water and air can produce
electrons () and holes (h*) and produce highly chemically active free radicals such as (HO)

and (Oz2), which are accountable for killing microorganisms (Verma et al., 2022).



Metal and metal oxide NPs, on the other hand, lack affinity with cotton fibers because both the
fibers and NPs have negatively charged surfaces because of the existence of “OH groups.
Therefore, the effective immobilization of metal and metal oxide NPs onto the fabric surface is
essential. Several strategies have been established over the previous decade to replace the
conventional clothes used in the health sector with medical clothes functionalized with NMs in
the same manner; improving the adherence of metal and metal oxide NPs to fiber surfaces was
part of such sort of research efforts (Granados et al., 2021; Zhang et al., 2016). Different
reagents were investigated to improve the leachability of the NPs bound on the surface of the
fabric. However, a polymer binder has been extensively researched. For example,
carboxymethyl chitosan (Xu et al., 2017), L-cysteine (Xu et al., 2019), and starch (EI-Nahhal
et al., 2020) were found to be highly effective at binding metal and metal oxide NPs to cotton
fabric. They are renewable resources that have been extensively researched due to their
biocompatibility and biodegradability. Fixation of NPs onto cotton fabric is crucial because it
improves the wash durability of the textile, thereby enhancing the performance of NP-finished
textiles against the laundry regime. Searching for the most effective and biocompatible
polymeric binder’s gets attention since they coalesce different functional groups within a single
polymer chain to achieve dual activities simultaneously, binding to the cotton fabric and
immobilizing the NPs. Therefore, such types of binders should be investigated for immobilizing
NPs, providing durable antibacterial and UV-radiation protection properties in fabrics,
improving the economics of the process, and mitigating any suspected environmental pollution

resulting from undesired discharge of NPs into the environment.

In this study, potential binder L-methionine, an essential amino acid for the human body, was
used for surface modification and further immobilization of NPs and NCPs onto the surface of
the cotton fabric. Since L-methionine comprises a carboxylic group that can modify the surface
of cotton by esterification reaction with the hydroxyl groups of cotton. Further, the three
electron donor atoms in the structure can form coordination bonds with metal NPs. Thus, this
research focused on modifying the cotton surface with L-methionine and immobilizing metal
and metal oxide NPs to improve performance, particularly antibacterial wash durability and

UV-radiation protection properties.



1.2 Statement of the Problem

Deaths from infections due to drug resistance are currently predicted to be ten million annually,
and the cost estimates are as high as US$100 trillion worldwide by 2050 (O’Neill, 2016). Even
though many initiatives have been taken in the last few years, the world has failed to mitigate
the increasing antimicrobial resistance (AMR) to currently available antibiotics due to the
misuse and overuse of existing antimicrobials. AMR is becoming an inevitable phenomenon
that is undermining the efficacy of essential primary and modern drugs and is affecting people
from birth to death. AMR is a silent pandemic here to stay (Rochford et al., 2018).

In some countries such as Australia, Belgium, Czech Republic, Denmark, Estonia, and Finland,
particularly members of the Organization for Economic Cooperation and Development
(OECD), approximately 35% of human infections are already resistant to antibiotics available
on the market (da Silva et al., 2020). This problem is paramount in low- and middle-income
countries (LMICs), where resistance rates increased to 80 - 90% for some antibiotic bacteria
(da Silva et al., 2020). In low-income countries like Ethiopia, HAIs are critical health problems
and cause many people to die. These are severe problems in health centres like hospitals,
especially in surgical rooms, where contamination with extremely infectious microbes most
likely occurs. It is also a common practice that antibiotics can be acquired without a prescription
by physicians, which leads to the appropriation of antibiotics by the people, thus causing the
appearance and spread of antibacterial resistance (Mohammed et al., 2017). The frequency of
bacterial load and their resistance to conventional antibiotic therapy were assessed by numerous
researchers at healthcare facilities located in Addis -Ababa (Tikur Ambessa and Yekatit 12
specialized hospitals) (Kalayu et al., 2019; Gutema et al., 2018), Jimma (Jimma University
medical center) (Ali et al., 2018), Harar (Hiwot Fana specialized hospital) (Tolera, M., et al.,
2018) and Mekelle (Ayder Teaching and Referral hospital) (Mengesha, et al., 2014). All studies
showed that hospital-acquired infections in all hospitals were alerting, and the investigation

warned that antibiotic resistance should be a substantial concern for Ethiopia.

Future hospitals will replace traditional fabric-based textiles such as bed sheets, doctor aprons,
pajamas, curtains, and pillow covers with antimicrobial textiles. To effectively incorporate all
these applications, the antimicrobial properties of the functionalized cotton fabric-based textiles

should be durable enough to resist regime washing cycles. The washing carried out in hospitals
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is expected to be aggressive and conducted at high temperatures to maintain acceptable levels
of hygiene. UV light is a known human carcinogen that causes basal cell carcinoma (BCC) and
squamous cell carcinoma (SCC). These malignancies frequently occur on sun-exposed parts of
the skin. Fortunately, when detected and treated early, many common skin tumors are typically
curable. Regarding these problems, several efforts have been made to develop approaches for
integrating antimicrobial and UV-Protective agents in the manufacture of fabrics that could
efficiently prevent the growth and spread of bacterial infections. Therefore, innovative
approaches should be investigated in creating novel technologies for embedding antibacterial
and UV protection chemicals in fabrics, demonstrating high antibacterial and UV protection
efficiency, durability, and low release into the environment. This study focused on
nanoengineered metal and metal oxide NPs, a technology platform for improving existing
cotton fabric performance, particularly broad-spectrum antibacterial activity and UV-radiation

protection properties.

1.3 Objectives of the Study
1.3.1 General Objective

The general objective of this study is to functionalize cotton fabric with metal and metal oxide

NPs for antibacterial activity and UV-radiation protection applications.

1.3.2 Specific Objectives

v" to modify the surface of the cotton fabrics with L-methionine as a binder

v' to perform in-situ functionalization of cotton fabric with single component metal and metal
oxide of Ag, CuO, TiO2, and ZnO NPs

v' 1o carry out an in-situ functionalization of cotton fabric with binary NPs of Ag-CuO, Ag-
Zn0O, Ag-TiO., and CuO-TiO2- (NCPs)

v’ to characterize the pristine, modified, and functionalized cotton fabric for their chemical
composition, morphology, phase structure, and physical properties such as water absorption
and water vapor permeability

v’ to determine the Ultra-Violet Protection Factor (UPF) value of amine-modified cotton fabric

and amine-modified cotton fabric functionalized with NPs and NCPs



v’ to evaluate (qualitative and semi-quantitative) bactericidal activity of the functionalized
cotton fabric against Gram-negativee bacteria (E. coli and P. aeruginosa) and Gram-
positive bacteria (S. aureus and S. pyogenes)

v" to evaluate the wash cycle durability of functionalized cotton fabric vis-a-vis the retention

of the NPs vis-a-vis bactericidal efficacy
1.4 Significance of the Study

In Ethiopia, raw cotton is produced, and the country also participates in its exports. According
to the Central Statistical Agency of Ethiopia, the country's annual production of raw cotton is
approximately 120,000 tons, and small-scale farmers produce a large amount of the cotton. The
average production of cotton fabric in Ethiopia from 2000-2018 is 33842.11 metric tons,
according to the report by (Zeleke et al., 2019)According to information from the Global
Agricultural Information Network (USDA, 2019), production increased to 57000 metric tons
during 2019/2020 due to thriving textile industrial parks in different parts of the country.

This study aimed to produce cotton fabrics functionalized with metal and metal oxide NPs
having antibacterial durability and UV-radiation protection properties. The L-methionine-
modified cotton fabric was functionalized with single and bimetallic NPs and NCPs. Efforts
were made to improve the antibacterial wash durability of the functionalized fabrics by
immobilizing the NPs by binding them to the cotton surface and further improving the efficiency
through the synergistic properties of the NCPs. The study's outcome is that functionalized
fabrics show excellent antibacterial activity after 50 washing cycles and have potential UV-
radiation protection properties. Therefore, if Ag, CuO, ZnO, and TiO2 NPs alone or in
combination were optimally deposited from their respective commercially available precursors
and immobilized onto the cotton fabrics, such fabrics could be viable opportunities to reduce
the complex problems associated with HAIs in domestic and medical care settings along with
UV-radiation protection. Ethiopia's industrial parks that process textiles and textile-related
materials provide the best opportunity for developing smart textiles in response to health sector
demand based on this research’s output. In addition to the health sector, functionalized cotton
fabric with tuneable qualities has significant value in manufacturing military clothes. Thus, the
relevant government departments should apply such research outputs to expand their technology

in making smart military apparel. This research thus contributed significantly to knowledge and
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information on the preparation and characterization of fabrics for wash-durable antibacterial
and UV-radiation protection. Such progress is within the general approach to reducing the

occurrence of HAIs in clinical settings using practical antimicrobial hospital textiles.



CHAPTER 2

Literature Review
2.1 Textiles

Textile is an umbrella word that includes fiber-based materials such as fibers, yarns, filaments,
threads, and different fabrics. Textiles have been used extensively to make clothing for
thousands of years. However, natural textiles, particularly those made from cellulose and
protein fibers, are very vulnerable to the growth and transmission of pathogenic microorganisms
(Butola, 2018). The natural properties of textiles, such as porosity and moisture affinity, could
be favorable for microbes to induce foul odors, skin allergies, cross-infections in hospitals, and
even textile degradation and deterioration (Markovi et al., 2020). Textiles offer advantages such
as biodegradability, softness, affinity to skin, and sweat absorption. Due to these advantages,
materials have been commonly used in medical and healthcare applications (Shaheen et al.,
2018). Medical textiles are among the fastest growing areas of the technical textiles sector of
the textile industry, aimed to manufacture products such as personal protective equipment
(PPE), bandages, and dressings for various applications such as wound healing, compression
and bandage garments and implant fabrics (Morris & Murray, 2020). Fabrication of
antimicrobial textiles is among the hotspot areas in the textile industry. Several chemicals were
applied to impart antimicrobial properties to textiles, including cation-forming agents such as
quaternary ammonium salts, triclosan, inorganic metals, and metal oxides (Ag, ZnO, Cu, CuO,
etc), halogen-based oxidizing agents, aldehydes, and peroxy compounds, derivatives of amine

and antimicrobial dyes to naturally consequent antimicrobials (Zhang et al., 2016).

2.2 Cotton Fabric and its Inherent Properties

Because of its softness, breathability, safety, affordability, performance during renewal, and
ease of mass production, cotton is the most popular natural textile fabric (Wu et al., 2019). The
principal constituent of cotton fabric is cellulose, a polysaccharide with a linear chain of § - (1-
4)-bonded D-glucose units. The hydroxyl group (OH) on each glucose unit is divided into three
kinds: the primary hydroxyl groups on C-6 and secondary hydroxyl groups on C-2 and C-3. The
hydroxyl groups cause broad hydrogen bonds between the glucose units of cellulose,
responsible for chemical reactivity with a wide range of chemicals (Zhang et al., 2016).

Different forms of chemical reactions, such as esterification, reduction, and oxidation with the
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hydroxyl groups, have been employed to impart new functionalities like water repellence,
antimicrobial activity, flame retardancy, and UV protection onto cotton fabrics. Figure 1 shows

the raw cotton fabric and the chemical structure of the cotton fabric.

OH

) o)
HO

OH

Figure 1. Chemical structure of cotton fabric (https://thecounter.org/fda-approves-
genetically-modified-cotton-human-consumption/).

The cellulose component of raw cotton fiber ranges from 89 to 95%. Figure 1 shows that
cellulose is a R-D-glucose polymer with a specific arrangement. A repeating unit of cellulose
known as cellobiose comprises two beta-glucose molecules connected at their C-1 and C-4. This

results in a nearly flat linear polymer chain appropriate for fiber production (Wu et al., 2018).

Cotton fabric-based textiles have many benefits, including being biodegradable, hydrophilic,
biocompatible, soft, attractive to the skin, and sweat assimilation. Because of these benefits,
cotton products have been widely employed in various applications, including the medical and
healthcare fields (Shaheen et al., 2018).

Textile fabrics improved with chemical finishes via various finishing techniques exhibit several
functionalities, such as antimicrobial activity, UV protection, and self-cleaning behavior (Zahid
et al., 2018; Sivaranjana et al., 2021; Shao et al., 2017). However, cotton fabric-based textiles
are the vital medium for the growth of microbes such as bacteria and fungi because the
temperature, moisture, and nutrients on the fabric surface encounter the necessities for their
growth and reproduction (Hassabo et al., 2019). In a medical setting, microbial infections
dwelling on the fiber surface can cause unpleasant odors, color degradation, allergic reactions,
and fiber breakdown, resulting in diseases. Consequently, the creation of antimicrobial fabrics
has caught the interest of many academics, and the market for such textiles is expanding quickly
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(Zhang et al., 2016). Hence, the antibacterial finishing of textile materials becomes critical to
meet the extraordinary demands and pressing needs for functionalized textile goods that can

provide better and long-lasting protection for both the textile user and the substrate itself.

2.3 Hospital Acquired Infections (HAIS)

Hospital-acquired infections (HAIs), also known as nosocomial infections, are the most
common adverse occurrence during hospitalization and are the cause of prolonged
hospitalizations, increased medical expenses, and significant mortality and morbidity (Labi et
al., 2018; Perelshtein et al., 2015). Bacterial infections attributed to nosocomial Gram-positive
and Gram-negativee bacterial species significantly threaten patients' health in healthcare
facilities, including hospitals, and result in potent mortality. Based on environmental conditions
like temperature and humidity and high and low cell count, many bacterial strains persist on
cotton for different periods, for example, E. coli (45 days), Enterococcus spp. (90 days), P.
aeruginosa (up to eight weeks), S. aureus (eight weeks), K. pneumoniae (up to eight weeks),
and S. pyogenes (near to 46 days) (Kampf, 2020). Other species with a high starting cell count,
on the other hand, can only live for brief periods at room temperature, for example, N.
gonorrhoeae and S. marcescens (~ three days), and B. fragilis, B. cepacia and C. diphtheriae
(all ~ 2 days). A low inoculum of approximately 100 colony-forming units was found for
numerous species with distinct survival periods of 2 hours (Acinetobacter spp.) or less than 1
hour (E. coli, P. mirabilis, P. aeruginosa, and S. marcescens). Higher air humidity was related
to the more prolonged existence of E. coli, whereas the survival period of S. aureus and S.
pyogenes was improved in less air humidity conditions (Kampf, 2020). Bacteria are present in
all chronic wounds; however, this does not necessarily imply that the wound is infected or that
bacteria have slowed wound healing. Wound healing is hampered when the number of bacteria
reaches critical colonization and progresses to infection. For healing to occur, wounds must
have a regular and sufficient influx of oxygen, nutrients, enzymes, and cells. Non-viable tissue
blocks the movement of cells required to form granulation tissue, emphasizing the significance
of wound debridement as a primary intervention. Edema or exudates also inhibit cell migration
and leukocyte bactericidal activity (Sood et al., 2014).

Open wounds are caused by the breakdown of skin and subcutaneous layer integrity, which
results in noticeable surface bleeding. Germs can swiftly travel to deeper layers of the skin,
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enter the lymph nodes, and disperse throughout the body. As a result, all scars should be cleaned
and properly covered, and the coating should be repaired. Proper wound coating helps limit
bleeding, reduces blood absorption and secretion contamination, and speeds wound healing
(Khatami et al., 2018).

Various Gram-positive and Gram-negativee bacteria involve the progress of contamination and
colonization by entering and populating the wound over time (Daeschlein, 2013). Bacterial
bioburden refers to the metabolic demands the bacteria make on the tissue, including toxic by-
products, competition for nearby nutrients and oxygen, and harmful effects of the host
inflammatory response. Microbials in chronic wounds are known to develop biofilms

impenetrable to most systematic and topical antimicrobials (Daeschlein, 2013).

The findings of Gutema et al. (2018) have revealed that a large variety of infections were treated
in large hospitals in Ethiopia. Many surgical infections were discovered and treated in the
hospitals despite comprehensive prophylaxis (antibiotics) prescribing. According to the study,
the top 5 most common include pneumonia (26.6%), surgical site infections (21.5%),
neutropenic fever (6.9%), sepsis (6.4%), and urinary tract infections (4.7%). Many reasons
contribute to HAIs, including reduced patient immunity, multistep patient treatment, which
leads to higher infections, the emergence of drug-resistant bacteria, and a lack of adherence to
bacterial infection guidelines. Figure 2 indicates the different factors that cause HAIs. Tamire
et al. (2021) have reported that methicillin-resistant S. aureus (MRSA) is the significant cause
of HAI among patients admitted to Tikur-Ambessa specialized hospital. According to the study
conducted in Dessie Referral Hospital, E. coli is reported as the primary cause of hospital-
acquired urinary tract infections (Adugna et al., 2021). HAIs can result from a variety of

sources. Figure 2 depicts multiple causes of HAIs.
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Figure 2. Different causes responsible for HAIs (Deshmukh et al., 2019).

Personal hygiene, such as cleaning hands, gloves for hands, face masks, and working attire, has
minimized the spread of pathogens from patient to caregiver. HAIs are spread from patient to
community through different mechanisms such as individual patients, food, contaminated

surfaces, hospital staff, air, and water.

Preventing infections in hospitals necessitates a multifaceted surveillance approach that
considers numerous factors. Personal hygiene, such as hand washing, hand gloves, masks,
working clothing, shoes, and disinfection of hospital equipment, has reduced the transmission
of pathogens from patient to caregiver (Deshmukh et al., 2019). Furthermore, rising bacterial
resistance significantly influences the health sector and exacerbates economic concerns. A wide
range of policies have been implemented in the fight against HAIS, such as an infection control
practitioner (Alamer et al., 2022), which is typically often assigned to undertake ongoing
infection surveillance for specific wards, compute infection rates, and report these data to key
personnel, provide staff education and training, respond to and implement outbreak control
measures, and counsel on employee health issues. Hand hygiene, environmental cleanliness,
leadership, and effective use of people protection equipment duties are the fundamental policies
set by the Centers for Disease Control (CDC) to combat HAIs (Hughes, 2008). "Antimicrobial

resistance threatens contemporary medicine and endangers millions of lives," said Dr. Tedros
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Adhanom Ghebreyesus, WHO Director-General. Approximately 4.95 million deaths due to
antimicrobial resistance were reported in 2019 (Irfan et al.,, 2022). GLASS (Global
Antimicrobial Resistance and Use Surveillance System) 2022 report revealed that the global
median AMR status of the two AMR sustainable development goal indicators, E. coli and
MRSA, were 42% and 35%, respectively. In 2019, the six major pathogens causing resistance-
related deaths (E. coli, S. aureus, K. pneumoniae, Streptococcus pneumoniae (S. pneumoniae,
Acinetobacter baumannii (A. pneumoniae), and P. aeruginosa were the cause of 930,000
resistance-related deaths and ~3-5 million deaths caused by AMR (Irfan et al., 2022).

2.3.1 Escherichia Coli (E. Coli)

In microbiology, E. coli is the most widely investigated Gram-negativee bacteria species,
roughly 1.1 - 1.48 pm long, and is typically found in the intestines of humans and animals. This
species has primarily caused intestinal and extra-intestinal infections in humans and animals.
The bacteria are a leading cause of bloodstream infections. Six major groups of intestinal
pathogenic are identified E. coli (IPEC): enteropathogenic E. coli (EPEC), Shiga toxin-
producing E. coli (STEC), enteroaggregative E. coli (EAEC), enterotoxigenic E. coli (ETEC),
enteroinvasive E. coli (EIEC), and diffusely adherent  E. coli (DAEC). E. coli strains are
resistant to several drugs, causing HAIs through direct transmission, environmental pollution,

or contamination of food and water sources (Toval et al., 2014).

2.3.2 Pseudomonas aeruginosa (P. aeruginosa)

P. aeruginosa is an aerobic, Gram-negativee, rod-like in shape, non-spore-forming bacterium
that is actively mobile by the polar flagella and ranges in size from 1.5 to 3 um in length x 0.5
pm in diameter. It is an entirely opportunistic nosocomial pathogen. Infections of P. aeruginosa
typically affect hospitalized patients with weakened immune systems. For those with chronic
lung diseases, this is very risky. It can colonize patients' intestinal tracts up to 50% of the time
when critically ill, with about 30% being antibiotic-resistant strains (Zaborina et al., 2008).
Despite the emergence of newer and the most potent antibiotics, infections caused by P.
aeruginosa are still a principal responsible for mortality among critically ill and immuno-
compromised infected people. Multidrug-resistant (MDR) species of the bacteria, described as

resistant to the most common antibiotics such as ceftazidime, imipenem, gentamicin, or
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ciprofloxacin, are regularly segregated from intensive care unit patients for a prolonged period
(Tassios et al., 1997).

2.3.3 Staphylococcus Aureus (S. Aureus)

Staphylococcus is a Gram-positive bacterial species with diameters of 0.5 - 1.5 um. They are
distinguished by individual cocci, which divide into multiple planes to form irregular clusters
of cocci that resemble grapes. Staphylococci are widespread, mostly found on the skin, skin
glands, and mucous membranes of mammals and birds, but can cause infections under certain
situations. S. aureus is the most pathogenic of ordinary members of the other genus, as it is
known to cause many nosocomial infections. Resistant S. aureus (MRSA) has been reported to
live on hospital substrates for up to 5 months. Methicillin-resistant isolates (p-lactam and other
antibiotics) provide particularly significant problems for treatment and eradication control since
they are a prevalent source of hospital and community-acquired illnesses (Leyland et al., 2016).
The capacity of S. aureus to stick onto the extracellular matrix and the plasma proteins deposited
on biomaterials has a dynamic impact on the pathogenesis of orthopedic-associated infections.
Multiple adhesion proteins are present on the surface of S. aureus, but it is unknown how these
proteins work together to form enduring bonds with the substrate. S. aureus's cell wall
comprises multiple layers, but over half comprises a thick, solid peptidoglycan layer. A
cytoplasmic membrane with a thin lipid layer surrounds the cytoplasm and is another cell wall
component. In addition, 40% of the cell wall composition consists of two types of teichoic acid
located in the cell wall and lipoteichoic acid of the cytoplasmic membrane embedded in the
lipids class. Teichoic acids are responsible for transporting the substance. Most strains of S.
aureus result in ailment in patients by forming an envelope composed of polysaccharides.
Capsules protect microbes from parasitic cells and result in bacteremia in vivo. In addition,
capsule plays a crucial role in forming bacterial biofilms, which are resistant to antibiotics
(Rasheed et al., 2021)

2.3.4 Streptococcus. Pyogenes (S. Pyogenes)

Streptococcus strains are Gram-positive bacteria with a nutrient-demanding fermentative
metabolism. They are generally visible as chains or pairs and oval to spherical. Several of these
kinds form clusters. S. pyogenes (Group A Streptococci, GAS) is a Gram-positive bacterium

that causes more than 517,000 fatalities annually and is one of the world's top 10 infectious
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disease killers. Invasive infections that can be fatal and moderate pharyngitis are among the
symptoms that GAS can induce (Walker et al., 2014). S. pyogenes, a multidrug-resistant (MDR)
bacterium, has been linked to several illnesses and has been found to manufacture special
enzymes that disrupt drugs more frequently than most other bacterial strains.

S. pyogenes results in various systemic and cutaneous infections, the most common source of
acute pharynagitis. It is also acommon pathogen of community infections, such as skin infections
and pharyngitis. The pathogen is also an important causative agent of nosocomial infections,
sometimes leading to fatal bacteremia. HAI because of S. pyogenes is more common in patients

who have undergone surgical procedures or obstetric patients (Takahashi et al., 1998).

2.4 Nanotechnology in Textile Finishing

Nanotechnology is an innovative technology at the nanoscale that makes materials of at least
one dimension smaller than 100 nanometers (nm). Nanoscale structures are mainly classified as
NPs, such as metallic NPs, metal oxide NPs, nanowires, nanotubes like carbon nanotubes,
nanolayers, and nanopores, such as aerogels. Manufacturing of nanomaterials (NMs) mainly

depends on two basic approaches: the bottom-up method and the top-down method.

In the "bottom-up™ approach, nanostructures are assembled from smaller starting materials such
as atoms, molecules, or clusters. In the "top-down™ methods, different nanoscale materials are

formed from different bulk materials.

When materials are scaled down to the nanoscale, they exhibit different tunable properties than
at the macroscale, opening new uses across various industries. The fundamental assumption is
that as a substance's size is decreased to the nanoscale range, its mechanical, optical, and
electrical properties might drastically change (Sahoo et al., 2007). Nanotechnology is an
interesting emerging technology in the textile industry that can be used to produce various types
of functionalized textiles. New finishes and new application approaches in materials present the
influence of nanotechnology in textile finishing. Smooth, controllable, and highly functional
chemical finishes have been made on the surface of textiles (Hassan et al., 2019).
Nanotechnology is one of the prominent areas for research studies in developing super
functional materials like fabrics with self-cleaning (Li et al., 2017), UV-protection (Porrawatkul
et al., 2022), antimicrobial (Rodrigues et al., 2019; Wang X. et al., 2017) antistatic, soil and
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stain repellent, water repellent, and fire retardant (An W et al., 2020). Textile is an excellent
substrate for integrating NMs, electronics, and optical devices. Integrated materials and
technologies provide a platform for responding to various stimuli, including mechanical,
chemical, electrical, thermal, optical, and magnetic. Wearable gadgets may have sensors, data
transmission, and computing components (Shaheen et al., 2021). Nanotechnology has also
demonstrated enormous potential for improving the performance of current textiles in producing
stains and wrinkle resistance, moisture retention, and release features (Jagadeeshan &
Parsanathan, 2019). Figure 3 shows different functionalized textiles through the application of

nanotechnology in the textile industry.
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Figure 3. Nanotechnology used in different sectors of the textile industry.

Engineered materials should integrate effortlessly into fabrics, provide flexibility and comfort,
and not cause allergic reactions. Because the deposited NPs on the surface of the textile have a
significant surface area-to-volume ratio and a high surface energy, nanotechnology can provide
materials with excellent durability, giving the textile greater affinity without compromising its
feel or permeability. The two main concentrated nanotech research activities in the textile sector
are improving textile materials' current functionality and performance and creating smart

textiles with entirely new characteristics and functions (Raut et al., 2016).
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2.5 Metal and Metal Oxide NPs

Metallic NPs are known as nano-sized metals with oxides ranging from 1-100 nm at least in one
dimension (Jeevanandam et al., 2018). Due to their ultra-size and large surface area, they are
characterized by outstanding chemical, optical, and electrical properties. Metal and metal oxide
NPs have a wide range of applications, particularly in biomedical, energy, sensing, and
photocatalytic applications. The size, structure, form, and distribution of the metal and metal
oxide NPs affect their chemical and physical characteristics. Therefore, controlling the size and
distribution of size is critical and always achieved by varying the synthesis methods and
parameters such as reducing agents, reaction time, reaction temperature during synthesis, and
stabilizers (Jagadeeshan and Parsanathan, 2019). Metal-oxide (MOx) NPs are among the most
used NMs. MOx NPs display exceptional physical and chemical properties because of their
nanoscale size and a high density of atoms or edge surface sites. MOx NPs are an attractive
class and diverse form of NMs, widely used in various chemical, physical, and materials

sciences applications.

Because of their size, crystal structure, and shape, metal and metal oxide NPs such as ZnO,
TiO2, CuO/Cu20, and Ag NPs are known for their inherent qualities. Their chemical,
mechanical, electrical, structural, morphological, and optical properties can be changed as the
size is reduced to the nanoscale. Such changes in the properties of NPs enable them to interact
with cell biomolecules distinctively and make it easier for NPs to physically enter interior
cellular structures (Rasmussen et al., 2010). Ag, a non-essential metal, is poisonous to bacteria
with biocidal actions at deficient concentrations. In contrast, necessary metals like Cu and Zn,
relevant to organisms' biochemistry, can also be fatal at a certain threshold (Paszkiewicz et al.,
2016).

Recently, metal-based NPs have been widely explored for biomedical applications. Metal-based
NPs are effective against pathogens identified as a priority for creating HAIs in addition to their
broad surface area and selectivity for bacteria (Sanchez-Lopez et al., 2020). The most prevalent
NPs made from inorganic substances are metal-based NPs, which offer a potential answer to
the problem of antibiotic resistance. They display effectiveness against bacteria that have

already gained resistance and use modes of action entirely different from those reported for
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conventional antibiotics. However, they also target numerous biomolecules that hinder the

development of resistant strains (Slavin et al., 2017).

Metallic NPs have dynamic properties when appropriate functional groups are fixed on their
surfaces, allowing them to bind with ligands, polymers, antibodies, and drugs. A unique set of
characteristics of metallic nanoparticles is their surface Plasmon resonance and optical
properties (Venkatesh et al., 2019). NPs made of metal are frequently employed in engineering
and the biomedical sciences. For medical and pharmaceutical applications (such as antibacterial,
antifungal, antiviral, anti-amoebic, anti-cancer, anti-angiogenic, and anti-inflammatory
medicines), Ag NPs, CuO NPs, TiO2 NPs, and ZnO NPs' key characteristics are frequently
exploited. These particles have been suggested as alternatives to conventional antibiotics to
combat bacterial resistance because of their well-described antibacterial action against Gram-

positive and Gram-negativee bacteria (Sanchez-Ldpez et al., 2020).

2.6 Durable Antibacterial Cotton Fabrics Coated with Metal and Metal Oxide NPs
2.6.1 Durable Antibacterial Cotton Fabric Coated with CuO NPs

CuO NPs are efficient toward a variety of Gram-positive and Gram-negativee bacteria,
including S. aureus, Bacillus subtilis (B. subtilis), E. coli, Micrococcus luteus (M. luteus),
and K. pneumoniae, as well as fungi, including Aspergillus flavus, A. niger, and Candida
albicans (Zille et al., 2014). However, CuO NPs bond poorly to cotton fibers, resulting in
unsatisfactory laundry durability of antimicrobial fabrics (Xu et al., 2018). Several techniques
have been utilized over the last decade to improve the adhering force of NPs to the fiber surface
(Xu et al., 2017; Paszkiewick et al., 2016). Among these methods, the application of a binder
has been extensively studied for binding on cotton fabric (Xu et al., 2017; Xu et al., 2018; EI-
Nahhal et al., 2022; Radeti¢ & Markovi¢, 2019; Thampi et al., 2015).

Sunet al., (2018) reported on the atom transfer radical polymerization (ATRP) finishing
procedures and electroless deposition methods to design and create robust antibacterial CuO NP
coatings on cotton and polymeric substrates. CuO NPs with uniform distribution on the fiber
surfaces of the substrate were obtained using the electroless method. They exhibited excellent
antibacterial activity against E. coli and S. aureus, which was retained after 30 washing cycles

due to strong binding forces between the deposited CuO NPs and substrates of polymer brushes
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(Sun et al., 2018). The diameter of the inhibitory zone grew as the deposition time of CuO NPs
increased. The authors claimed that fibers with higher CuO NP content had better antibacterial
activity, demonstrating that the CuO NP concentration influenced the antibacterial activity. The
chemical reduction method is widely used for fabricating inorganic (metal and metal oxide) NPs
for various applications. In this method, a metal precursor dissolved in a solvent is mixed with
an appropriate reducing agent and a surfactant in a constantly stirring batch reactor under a
controlled environment (Liu et al., 2006). CuO NPs were successfully synthesized and coated
on the surface of cotton fabrics by the wet chemical method to impart functional properties such
as antibacterial activity (Hasan, 2018). Cu(NOs). was hydrolyzed to Cu(OH). with the help of
NaOH, and soluble starch served as a reducing agent. The CuO NP particles were produced
with sizes ranging from 60.0-75.0 nm. The resulting CuO NPs were applied onto cotton fabric
using the pad dry cure method. The CuO NP-coated cotton fabric showed a 94.5% and 86.26%
decrease toward S. aureus and E. coli, respectively. Figure 4 shows the SEM micrographs of
the CuO NPs treated fabric at different magnifications. However, the antimicrobial activity of

the treated cotton was reduced to zero after 20 wash cycles.

Figure 4. SEM micrographs (A) showing CuO NPs and (B) CuO NPs embedded in cotton
fabrics (Hasan, 2018).

In this study, the padding conditions, such as roll temperature and the concentration of CuO
NPs, were the main factors for optimization to get enhanced durable antibacterial CuO NPs
embedded into the fabric. Despite the simple wet chemical method, researchers have
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immobilized and deposited CuO NPs onto cotton fabrics for antibacterial activity using different
techniques, such as spark discharge (Shahidi et al., 2017). In this work, nano-size particles were
obtained with high antimicrobial activity toward S. aureus with the durability of 15 wash cycles.
The results showed that a concentration of 100 ppm was enough to kill 108 CFU/mL of the

bacteria.

Sonochemistry deposits various NMs (metals, metallic oxides, and semiconductors) on the
surfaces of ceramics, cellulose, and polymer materials (Gedanken, 2004). In the Sonochemistry
technique, molecules undergo a chemical reaction activated by applying powerful ultrasound
radiation magnitude (20 kHz-10 MHz). The NP production is due to potent sonic radiation,
which can break down the chemical bonds in the molecules of the precursors by creating,

growing, and collapsing the bubbles.

Compared to other procedures, this method has shown the advantages of creating uniform
distribution/ dispersion of NPs with a somewhat greater surface area, improved thermal
stability, and phase purity. Sonochemistry has been employed to produce biocidal cotton
bandages coated with nanocrystalline CuO NPs of 10-20 nm size that were homogeneously
coated on the CuO-—cotton bandage's surface, which had a composition of 1.50 wt.% CuO
demonstrated activity for inhibiting the growth of E. coli bacteria (Abramov et al., 2009).
Additionally, the antibacterial activity of CuO NPs in binary and tertiary forms was studied in
detail by (Reddy, 2017; Hassabo et al., 2019; Paul & Neogi, 2019; Sanchez-L6pez et al., 2020).

2.6.2 Durable Antimicrobial Cotton Fabric Coated with Ag NPs

Silver has become a primary medicinal therapeutic agent, primarily in infectious disorders,
particularly clinical infections (Medici et al., 2019). Metallic Ag is the third metal known to
have been utilized by the ancients, after Au and Cu. Over the millennia (as early as 4000 BC),
Ag was utilized for various medical ailments, including empirical purposes, before it was
discovered that bacteria were the agents causing illnesses (Cao & Liu, 2010). Ag NPs have
astonishing antimicrobial effects. However, inadequate fixation onto the surface of cotton fibers
often causes the leaching of Ag from antimicrobial-coated materials, reducing the antibacterial
durability and becoming a source of environmental and health pollution (Zhou et al., 2018).

Surface modification of cotton fabrics before in-situ impregnation with NPs is essential in
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producing less leachable and stable nanocomposite antibacterial textiles. Different binders such
as chitosan, carboxyl methyl, and other polymers (Xu et al., 2016; Wang et al., 2021; Zhu et
al., 2021) have been explored for surface modification of cotton fabrics; among these, amino
acids and derivatives of amino acids offer biocompatible and better adhesive properties (Yang et
al., 2020).

Well-bound and dispersed Ag NPs on the cotton fabric surface were synthesized using sodium
citrate and citric acid (CA) as stabilizing and binding agents, respectively (Wu et al., 2019).
This work obtained the average NP size of 2.3 nm using the pad dry cure method. The
antibacterial activity of the treated fabrics against S. aureus and E. coli was tested using the
rotating flask method according to the GB/T 20944.3-2008 standard. The antibacterial
durability of Ag-CA cotton fibers was maintained in the presence of a non-ionic detergent
against successive launderings up to 50 wash cycles. According to the study, cotton fabric
treated exclusively with CA had a bacterial reduction of 77.9% and 70.3% against S.
aureus and E. coli, respectively, demonstrating that CA has antibacterial potential. Cotton
fabrics loaded with Ag NPs demonstrated 99.9% bacterial reduction after 10 washing cycles,
indicating that Ag NPs-CA cotton fabrics had excellent antibacterial action against E. coli and
could effectively destroy germs. Figure 5 shows the scheme of the sequential grafting of CA,
loading of Ag NPs, and the drying and curing process on the surface of cotton fabric (Wu et al.,

2019).
H OH OH Grafting Loading of Drying and
of CA Ag NPs curmg
.—>
B = cotton fabrics Vv = citricacid ® = AgNPs = aggregates of Ag NPs

Figure 5. Scheme for preparing cotton fabrics infused with Ag-citric acid (CA) and the
method by which Ag NPs are linked to the fabrics using CA (Wu et al., 2019).

The hydroxyl groups of cellulose first react with the carboxyl groups of CA. CA is grafted onto

the cotton surfaces after the esterification reaction. In the second step, Ag NPs are loaded onto
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the textiles by chelating Ag and oxygen (O) atoms derived from the esterified carboxylic groups
of CA. Cotton samples were treated with a colloid solution of nano-Ag in concentrations of 100
and 200 ppm and an average particle size of 60 nm, which was then stabilized using 1, 2, 3, 4-
butane tetracarboxylic acid (BTCA) (Montazer et al., 2012). The antibacterial activity of the
treated samples was tested against E. coliand S. aureus. The carboxylic acid served as a
crosslinking agent, forming bonds with cellulose. The reactions occurred via the esterification
of hydroxyl groups on cellulose's three C- atoms (C1, C2, and C6). This phenomenon
demonstrates surface charge formation, which contributed to the captivation and distribution of
Ag NPs through the fibers. A lack of surface charge brought on the instability of absorbed
particles. On the contrary, an overabundance of surface charge causes electrostatic repulsion

and self-repulsion, which restrict critical uptake (King and Pierlot, 2009).

Multifunctional properties of textiles were developed by in-situ deposition of Ag NPs onto the
surface of cotton fabrics via a simple green one-pot UV-reduction method (Rehan et al., 2017).
This method synthesized Ag NPs with particle sizes ranging from 50-100 nm under UV
radiation (320-400 nm). The Ag NP functionalized cotton fabrics demonstrated high protection
against UV transmission (absorption of 65% in the UVA and UVB regions) and reduced E.
coli by 99%. In addition to the described techniques, biogenic ex-situ and in-situ synthesis of
Ag NPs as single NPs and in combination with other NPs onto cotton fabric is a more recent
and actively engaged research by several researchers (Islam et al., 2018; Liet al., 2017;
Rodrigues et al., 2019; Singh et al., 2018).

2.6.3 Durable Antimicrobial Cotton Fabric Coated with TiO2 NPs

TiO2-NPs have gained much attention recently because of their appealing attributes, including
electrical, UV absorption, brightness, and photocatalytic properties. The decomposition of
organic pollutants and bacteria by nanostructured TiO> has been thought to produce
multifunctional properties in the treated substrate, such as self-cleaning, air and water
purification, and environmental sterilization (Martinez et al., 2010). These NPs have shown a
pronounced significance in several applications due to their ability to absorb radiation. They are
involved in forming positive electron-hole pairs that can degrade organic substrates (Ibrahim et
al., 2018). Incorporating such metal oxide NPs into organic substrates like cellulose substrates

has reportedly been envisioned for numerous uses in textiles and food packaging. Titanium-
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based blends as biomaterials offer many benefits due to their superior mechanical and biological
properties, such as lower modulus and excellent biocompatibility (Mohammad et al., 2021).
Furthermore, TiO2 NPs are chemically stable and inert and can constantly exhibit antimicrobial
activity when the particles interact with light to produce superoxide and hydroxyl radicals (Liou,
2012).

TiO2 NPs were successfully synthesized onto the surface of cotton fabric using titanium
isopropoxide (TIP) as a precursor in the presence of urea nitrate as a peptizing agent (El-
Naggar et al., 2016). The slow release of nitric acid resulted in the creation of TiO2 NPs, which
is the function of the concentration of urea nitrate (UN). Stable TiO2 NPs with an average size
of less than 50 nm and a spherical shape were successfully deposited on the surface of cotton
fibers. The concentration of urea nitrate has a linear relationship with the number of NPs
deposited depending on the amount of UN; the treated fabrics provided remarkable bacterial
reduction with values reaching 95%. Furthermore, even after 20 washing cycles, the

antibacterial performance of the TiO2 NPs implanted cotton fabrics was outstanding.

Ibrahim et al., (2018) reported on the preparation of a multifunctional cellulosic substrate with
TiO2 NPs with an average size range of 8-15 nm from titanium tetraisopropoxide (TTIP) salts
in the form of aqueous suspensions and ethanol as a reducing agent in the presence of
CA/sodium hypophosphite as the binding agent. A concentration of 5 g L of TiO2-NPs
inhibited the growth of S. aureus in the presence of a reactive softener. The antibacterial action
of TiO2 NPs is often dependent on the active species generated in the presence of UV irradiation.
Additionally, methods such as sol-gel (Galkina et al., 2014), casting (Montaser et al., 2019),
electrochemical (Alamer et al., 2019), and co-precipitation (Stan et al., 2019) have been applied
in the deposition of TiO2 NPs synthesized from various precursors onto the surface of cotton
fabrics to provide multifunctional textiles. Improvement in the fixation of NPs onto the surface
of substrates, such as cotton, obtaining wash durability, and the synergistic antimicrobial effect

of binary or tertiary NPs are the requirements for modification.

2.6.4 Durable Antimicrobial Cotton Fabrics Coated with ZnO NPs

At ambient temperature, zinc oxide is an n-type semiconductor with a band gap of 3.37 eV and
a high excitation binding energy of 60 meV. ZnO NPs have antimicrobial activity, UV
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absorption protection, photocatalytic activity, and piezoelectric capabilities. ZnO NPs are
commonly used on textiles to provide antibacterial, photocatalytic, UV protection, self-
cleaning, and wound healing properties. Several studies on the synthesis and application of ZnO
NPs on various textile substrates have been discussed in the literature (Salem & Fouda, 2020;
Singh et al., 2012). ZnO is an inorganic oxide frequently used in everyday life. The Food and
Drug Administration lists ZnO as a generally recognized safe (GRAS) ingredient and is utilized
as a food additive. Nanoscale ZnO has demonstrated antibacterial characteristics and potential
applications in food preservation. ZnO NPs have been used in polymeric matrices to promote

antimicrobial action and improve packaging qualities (Espitia et al., 2012).

Using ultrasound irradiation techniques, ZnO NPs were successfully deposited onto cotton and
cotton fabrics grafted with starch (EI-Nahhal et al., 2020). Starched cotton was chosen as the
substrate over the original cotton because starch is non-toxic and compatible with the cotton
substrate. Starch is a modifying agent to improve cotton adhesion properties for improved ZnO
NP deposition. At the same time, it reduces ZnO-NPs leaching from the cotton fabric surface
while significantly increasing antibacterial activity. Further functionalization of ZnO NPs
coated cotton sample with Ag NPs and curcumin, resulting in ZnO-Ag nanohybrid and Zn (1)
curcumin complex coated cotton, was tested for antibacterial activity against E. coli and S.
aureus bacterial strains (E-Nahhal et al., 2020). Figure 6 depicts using starch to perform two

tasks simultaneously: improve cotton adherence and immobilize ZnO-NPs.
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Figure 6. Scheme of deposition of ZnO-NPs, ZnO-Ag NC, and Zn (Il) curcumin complex
onto cotton fibers (EI-Nahhal, et al., 2020).

The sono-enzymatic in situ synthesis approach created long-lasting and effective antibacterial
coatings on cotton textiles by depositing ZnO NPs and gallic acid (GA) in a single-step—laccase
procedure (Salat et al., 2018). However, pre-activation of cellulose substrates was required to
ensure acceptable NP durability on the surface. The simultaneous sonochemical deposition of
ZnO NPs and the production of a bio-based adhesive generated by the enzymatic crosslinking
of GA in which the NPs were embedded overcame this shortcoming. Even after 60 washing
cycles at 75 °C hospital laundry regime, the ZnO NPs-GA coated materials maintained > 60%
antibacterial activity. The high-resolution scanning electron microscopy micrographs of cotton
fabrics coated with ZnO NPs before and after the removal of GA by numerous washing cycles,
the initial amount of ZnO NPs deposited on the fabric (Figure 7a, b) using active laccase and in

the absence of active enzyme are shown.

The enzymatically speeded-up crosslinking reaction of GA was predicted to improve the
stability of ZnO NPs on the fabric and the durability of antibacterial activity. By enclosing the
NPs in an in situ laccase-generated GA bio-adhesive, the GA would synergistically improve the
antibacterial action of ZnO NPs and encourage their adherence to the fabric surface. The
samples made with active laccase (Figure 7a) have a denser and more uniform NP coating on
their surface than the cotton fabric coated with denatured laccase (corresponding to a non-

enzymatic method) where the creation of a phenolic bioadhesive was unlikely (Figure 7c). After
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10 washing cycles at 75 °C, the cloth treated with active laccase (Figure 7b) remained consistent

and densely covered with NPs. The control sample, on the other hand, contained considerably
fewer NPs (Figure 7d).

Figure 7. HR-SEM micrographs of cotton fabrics deposited with ZnO NPs and GA (a) before
washing without Lacasse, (b) without Lacasse after 10 washing cycles, (c) in the
presence of active Laccase before washing, and (d) with active Lacasse after 10
washing cycles (d). (Salat et al., 2018).

ZnO-NPs deposited onto the surface of cotton fibers were acquired by immobilizing the NPs
from ZnSO4.7H2O precursors onto the cotton fibers via ultrasound irradiation. The NP
formation mechanism probably encompassed three or four steps: the first interaction was
between Zn?* ions and surfactant; the second was the creation of stable Zn(OH)2, which is
absorbed onto the cotton surface; and the third was the transformation of Zn(OH). to ZnO NPs
by irradiation energy and finally washing to remove unreacted excess surfactant (EI-Nahhal et
al., 2017). Figure 8 depicts the coating of cotton fiber with ZnO-NPs in the presence of SDS
surfactant.
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Figure 8. Ultrasound irradiation to prepare ZnO-cotton nanocomposites (EI-Nahha et al.,
2017).

The results showed that using surfactants, especially SDS, reduced the leaching of ZnO-NPs.
The small size of the ZnO NPs with an average mean crystalline size of 8.00-12.8 nm upon
using the surfactants is the main reason for decreasing the leaching of ZnO-NPs from the cotton
substrate. Even after ten washing cycles, the durability of the ZnO-NPs coated fabric revealed
a subsequent decline in ZnO-NPs leaching and a loss in antibacterial efficacy. Because of its

smaller size, ZnO-SDS was the most effective surfactant in reducing antibacterial activity.

Different reports revealed that the functionalization of cotton fiber with ZnO NPs via the
sonochemical technique (Perelshtein et al., 2015; Singh et al., 2012; Petkova et al., 2016;
Abramova et al., 2013; Yusof et al., 2019). The antimicrobial activity of ZnO NPs coated
sonochemically onto cotton fabrics varies based on the modifying agent used to activate the
cellulose. Cotton fabrics coated via in-situ synthesis of ZnO NPs capped with date seed extract
were designed to have multifunctional characteristics (EI-Naggar et al., 2018). To obtain the
bulk state, the produced ZnO NPs prefer to agglomerate. Following that, date seed extract would
be critical in preserving these NPs in small nano size without agglomeration. The efficacy of
date seed as a stabilizer is due to the presence of phenols, polysaccharides, and other
components that are high in hydroxyl groups. Compared to uncapped ZnO nanoparticles, the
ZnO nanoparticles capped with the extract exhibited a spherical shape, smaller nano size, and

more uniform dispersion in the cotton structure, regardless of the substrate. The bacterial
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reduction of date seed extract against E. coli is relatively low (26%), while the antibacterial
reduction of tested samples of uncapped and capped ZnO NPs against E. coli is up to 85 and
99%, respectively (EI-Naggar et al., 2018). Moreover, various techniques were applied in
the in-situ immobilization of ZnO NPs into the surface of cotton fabrics, such as UV-irradiation
(Ghayempour & Montazer, 2017), wet chemical (EI-Nahhal et al., 2020) and precipitation (El-
Nahhal et al., 2017).

2.6.5 Durable Antimicrobial Cotton Fabrics Coated with Bimetallic NCPs

To enhance the properties of nanoparticles (NPs), researchers have developed binary and
tertiary nanocomposites (NCs). Aloe vera extract was used as a reducing agent to generate
bimetallic NCs in cotton fabrics. First, aqueous solutions of AgNOz and CuSQO4.5H20 mixtures
were prepared, and then cotton fabrics with infused Aloe vera leaf extracts (matrix) were kept
in these metallic source solutions and stirred. The NC-infused cotton fabrics showed good
antibacterial  activity against E. coli, Pseudomonas, Bacillus, Klebsiella, and
Staphylococcus cultures (Mamatha et al., 2018). In another study, red sander extracts were used
to reduce CuSO4.5H,0 and AgNOs, with flavonoids and sugars of the extracts acting as
reducing agents and other constituents as capping agents (Venkateswara et al., 2019). Cotton
fabrics were dipped in hyperbranched poly(amide-amine) (HBPAA) to encapsulate metal NPs,
showing an excellent protective ability to prevent agglomeration and oxidation (Gao et al.,
2020). NaBH. reduced AgNO3z, HAuUClI4, and H2PtCls to metal NPs in the polymer's presence.
Then cotton fibers were impregnated to produce monolayered Ag-Au-Pt coated fabrics,
probably due to electrostatic repulsion among positively charged NPs. Furthermore, the
combination of Ag, Au, and Pt NPs yielded a positive potential and could aid in the self-
assembly of cotton upon surface capping with HBPAA. The authors inferred that different metal
NPs capped with the same functional polymer may inherit the chemical characteristics of the

latter, and antibacterial activities were found against E. coli and P. aeruginosa.

TiO2 has become the benchmark for promising applications such as antibacterial agents among
metal oxides (Ibrahim et al., 2017). In another work, a coating dispersion treated on textile
fibers based on TiO2 NPs and ZnO NPs was prepared through uniform dispersion of NPs in

binder melamine tri-polyphosphate acrylate solution by ultrasonication. The superiority of TiO>
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NPs as an antibacterial agent was observed over ZnO NPs against S. aureus bacteria. However,
when an equal mass ratio of TiO> NPs and ZnO NPs was used, the antagonistic effect was

observed in the antibacterial effect as the inhibition zone was recorded (Attia et al., 2017).

Inorganic bacterial agents are usually photocatalytic metal oxides that belong to semiconductor
compounds. Among them, ZnO attracts the most attention because of its excellent
biocompatibility. However, the photocatalytic antibacterial performance of ZnO can be reduced
because of the high recombination rate of the electron-hole pair. One way to overcome these
problems and promote the photocatalytic antibacterial activity of ZnO is doping with noble
metals. On the other hand, Ag NPs are a gold-standard bacteriostatic agent. A study was
conducted to enhance the antibacterial activity of ZnO using tri-component NCs of Ag, Cu, and
ZnO deposited onto the cotton textile surface. This resulted in long-lasting antibacterial activity,
protection against ultraviolet radiation, and the ability to conduct electricity. These metal and
metal oxide NPs were synthesized using polymethylol and functionalized polyethylenimine
compounds (Hassabo et al., 2019). Ag/ZnO NPs were prepared from commercial ZnO NPs in
the presence of 3-aminopropyltriethoxysilane, AgNOs, and trisodium citrate solution as
reductant and stabilizer. Then, an organic-inorganic hybrid was synthesized through radical
polymerization of diallyl dimethyl ammonium chloride and an acyloxy silane coupling agent to
form a pyrrolidinium-based polymer. Ag/ZnO nanoparticles were incorporated into this
mixture. The cotton samples were immersed in the dispersion solution for paddling.
Antibacterial activity againstS. aureus and E. coli, durability, hydrophilicity, and air
permeability were studied (Gao L. et al., 2020). In cotton fabrics coated with Ag, TiO2, and
ZnO NPs, Ag NPs were synthesized from AgNOs with trisodium citrate, whereas TiO2 NPs
were prepared by mixing TiCls and ammonium carbonate. Finally, ZnO NPs were obtained
from ZnCl; and sodium hydroxide. They were first immersed in a beaker containing a
polyurethane solution to coat the cotton fabrics with the synthesized nanoparticles. After that,
the fabrics were immediately immersed in the ZnO NP solution and then in the beaker
containing TiO2 NPs. This process was repeated with the beaker containing Ag NPs solution.
The optimum  photocatalytic and  antibacterial  activities  against Salmonella
typhi and Shigella were observed in the decorated fabrics with Ag, ZnO, and TiO2 (Ansari et
al., 2020).

31



An alternative method for producing antibacterial cotton fabrics involves attaching Ag NPs
decorated with bismuth oxybromide (BiOBr) nanosheets to carboxymethyl cotton fabrics. To
promote the nucleation of BiOBr, the cotton fabric was altered through an SN2 reaction of
hydroxyl groups using chloroacetic acid and NaOH as a base, resulting in the formation of
sodium carboxylates (carboxymethyl cotton fabrics, CCF). When this fabric was placed in a
Bi(NOs3)3 solution, Bi2O2" ions were absorbed by the carboxyl groups. Subsequently, immersion
in a KBr solution triggered the reaction of bromide ions with Bi>O>" to produce BiOBr-CCF.
Ag" ions from AgNOs were then absorbed by BiOBr-CCF and reduced by exposure to UV
irradiation. This Ag/BiOBr-CCF showed a practical bacteriostatic effect against E. coli and S.
aureus (Zhou et al., 2020). In another study, Streptomyces sp, a marine bacterium, was used as
both a reducing and stabilizing agent for the biosynthesis of Au NPs. After treating cotton
fabrics with O% plasma, the fabrics were coated with a combination of Au NPs/ZnO NPs, which
exhibited high antibacterial activity against S. aureus and E. coli and durability after 15 washes
(Ibrahim et al., 2016).

The antimicrobial efficacy of the formed NPs deposited onto cotton is promising in all
fabrication methods. However, antibacterial wash durability is still challenging when making
durable antibacterial cotton fabrics. NPs and NCPs leached off the surface of the cotton fabric
unless a strong link was established between the surface of the cotton and the NPs and NCPs.
Several chemical reagents, particularly polymeric compounds, were used to modify the fabric's
surface before functionalization with NPs and NCPs.

Essential amino acids with electron-donating groups, such as L-methionine, are of interest for
surface modification of cotton fabrics because of their non-toxicity to human cells,
biocompatibility, and biodegradability. During surface modification, the amino acid carboxyl
group reacts with the cellulose's hydroxyl group on the cotton fabric, adding donating groups to
the surface of the cotton fabric. Figure 9 shows the schematic chemical reaction between the L-
methionine and cotton fabric. Figure 9 shows that the amino acid (L-methionine) contains an S
atom attached to the terminal methyl group. The presence of the S atom, in addition to the amine
functional group, enhances a covalent bond that would be formed with the metal and metal
oxide NPs.
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L-methionine is covalently linked onto the surface of cotton fibers via an esterification reaction
with the hydroxyl groups of cellulose using a facile finishing pad-dry cure process. Then, the
metal and metal oxide NPs are synthesized and immobilized on the modified surface by the

enhanced adhesive force of the L-methionine moieties.
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Figure 9. Modification of cotton by the amino acid L-methionine (a) chemical structure of
L-methionine, and (b) esterification reaction between hydroxyl groups of the

hypothetical cellulose monomer and carboxylic amino acid groups.

2.7 The Mechanism of Antibacterial Activity

The resistance of bacteria is currently a serious concern as a result of the widespread use of
antibiotics for preventative or curative purposes without sufficient medical justification, the
incorrect selection of alternate antimicrobials, and the frequent switching between antimicrobial

therapies (Wang et al., 2017).

The unceasing emergence of bacterial resistance has challenged the exploration community to

advance novel antibiotic agents. Among the most encouraging novel antibiotic agents are metal
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NPs, which have shown strong antibacterial activity in many studies (Slavin etal., 2017). The
main reason for considering NPs as an alternative to antibiotics is that they can effectively
combat microbial drug resistance in certain situations. Metal NPs can also alter the metabolic
activity of bacteria. Additionally, NPs have the ability to penetrate biofilms, offering a valuable

approach to preventing biofilm development by inhibiting gene expression.

The cytoplasmic membrane and cell wall are degraded as part of the killing process because of
the production of reactive oxygen species such as hydroxyl radicals and hydrogen peroxide.
This mainly causes seepage of cellular contents, followed by cell lysis; subsequently, the
organism may completely mineralize. Electrostatic attraction, van der Waals forces, receptor-
ligand interactions, and hydrophobic interactions all contribute to the most effective killing
when the organisms and the NPs are in close proximity (Tathdil et al., 2011). The ability of
transition metal NPs to create ROS and their propensity to form intimate associations with
biological components such as amino acids, DNA, and tissues are the two most significant
factors contributing to their bactericidal action. The high atomic number of metal ions of non-
essential transition metals, like Ag* or Zn?* can readily bind to SH groups, like cysteine. This
can directly interfere with the function of specific enzymes or disrupt the S-S bridges necessary
to maintain the integrity of folded proteins, negatively affecting the cell's metabolism and
physiology. ROS production has a particularly negative impact on bacterial cells (Slavin et al.,
2017).

Although the antimicrobial mechanisms of NPs are not fully known, the currently recognized
processes include metal ion release, oxidative stress induction, and non-oxidative mechanisms.
It is challenging for bacterial cells to develop NP resistance since the many simultaneous modes
of exploitation against microorganisms would require multiple simultaneous gene alterations in
the same bacterial cell (Wang L. et al., 2017).

One of the most crucial antibacterial defense mechanisms is oxidative stress brought on by
reactive oxygen species (ROS) (Li et al., 2015). Under UV irradiation, metal oxide NPs
produce the ROS type’s superoxide radical, hydroxyl radical, and singlet oxygen. The survival
of E. coli cells in NP-containing aqueous suspensions under UV radiation was used to establish
a quantitative correlation between oxidative stress and the antibacterial activity of NPs. A linear

relationship was discovered between the average concentration of total ROS and the bacterial
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survival rates. NP concentration is assumed to decline when the NPs are bound to the organic
matrix in the culture broth and deteriorated cell components. Figure 10 shows the combined

ROS production exposed to Ag NPs.

NP - e -
*lon 2

Figure 10. A scheme illustrating the mechanisms of Ag NPs while exposed to E. coli cells.
(A) cell wall breakdown, allowing intracellular components to exit the cell, (B)
Ag NPs penetrate the periplasmic space, starting the disintegration of the cytosol
from the membrane, (C) DNA and Ag NPs interaction, (D) cell pits that develop
upon exposure, (E) incorrect DNA function, ROS generation, protein suppression
or malformation, and obstruction of appropriate ribosome function, (F) ROS
produced, and (G) protein interaction, particularly with cysteine (Slavin et al.,
2017).

In Figure 10, the precise method by which destructive activity occurs is only speculated.
Although explanation is challenging due to the numerous routes that appear to be
simultaneously activated by NPs, this is also why NP exposure is so powerful. According to
currently available studies, the main mechanisms underlying the antibacterial actions of NPs
are generally as follows: 1) bacterial cell walls rupturing; 2) Production of Reactive oxygen
species; 3) penetration into bacterial cell membrane; and 4) interplay with DNA and proteins as
well as the production of intracellular antimicrobial effects. Bacterial cell membranes are highly
conserved and, therefore, difficult to alter with only a couple of genetic alterations, which

lessens the possibility of bacterial drug resistance. The creation of biofilms is hampered by the
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rupture of bacterial membranes, which is a significant process because biofilms are essential for

the emergence of bacterial resistance (Walker et al., 2014).

2.8 UV-Protective Coated Cotton Fabric

Ultraviolet radiation is powerful, energetic, short-wavelength light. Three wavelength ranges of
ultraviolet radiation, also known as UVR, can be distinguished: UVA (315-400 nm), UVB
(280-315 nm), and UVC (100-290 nm). The UVC region, the most damaging region of UV
rays for human health, is absorbed in the stratosphere by oxygen molecules in the ozone layer.
However, UVA and UVB radiation reach the surface of the planet and result in severe health
problems, including skin cancer, sunstroke, and photoaging (Attia et al., 2022). Consequently,
it has drawn significant attention to UV penetration of fabrics due to the rising request in the
market for light-protective garments that provide UV protection (Xin et al., 2014). When UVA
and UVB are exposed for an extended period to sensitive skin, they trigger a photoallergic
reaction, resulting in wrinkles or a loss of flexibility in the outermost layer of the skin
(Porrawatkul et al., 2022). A parameter used to assess a material's average level of protection,
after which it may be examined under the spectrum, is the ultraviolet protection factor (UPF).
According to the Australian/New Zealand Standard (AS/NZS 4399:1996), the UPF values are
primarily measured in the 280-400 nm range using the following formula:

Y400 EA XSA x A
Y400 FAXTAXSAXAA
Where,
SA ------ the spectral irradiation of the skin,

EX ---- the erythemal spectral effectiveness,

TA ----- is the spectral transmittance of the materials, and AL is related to increment wavelength
in (nm)

The ultraviolet protection factor (UPF) of cotton fabrics treated with Ag NPs, TiO2 NPs, and
AQ/TiO2 NPs was determined (El-Naggar et al., 2022). In this study, NPs were impregnated
onto the fabric by the ex-situ method, and cotton fabrics coated with Ag NPs have minimal UPF

ratings for UV radiation protection. Furthermore, the fabrics treated with TiO> NPs showed
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higher UV protection ratings of 28.2 and 42.7 before washing. UV Protective properties of
cotton fabric coated with carboxymethyl chitosan and Ag/TiO2, NCPs were successfully
prepared (Xu et al., 2021). The original fabric had a UPF value of less than 10.0, confirming
that non-functionalized cotton fabric has insufficient UV protection. The UPF values of
functionalized fabric with Ag/TiO2 samples exceeded 79.0, indicating excellent UV protection
after 50 laundry cycles. The durable and adequate UV protection demonstrated that the chitosan

is uniformly spread on the fabric and binds the NPs to the cotton fabric.

In-situ synthesis of Ag NPs on cotton fabric surfaces was achieved by immersing the fabrics in
an alcoholic AgNOs solution (concentrations varying from 100 to 500 ppm) and subjecting them
to UV light (Rehan et al., 2017). According to the report, the blank cotton fabric has good UV
transmittance, while Ag NP cotton fabrics have poor transmission. UV transmittance diminishes
when the Ag content of cotton fibers increases. Cotton fabrics treated with Ag NPs have reduced
UV transmittance, particularly between 320 and 375 nm. The coated fabric provides good UV
protection in the UVA spectrum. Integrating Ag NPs into cotton fabrics provides significant
UV protection due to Plasmon resonance and efficient UV scattering due to their high refractive
index (Gorensek and Recelj, 2007). The effectiveness of TiO2 as a UV absorber, which is highly
influenced by the production process and additives used, was synthesized (Ibrahim et al., 2019).
Uncoated cotton transmits a significant amount of UV light. Adding 10% TiO: to the fabric
dramatically boosted UPF (UPF = 58.10). The concentration ratio of composite components
influenced the UV protection capabilities of the synthesized Cu>O/TiO2 NCPs. Including Cu20O
enhances UV protection by increasing the absorption property of CuO/TiO2 NCPs, ascribed to
the crystalline structure of Cu>O formed (Ibrahim et al., 2019 ; Badry et al., 2023).

UV protection properties of the biosynthesized ZnO NPs were investigated (Fouda et al., 2018;
Xu and Cai, 2008). The recovered fungal biomass (protein-secreted fungus) was combined with
Zinc acetate Zn(CH3CO3). to form biosynthesized ZnO NPs with an average crystalline size of
10-45 nm. The treated cotton fabrics with ZnO NPs had a UPF value of 16.1, indicating good
protection according to Australian/New Zealand Standard AS/NZS 4399:1996. Untreated
fabrics had a lower UPF value of 4, indicating poor protection. UV-radiation protection was
explored by applying in-situ synthesized ZnO NPs to cotton fabric using hexamethyltriethylene
tetramine (HMTETA) without capping or immobilizing agents (Shaheen et al., 2016). A 26.3
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nm average crystalline size of ZnO NPs was synthesized, and the UPF value ranged from 15-

22 depending on the amount of ZnO NP precursor applied.

Table 1 summarizes the UV-protection factor (UPF) of some selected cotton fabrics coated with

various NMs.

Table 1: UPF values of cotton fabric treated with various NMs.

Sample code UPF References
Value

Ag-ZnO treated cotton fabric 69.67 Porrawatkul et al., 2022
ZnO treated cotton fabric 37.67 Porrawatkul et al., 2022
BaTiOs NPs embedded cotton fabric 73.48 Kumar et al., 2023
Si02/Zn0O NP/ZnO nanorod hybrid treated Kucuk and Ovecoglu,
cotton fabric 124.58 2020
Ag/TiO> coated fabrics 56.39 Lietal., 2017
Ag NPs coated cotton fabric 34.09 Zhu et al., 2021
Biosynthesized ZnO NPs treated with cotton 16.30 Fouda et al., 2018
fabric
Cu20/TiO2 coated cotton fabric 102.04 Ibrahim et al., 2019
PA/ODA/TiOz Cotton fabric 2000 Abidi et al., 2009
Carboxymethyl Chitosan and Ag/TiO> 79.0 Xu et al., 2021
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CHAPTER 3

Materials and Methods
3.1 Chemicals and Apparatus

Handloom cotton fabrics were purchased from the local market in Adama, Ethiopia. Liquid
detergent and surfactants were purchased from Bekas Chemicals Plc, Adama, Ethiopia. Urea
(CO(NH?2)2, 98% purity), nitric acid (HNOs, 70% purity), hydrogen peroxide (H20., 60-70%
purity), ethyl diamine tetra acetic acid (EDTA, 99% purity), hydrochloric acid (HCI, 37%
purity), and ethanol,(CH3CH20H, 97% purity) were all purchased from Sigma Aldrich. Silver
nitrate (AgNOs, 99% purity), sodium borohydride (NaBH4, 99.99% purity), titanium
isopropoxide (Ti{OCH(CHs)2}4 99.5% purity), and L-methionine (CsH1:NO-S, 98% purity)
were all purchased from Sisco Research Laboratories Pvt. Ltd., India. Sodium hydroxide
(NaOH, 99.99% purity), ammonia solution (NHs, 35% purity), magnesium sulfate (MgSOa,
99% purity), sodium carbonate (Na.COs, 99.9% purity), glacial acetic acid (CH3CO2H, 99.7%
purity), and zinc nitrate trihydrate (Zn(NO3)2.3H20, 99.99% purity), were purchased from Loba
Chemie Pvt. Ltd., India, and copper nitrate trinydrate (Cu(NO3).3H20, 99.5% purity) was
purchased from Guangdong Guanghua Sci-Tech Co Ltd, China. All chemicals were used as
received without further purification. Deionized water was used throughout the experimental
work for solution preparation and cleaning. Apparatus such as different-size capacity
borosilicate volumetric flasks, beakers, measuring cylinders, and micropipettes were also used.
A magnetic stirrer, desiccator, pad roller, vacuum filter, ice bath, thermometer, and Petri dishes

were also used during the experiments.

3.2 Cleaning of Cotton Fabrics and Surface Modification of Cotton Fabric by
L-Methionine (Am)

The cotton fabrics were scoured and bleached to expose the OH groups of cellulose for the
esterification reaction with L-methionine. The fabrics were scoured using 250 mL of 0.1 M of
Na>COs and NaOH as the scouring agents and 25 mL of 0.01 M EDTA as the sequestering
agent to remove fats, waxes, and any other impurities from the surface of the cotton fabrics. The
scoured fabrics were then bleached using 100 mL of 15% H>0: as a bleaching agent, washed
with excess DI water, and dried in an oven at 80 °C for 30 min. The scoured and bleached

fabrics were coded Cot. Following a reported method (Zhou et al., 2018), they were immersed
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in 250 mL of 1.5% w/w aqueous L-methionine solution for 30 min at room temperature, pad
rolled to ~90% wet pick up, and then oven heated at 180 °C for 5 min for thermal fixation. The
modified fabrics were coded AmCot and cut into samples of 3.0 cm x 3.0 cm and 10.0 cm x 10
cm for evaluating the chemical, morphological, antibacterial activity, UV protection, and

physical properties.

3.3 Functionalization of Surface Modified Fabrics (AmCot) by Metal and Metal Oxide
NPs

AmCot was functionalized by in-situ synthesis and deposition of single NPs and binary

component metal and metal oxide NCPs.

3.3.1 In-Situ Preparation and Immobilization of Ag NPs onto AmCot

In-situ preparation and immobilization of Ag NPs onto L-methionine-modified cotton fabric
was adapted from a reported procedure (Zhou et al., 2018). AmCot fabrics were soaked in 250
mL aqueous AgNOs3 (0.045 M) and heated at 100 °C for 30 min. These fabrics were removed
and soaked in 250 mL of an aqueous solution of 0.1 M NaBHa4 for 2 min to reduce AgNO3 to
Ag NPs at pH 5. The Ag NPs functionalized fabrics were then rinsed with DI water (100 mL x
3 times), oven-dried at 100 °C for 30 min, and then cured at 180 °C for 5 min. The functionalized

fabrics were coded as AmCot+Ag.

3.3.2 In-Situ Preparation and Immobilization of CuO NPs onto AmCot

In-situ preparation and immobilization of CuO NPs onto AmCot fabrics were carried out
according to a reported procedure (Zhao et al., 2020). AmCaot fabrics were immersed in 100 mL
of 0.12 M Cu(NO3)2-3H20 aqueous solution and stirred for 15 min, after which 15 mL of 25%
NH3 solution was added dropwise to adjust the pH to approximately 9 and stirred for 30 min to
facilitate the formation of Cu*2 ions due to the cupric ammonium complex. Subsequently, the
fabrics were soaked in 0.5 M of 100 mL of agueous NaOH solution for 5 min, rinsed with DI
water, and added into 100 mL 0.05 M NaBH4 aqueous alkaline solution for 15 min while stirring
at 30 °C. Finally, the fabrics were thoroughly rinsed with DI water, oven-dried at 60 °C for 30
min, and cured at 180 °C in the oven for 5 min. The functionalized fabrics were coded
AmCot+CuO.
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3.3.3 In-Situ Preparation and Immobilization of ZnO-NPs onto AmCot

A reported procedure (Javed et al., 2021) was adopted to prepare ZnO NPs in-situ and
immobilize them on the surface of AmCot fabrics. AmCot fabrics were immersed in 250 mL of
an aqueous solution of 0.044 M Zn(NOs3)..3H20 and stirred for 30 min. Then, 25 mL of an
aqueous alkaline solution prepared from 0.05 M NaBH4 and 0.5 M NaOH was added dropwise
to the synthesis bath, and the pH of the synthesis was adjusted to pH 9.5. To form ZnO NPs on
the fabric surface, the synthesis bath was heated at 80 °C for 1 hour, after which the fabrics were
oven-dried at 80 °C for 30 min and then cured at 180 °C for 5 min. The functionalized fabric
was coded AmCot+ZnO.

3.3.4 In-Situ Preparation and Immobilization of TiO2 NPs onto AmCot

For the in-situ preparation and immobilization of TiO2 NPs onto AmCot, 5.75 mL of 15.9 M
HNO3 was added dropwise to 100 mL of urea solution (10.86 g, 0.083 mol) in cold water with
gentle stirring for 30 min to form urea nitrate (CHsN3O4, UN) precipitate (EI-Naggar et al.,
2016). After recovery of the UN crystals by vacuum filtration, the crystals were washed in ice-
cold and DI water and dried. AmCot fabrics were immersed in a 100 mL ethanolic solution in
which 5 mL of Ti{OCH(CHz3)2}4 (TIP) was dissolved while shaking at room temperature for
30 min, followed by pad rolling to weight pickup of 100% and dried at 80 °C for 5 min. The
dried samples were then soaked for 30 min at ambient temperature in 0.01 M UN solution of
pH 4, which resulted in the slow release of HNOs. The treated AmCot fabrics were rinsed with
DI water to remove any remaining unreacted chemicals, oven-dried at 80 °C for 15 min, and

cured at 180 °C for 5 min for thermo-fixation. The samples were coded AmCot+TiOx.

3.3.5 In-Situ Preparation and Immobilization of Ag-CuO NCPs onto AmCot

In-situ preparation and immobilization of Ag-CuO NCPs onto AmCot fabric was carried out
according to the reported procedure (Zhao et al., 2020). AmCot fabrics were immersed in 250
mL of an aqueous solution of 0.04 M AgNO3 and 20 mL of an aqueous solution of 0.05 M
CuNO3.3H20 and stirred for 1 hour at ambient temperature. 20 mL of 25% NH3 solution was
added dropwise to adjust the pH to 9, and stirring continued for another 30 min. The treated
fabrics were then immersed in 250 mL of an aqueous solution of 0.5 M NaOH for 5 min and

rinsed with DI water. After this, the treated fabrics were reduced in 250 mL alkaline solution of
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0.05 M NaBHj4 for 15 min with stirring at 30 °C and the fabrics were thoroughly rinsed with DI
water and oven-dried at 60 °C for 30 min, then cured at 180 °C for 5 min for thermo-fixation.

The samples were coded AmCot+Ag-CuO.

3.3.6 In-Situ Preparation and Immobilization of Ag-ZnO onto NCPs

In-situ, preparation and immobilization of Ag-ZnO was carried out by immersing AmCot
fabrics in 125 mL aqueous solution of 0.035 M Zn(NO3)2.3H20 in a reaction bath under stirring
for 25 min (Taheri et al., 2021). A 100 mL aqueous solution of 0.025 M AgNO3 was added to
the synthesis solution. After 10 min, 25 mL of a prepared alkaline solution of 0.01 M NaBHj4
and 0.01 M NaOH solution was added dropwise, and the pH of the solution was adjusted to 9.5.
The precursors were reduced after one hour of heating at 80 °C. The treated fabrics were rinsed
with DI water, oven-dried at 60 °C for 30 min, and cured at 180 °C for 5 min for thermo-fixation.

The samples were coded AmCot+Ag-ZnO.

3.3.7 In-Situ Preparation and Immobilization of Ag-TiO2 NCPs onto AmCot

A reported procedure (Gorguller et al., 2021) was adopted for the in-situ preparation and
immobilization of Ag-TiO2 NCPs onto AmCot. To the solution of 265.8 mL DI water and 15
mL 99. 7% vl/v of glacial acetic acid (CH3zCO2H), 4.2 mL of 37% HCI was added and heated to
60 °C. 15 mL of TIP was then added dropwise to the heated mixture under stirring. The reactants
were allowed to stir for 2 hours to obtain a 5% TiO> colloid suspension. AmCot fabrics were
immersed in 60 mL of 5% TiO> colloid suspension, to which 8 mL of 0.04 M AgNO3 solution
and an alkaline solution of 10 mL of 0.017 M NaBH4 and 10 mL of 0.01 M NaOH were added
to prepare Ag-TiO2> NCPs modified cotton fabrics by adjusting the pH to 9. The fabrics were
oven-dried for 4 hours at 75 °C, rinsed with DI water, and then cured for 5 min at 180 °C for
thermo-fixation. The samples were coded AmCot+ Ag-TiOx.

3.3.8 In-Situ Preparation and Immobilization of CuO-TiO2 NCPs onto AmCot

A previously described procedure (Gorgulter et al., 2021) was used for the in-situ preparation
and immobilization of CuO-TiO2 NCPs on AmCot. To a solution of 265.8 mL of DI water and
15 mL of 99.7 % v/v of CH3CO2H, 4.2 mL of 37% HCI was added and heated to 60°C. 15 mL
of TIP was then added dropwise to the heated mixture under stirring. The reactants were allowed

to stir for 2 hours to obtain a 5% TiO: colloid suspension. AmCot fabrics were immersed in 60
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mL of 5% TiO; colloid suspension and 20 mL of 0.05 M Cu(NOs3), added dropwise under
stirring. 10 mL of aqueous 25% NHj3 solution was then added dropwise into the mixture to
adjust the pH to 9, and stirring continued for 30 min. Then, 10 mL of 0.01 M of NaOH was
added to precipitate CuO and TiO: colloid. The reaction mass was then left to stand for 10 min.
The treated fabric samples were removed, dried for 4 hours at 75 °C, rinsed with DI water, and
then cured for 5 min at 180 °C in the oven for thermo-fixation. The samples were coded
AmCot+CuO-TiOs.

3.4 Characterization
3.4.1 Functional Group Analysis

3.4.1.1 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR)

ATR-FTIR can measure spectra without the need for sample preparation or dilution; it has found
applications in the analysis of solid and liquid materials. In ATR-FTIR, light energy is passed
through an optical material (i.e., the ATR sensor) that has two major characteristics: optically
transparent to the frequency of the energy so that the sensor material absorbs little or none of
the radiation and the ATR sensor material has an index of refraction that is higher than that of
the surrounding media so the ATR acts as a waveguide, internally reflecting the light energy.
By selecting specific optical materials and controlling the fabrication of the sensor, the number
of reflections or nodes in an ATR sensor can be precisely adjusted. The effective path length of
the sensor is determined by multiplying the number of internal reflections by the depth of
penetration of the evanescent wave. At each node, a stationary wave of energy is emitted from
the surface, contributing to the overall ATR phenomenon. The ATR mode of spectra acquisition
involves passing the IR beam through an internal reflection element IRE), usually an IR-
transparent element) with a high refractive index diamond crystal. ATR-FTIR spectra were
obtained using an Alpha-T Bruker (Germany) spectrometer in the transmission mode with 50
scans per minute and 2 cm™ resolution, using a diamond crystal ATR accessory at an incident
angle of 45°. A sample size of 6 mm x 6 mm of AmCot and AmCot functionalized by the NPs
and NCPs was placed under the ATR accessory, and the optimum force between the sample and

ATR crystal accessory was optimized to obtain the transmission spectrum.
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3.4.1.2 Micro-Raman Spectroscopy

Micro-Raman spectroscopy is based on an intrinsic material property and measures
carbonaceous compounds in Raman active materials. Raman spectroscopy uses inelastic
scattered monochromatic light (usually visible wavelength laser light whose frequency is
mainly close to the infrared or ultraviolet range) to probe the vibrational energy levels of
chemical bonds. It is based on the stress (strain) sensitivity of most Raman vibrational modes
in crystalline phases. The difference in energy between the incident photon and the Raman
scattered photon equals the energy of the vibration of the scattering molecule. The scattered
light is analyzed to get information about specific molecular vibrations that alter because of the
stress state of the material. A Raman spectrum is produced by plotting the scattered light
intensity against the energy difference. Raman spectroscopy was utilized to study the vibrational
properties of AmCot, and AmCot functionalized by the NPs and NCPs using a micro-Raman
spectrometer (HORIBA, France) coupled to a charge-coupled device (CCD) detector in the
100-1800 cm* range. He—Ne laser excitation source was used and operated at 1 = 633 nm at
20 mW (power 100%).

3.4.2 X-ray Diffraction (XRD) Pattern

X-ray diffraction is based on constructive interference of monochromatic X-rays and a
crystalline sample. These X-rays are generated by a cathode ray tube, filtered to produce
monochromatic radiation, collimated to concentrate, and directed toward the sample. The
interaction of the incident rays with the sample produces constructive interference (and a
diffracted ray) when conditions satisfy Bragg’s law (nA=2d sin 0). An X-ray diffractometer
(XRD-7000 X-ray Diffractometer Shimadzu, Japan) using Cu k-alpha radiation (k = 1.54060
A) was used to analyze the crystalline structure of AmCot functionalized with NPs and NCPs.
The instrument was calibrated with a silicon standard by scanning between 10° and 80° with a
step size of 0.03° and a dwell time of 0.5 seconds. The fabrics functionalized with NPs and
NCPs were folded to fit into the cavities of the aluminum sample holders and pressed with a
glass slide to flatten them. Then, the samples were scanned similarly to the standard. The
average particle crystalline size of the deposited NPs and NCs on AmCot fabrics was calculated

using the Debye-Scherrer equation (Eq. 1):
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Where A is the wavelength of the X-ray radiation (Cu Ko= 0.15418 nm), K is the constant, taken
as 0.89, B is the line width at half-maximum height, and 0 is the diffracting angle.

3.4.3 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive, non-destructive technique used
routinely to analyze natural and engineered materials' outermost ~10 nm (~30 atomic layers).
XPS is usually used to determine the composition of material surfaces (elemental
identification), the relative abundances of these components on surfaces (semi-quantitative
analysis), and the chemical state of polyvalent ions by measuring the binding energies of
elements, which is related to the nature and strength of their chemical bonds. Element binding
energy analysis of AmCot functionalized with NPs and NCPs was performed on an X-ray
photoelectron spectrometer (Kratos Axis Ultra DLD, UK) using a monochromated Al Ka
(hv=1486.6 ¢V) X-ray source and scanning area 300 um x 700 um. XPS analysis occurs in a
vacuum, and Amcot functionalized samples were cut into 1 x 1 cm? to fit on the sample holder
using desk scissors. The AmCot samples were mounted on the sample holder using tape. The

operating pressure of the chamber was maintained at 10"° mbar.

3.4.4 Morphology by Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM)

SEM is useful for obtaining a three-dimensional image of a sample's surface and viewing large
objects. Specimens are imaged with a beam of electrons scanned over a sample’s surface to
create an image of the surface with exceptional depth of field. This image is achieved by
detecting secondary electrons released from the specimen. It is scanned by very high-energy
primary electrons (i.e., those emitted from the electron gun in the SEM). A scanning electron
microscope (FEI Quanta FEG 250 SEM with EDX, Thermo Fisher) operating at an accelerating
5-12 kV voltage was used to study the morphology of AmCot, and AmCot functionalized with
NPs and NCPs. Energy-dispersive X-ray microanalysis (EDX) was carried out for elemental
analyses in mapping mode. The samples were mounted on the stubs of the metal sample holder
using holey carbon tape and sputter coated with ~60 nm of Palladium and then observed in the
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microscope. A Hitachi H-7600 field-emission transmission electron microscope with an
operating voltage of 200 kV was used to examine a CuO NP cluster and its size on the selected
AmCot+CuO.

3.4.5 Performance Properties
3.4.5.1 Optical Properties

The optical properties of AmCot and AmCot functionalized by NPs and NCPs were recorded
on a UV-Vis-DRS spectrophotometer (UV 3600 PLUS, SHIMADZU, Japan) in the 200-800
nm wavelength range and a scan rate of 7 nm/s per using BaSOs as the reflectance standard.
The ultraviolet protection factor (UPF) was evaluated to ascertain the UV shielding ability of
AmCot and AmCot functionalized by NPs and NCPs according to AS-NZS 4399:1996. Each
evaluation was done in triplicate, and the results were reported as average. The equation (Eq. 2)
used to calculate the UPF is as follows.

Y599 EA XSA x AA
Y590 EAXTAXSAXAA

Where S\ is the spectral irradiation of the skin, EA is the erythemal spectral effectiveness, TA -

is the spectral transmittance of the materials, and AL is related to increment wavelength in (nm).

3.4.5.2 Antibacterial Activity

3.4.5.2.1 Qualitative Antibacterial Activity Assay

The qualitative assessment of the antibacterial activity of AmCot and AmCot functionalized
with NPs and NCPs was conducted using Mueller Hinton Broth (MHB, SRL 49550), according
to the AATCC 147 test method (Pinho et al., 2011). Agar media that had been sterilized was
placed into Petri dish plates and given time to solidify. Freshly cultivated broth containing
Gram-negativee E. coli and Gram-positive S. aureus bacteria species (1x108 CFU ml™!, colony-
forming units) were streaked (~ 6 cm) on the plates and incubated at 37 °C for 12 hours. UV
sterilized AmCot and AmCot functionalized with NPs and NCPs were applied on the parallel
streaks. The Petri dishes were examined for the zone of inhibition after 24 hours of incubation
at 37 °C.
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3.4.5.2.2 Antibacterial Wash Durability

The antibacterial activity of AmCot and AmCot functionalized with NPs and NCPs were
assessed for wash cycle durability against Gram-negativee E. coli and P. aeruginosa and Gram-
positive S. aureus and S. pyogenes bacteria species according to the AATCC 100 2021 test
method after every 10 wash cycles up to a total of 50 wash cycles (Xu et al., 2016). Each wash
cycle was performed in 5 g L™ aqueous liquid detergent solution at 45 °C for 15 min and 150
rpm. The nutrient agar media was poured into a Petri dish. 100 pL of each bacteria stock with
an estimated 1 x 108 colony forming units (CFU/mI) were uniformly dispersed on the Petri-dish

containing agar media.

Before examining the antibacterial activity, the samples were subjected to UV sterilization.
Each functionalized fabric, approximately 6 mm in diameter, was evaluated against a known
concentration of bacterial suspension (1x108 CFU/ml) plated on Petri dishes and then incubated

at 37 °C for 24 hours. The zone of inhibition diameter was measured.

3.4.6 Water Absorbency and Water Vapor Permeability
3.4.6.1 Water Absorption

Water absorption of AmCot and AmCot functionalized by NPs and NCPs was determined
according to BS 3449: 1990 (Badr and EIl Nahrawy, 2020). The difference in the weight of the
samples before and after soaking in excess DI water for 10 min and hanging them out for another
10 min was recorded. Each sample was evaluated in triplicate, and the average values were

reported.

3.4.6.2 Water Vapor Permeability

The open cup test method was used to measure the water vapor permeability according to ASTM
E96 (Mustapha et al., 2020) of AmCot and AmCot, functionalized by NPs and NCPs. The
fabrics were tightly positioned over a shallow dish filled with DI water. Water vapor
permeability was estimated using the weight loss of the test assembly over 24 hours, and the

vapor transmission rate was reported as g/m?/day.
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CHAPTER 4

Results and Discussion
4.1 Functional Group Analysis by ATR-FTIR

Figure 11(a-c) illustrates the ATR-FTIR spectra of Cot, AmCot, and AmCot functionalized with
the NPs and NCPs.

Figure 11a illustrates the spectra of Cot and AmCot. While both spectra show the typical bands
of cotton, the spectrum of AmCot exhibits two additional bands at 1730 and 1560 cm-1,
attributed to the stretching vibrations of the carbonyl (C=0) and the amine (NH2) groups,
respectively (Xu et al., 2018; Xu et al., 2019; Xu et al., 2021). These bands infer that the
esterification reaction occurs between the COOH groups of Am and the OH groups of cellulose
of the cotton fabric. Previous research (Xu et al., 2019; Hassabo et al., 2019) has shown similar
bands in the spectra of cotton modified by chitosan, imine, and other amino acids. In both the
spectra, the broad band centered at 3331 cm™ is attributed to the stretching vibrations of intra
and intermolecular hydroxyl (OH) groups in cellulose and adsorbed water (Hina et al., 2018;
Tomczak et al., 2007). The band at 2897 cm™ is due to the stretching vibration of C-H in
cellulose and hemicellulose (Satyanarayana, 2007). The fabrics' hydrophilicity is responsible
for water absorption on its surface, and the band at 1623 cm™ is attributed to absorbed water in
the fibers (Sizeland et al., 2018; Mai et al., 2010). The band at 1431 cm™ is associated with the
CHaz symmetric bending of cellulose (Rotaru et al., 2018; Rabbi et al., 2019; Chung et al., 2004).
The bands at 1359 and 1318 cm™ are attributed to the bending vibrations of the C-H and C-O
groups in cellulose polysaccharides, respectively (Devnani & Sinha, 2019; Tomczak et al.,
2007; Chung et al., 2004). The C-O and O-H stretching vibrations in cellulose are at 1029 cm-
! and the band at 897 cm™ is due to B-glycosidic connections between monosaccharides.
Furthermore, a comparison of the spectra of Cot and AmCot indicated that the modification by

Am did not cause any chemical structural changes to the cotton fabric (Zhou et al., 2019).

The spectra of AmCot functionalized with Ag, CuO, ZnO, and TiO2 NPs are illustrated in Figure
11b. All the spectra display the typical bands of AmCot, as seen in Figure 11a, with additional
bands indicating the presence of the NPs. The spectrum of AmCot+AgO shows an additional
band at 1381 cm?, attributed to Ag-O stretching, confirming the presence of Ag NPs on the
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surface of AmCot, in agreement with previous literature on Ag NPs on soft substrates,
particularly textiles (Devaraj et al., 2013; Elango et al., 2018). In the spectra of AmCot+CuQO
NPs, additional bands at 550 and 546 cm™ are observed, which are due to Cu-O stretching,
confirming the deposition of CuO NPs on the cotton fabric (Faisal et al., 2013; Elango et al.,
2018). The additional bands at 661 and 611 cm™ in the spectra of AmCot+ZnO are attributed to
Zn-0 vibration modes, confirming the deposition of ZnO NPs on the fabric (Busila et al., 2015;
Boticas et al., 2019). Similarly, the spectrum of AmCot+TiO2 shows an additional band at 594
cm?, attributed to the vibration mode of the Ti-O-O bond (Rajakumar et al., 2012; Hou et al.,
2005).
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Figure 11. ATR- FTIR spectra of (a) Cot and AmCot, (b) AmCot functionalized by NPs,
and (c) AmCot functionalized by NCPs.
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Figure 11c illustrates the spectra of AmCot functionalized with Ag-CuO, Ag-ZnO, Ag-TiOz,
and CuO-TiO2 NCPs. All spectra display the typical bands of AmCot (Figure 11a) and
additional bands indicating the deposition of the NCPs. In the spectrum of AmCot+Ag-CuO,
the deposition of Ag NPs and CuO NPs on the fabric is evident by additional bands at 1381 and
546 cm™ due to Ag-O and Cu-O bond stretching, respectively (Faisal et al., 2013; Devaraj et
al., 2013; Elango et al., 2018). Additional bands in the spectrum of AmCot+Ag-Zn0, at 1381
cm?t and 661 and 611 cm™, are due to Ag-O and Zn-O bond stretching, which evidence the
deposition of Ag NPs and ZnO NPs on AmCot (Devaraj et al., 2013; Elango et al., 2018; Busila
etal., 2015; Boticas et al., 2019). In the spectrum of Am+Ag-TiO>, the additional bands at 1381
and 594 cm-1, ascribed to Ag-O and T-O-O bond stretching, evidence the deposition of Ag NPs
and TiO2 NPs on AmCot (Rajakumar et al., 2012; Hou et al., 2005; Elango et al., 2018).
Additional bands in the spectra of AmCot+CuO-TiO- at 546 and 594 cm™, due to Cu-O and Ti-
O-0 bond stretching, evidence the deposition of CuO NPs and TiO2 NPs (Rajakumar et al.,
2012; Hou et al., 2005; Busila et al., 2015; Boticas et al., 2019).

The spectrum of AmCaot, functionalized in situ with NPs and NCPs, provides further evidence
that the chemical structure of the modified cotton fabrics remains intact. This stability is a
crucial factor in ensuring the durability of AmCot (Zhu et al., 2021; Xu et al., 2018; Zhou et
al., 2019).

4.2 Micro Raman Spectroscopy Analysis

The Raman spectra of AmCot and AmCot functionalized with Ag, CuO, ZnO, and TiO2 NPs
are illustrated in Figurel2 (a-d), while the spectra of AmCot functionalized by the Ag-CuO,
Ag-Zn0, Ag-TiO», and CuO-TiO2 NCPs in Figure 13 (a-d)). All spectra exhibited characteristic

bands of cotton.

In AmCot (Figure 12a), the bands for asymmetric COC glycosidic ring breathing and skeletal
stretching were observed at 1095 cm™ (asymmetric) and 1121 cm™ (symmetric) (Kavkler &
Dem”, 2011; Was-Gubala & Machnowski, 2014). The Raman shift at 643 cm™ is attributed to
C-S stretching, confirming the esterification of the COOH amine groups with the OH groups of
cellulose (Fateixa et al., 2016), and the 328 and 377 cm™ bands are due to CCC ring deformation
bending. Additionally, the bands at 438 and 458 cm™* are associated with CCO ring deformation
and skeletal bending (Kavkler and Dem”, 2011; Was-Gubala and Machnowski, 2014).
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In the AmCot+Ag spectrum (Figure 12b), the intense bands at 1614 and 1728 cm™ are likely
due to a strong electric field around the Ag NPs (Mabrouk et al., 2021; Eskandari et al., 2022).
The bands at 1093 cm™ (asymmetric) and 1123 cm™ (symmetric) are attributed to the stretching
vibrations of the symmetric and asymmetric COC glycosidic ring respiration and skeletal

stretching, respectively (Kavkler and Dem”, 2011).

In the spectrum of AmCot+CuO (Figure 12c), the bands at 1098 and 1120 cm™ correspond to
the COC glucosidic linkage due to skeletal stretching and asymmetric stretching, as well as the
band between 1200-1500 cm™ for CH. bending, rocking, and scissoring (Was-Gubala and
Machnowski, 2014). The Raman shift at 643 cm™ confirms the amine modification of the cotton
fabric (Was-Gubala and Machnowski, 2014). No new bands were observed, indicating no
chemical structural changes due to the deposition of CuO NPs onto AmCot (Chen et al., 2017;
Ge et al., 2019).

In the AmCot+TiO, spectrum (Figure 12c), the bands at 1096 and 1117 cm™ represent a shift
in COC glucosidic linkage due to skeletal and asymmetric stretching (Was-Gubala and
Machnowski, 2014). Except for a slight change in the intensity of the Raman shifts of AmCaot,
no significant chemical structural changes in the fabric were observed due to the
functionalization of AmCot with TiO2 NPs, as no new bands were formed.

In the AmCot+ZnO spectrum (Figure 12d), bands at 1094 cm-1 and 1112 cm™ represent the
COC unsymmetrical and symmetric stretching and a slight shift from 1121 cm™ to 1112 cm™?
attributed to the effect of the morphology of the ZnO NPs deposited onto the surface of AmCot
(Mabrouk et al., 2021). Despite slight changes observed, the basic Raman bands of AmCot were

not altered upon deposition of ZnO NPs onto the cotton fabric.

Figure 13 (a-d) shows that the Raman spectral bands of AmCot did not change after being
functionalized with the NCPs. For instance, the spectrum of AmCot+Ag-CuO (Figure 13a)
revealed that Ag-CuO NCPs did not affect the chemical structure of the modified cotton fabric.
Similar observations were made in the spectra of AmCot+Ag-ZnO (Figure 13b), AmCot+Ag-
TiO2 (Figure 13c), and AmCot+CuO-TiO> (Figure 13d) (da Silva et al., 2021). Additionally,
the spectra showed that the presence of the NCPs on the surface of AmCot did not change the

chemical structure of AmCot in the short range (da Silva et al., 2021).
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Figure 12. Raman spectra of (a) AmCot, (b) AmCot+Ag, (¢) AmCot+CuO, (d) AmCot+TiO>

and (e) AmCot+ZnO.
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Figure 13. Raman spectra of (a) AmCot+Ag-CuO, (b) AmCot+Ag-ZnO, (c) AmCot+Ag-
TiOzand (d) AmCot+CuO-TiO».

4.3 Structural Analysis

Figures 14 and 15 illustrate the XRD spectra of AmCot functionalized by NPs and NCPs,

respectively, and Table 2 shows the average crystallite sizes.

Common to the diffraction patterns in Figures 14 and 15 are the peaks of cotton at diffraction
angles (20) of 14.9° 16.6°, 22.9° and 34.4° which are mapped to the (110), (101), (020), and
(040) planes of cellulose I crystalline form, respectively (Klemm et al., 2005; Jiang et al., 2021)
in agreement with ICDD 00-056-1718 (Jiang et al., 2021). Additional peaks observed
correspond to the respective NPs and NCPs deposited on AmCot, indicating that only pure NPs
were deposited on AmCot.

Figure 14a illustrates the XRD diffraction pattern of AmCot+Ag. The four diffraction peaks at
260 39.1°, 44.0° 64.2°, and 77.4° correspond to the (111), (200), (220), and (311) planes of Ag,

respectively, and confirm that the Ag NPs with face-centered cubic (FCC) crystalline planes in
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agreement with JCPDS card no. 04-0783 (Hassanien, and Khatoon 2019; Fu et al., 2018). The
average crystalline size of the deposited Ag NPs, using the Debye-Scherrer equation (Zhang et

al., 2016), was approximately 30.0 nm (Table 2).

In the XRD pattern of AmCot+CuO (Figure 14b), two peaks were observed at 20 values of
approximately 35.5° and 38.8°, corresponding to the (-111) and (111) monoclinic crystalline
planes of CuO in agreement with ICDD card no. 01-089-5899 (EI-Nahhal et al., 2022; Paz-
Garciaet al., 2019; Fuku et al., 2020). The absence of additional peaks indicated the purity of
the CuO NPs deposited on AmCot. The average crystalline size of the NPs, using the Debye-

Scherrer equation, was approximately 18 nm (Table 2).

In Figure 14c, the XRD pattern of AmCot+TiO; reveals the presence of five peaks at 20 values
of 36.06°, 41.24°, 56.5°, 63.44°, and 69.1°, which correspond to the (101), (111), (211), (002),
and (301) planes of TiOg, respectively. The TiO2 NPs exhibit the rutile polymorph, which is the
most stable form, and this matches well with JCPDS Card No: 21-1276 (Goérgulter et al., 2021).
No peaks corresponding to the anatase or brookite polymorphs were observed (Roopan et al.,
2012). According to the Debye-Scherrer equation, the average crystallite size of the
nanoparticles was estimated to be approximately 30 nm (Table 2).

The XRD diffraction pattern of AmCot+ZnO (Figure 14d) shows six peaks at 20 values of
31.76°, 34.37°, 36.13°, 47.7°, 56.6°, and 62.8°. These correspond to the (100), (002), (101),
(102), (110), and (103) planes of the hexagonal wurtzite phase of ZnO, in line with ICCD card
no. 01-079-0206 (Hatamie et al., 2015; Yogamala et al., 2009). According to the Debye-
Scherrer equation, the average crystallite size of the NPs deposited onto AmCot was

approximately 15.5 nm (Table 2).
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Figure 14. XRD patterns of (a) AmCot+Ag, (b) AmCot+CuO, (c) AmCot+TiO2, and (d)
AmCot+ZnO.
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Table 2: Average crystalline size of Ag, CuO, TiO2, and ZnO NPs on AmCot

Crystal plane [ 20 (9) 0) | D/Inm
Ag NPs on AmCot+Ag

111 39.1 0.34 27.12
200 44.0 0.27 33.95
220 64.2 0.42 24.92
311 77.4 0.32 34.02
Average crystallite size 30.1
Crystal plane [ 20 (9) 0) D/nm
CuO NPs on AmCot+CuO

-111 35.5 0.54 16.28
111 38.8 0.44 19.98
Average crystallite size 18.13
Crystal plane 120 (9) B (9 D/nm
TiO2 NPs on AmCot+TiO2

101 36.06 0.31 28.16
111 41.24 0.44 20.16
211 56.5 0.24 39.27
002 63.44 0.38 25.68
301 69.1 0.27 37.33
Average crystallite size 30.12
Crystal plane 120 (9) B D/nm
ZnO NPs on AmCot+ZnO

100 31.76 0. 68 12.88
002 34.37 0.57 15.30
101 36.13 0.49 17.82
102 47.7 0.53 17.12
110 56.6 0.69 13.66
103 62.8 0.58 12.47
Average crystallite size 14.88

Figure 15a illustrates the XRD pattern of AmCot+ Ag-CuO. The diffractogram shows four
peaks at 20 values of 39.1°, 44.4°, 64.4° and 77.6° corresponding to (111), (200), (220), and
(311) planes of face-centered cubic Ag well matched to JCPDS card no. 04-0783 (Hassanien
and Khatoon, 2019; Fu et al., 2018) and two not-so-intense peaks at 26 values of 35.50 and
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38.90 corresponding to (-111) and (111) planes of monoclinic crystals of CuO well matched
with ICDD 01-089-5899. (El-Nahhal et al., 2022; Paz-Garcia et al., 2019).The average
crystalline sizes of the Ag and CuO NPs deposited on Amcot using the Debye-Scherrer equation
were approximately 30 and 12 nm, respectively (Table 3).

The XRD pattern of AmCot+Ag-ZnO (Figure 15b) shows four peaks at 20 values of 39.0°,
44.1°, 64.39°, and 77.54° corresponding to the (111), (200), (220), and (311) planes of face-
centered cubic (FCC) crystalline planes of Ag in agreement with JCPDS card no. 04-0783
(Hassanien and Khatoon, 2019; Fu et al., 2018) and six peaks at 26 values of 31.78°, 34.48°,
36.6° 47.8° 56.81° and 62.64° corresponding to the (100), (002), (101), (102), (110), and (103)
crystal planes, respectively, of the wurtzite structure of ZnO well matched with ICCD card no.
01-079-0206 (Hatamie et al., 2015; Yogamalar et al., 2009; Munir et al., 2022). The average
crystalline sizes of the Ag and ZnO NPs deposited on AmCot using the Debye-Scherrer equation

were approximately 27 and 9 nm, respectively (Table 4).

Figure 15c illustrates the XRD pattern of AmCot+Ag-TiO». The diffractogram shows four peaks
at 20 values of 39.1°, 44.4°, 64.4°, and 77.6° corresponding to (111), (200), (220), and (311),
respectively, of the FCC crystalline planes of Ag in agreement with JCPDS card no. 04-0783
(Hassanien and Khatoon, 2019; Fu et al., 2018) and five peaks at 20 values of 36.06°, 41.24°,
56.5°, 63.44° and 69.1° corresponding to the (101), (111), (211), (002) and (301) planes
respectively of the rutile polymorph of TiO2 well-matched to JCPDS card number 21-1276
(Gorgulter et al., 2021; Razak et al., 2022; Arya et al., 2021). The average crystalline sizes of
the Ag and TiO> NPs deposited on AmCot using the Debye-Scherrer equation were
approximately 17 and 22 nm, respectively (Table 5).

Figure 15d illustrates the XRD pattern of AmCot+ CuO-TiO.. The two peaks at 20 values of
35.5° and 38° correspond to the (-111) and (111) planes, respectively, of CuQO's base-centered
monoclinic crystal phase in close agreement with ICDD card no 01-089-5899 (El-Nahhal et al.,
2022; Paz-Garcia et al., 2019). Additionally, there are five other peaks at 26 values of 36.06°,
41.24°, 56.5°, 63.44°, and 69.1°, which correspond to (101), (111), (211), (002), and (301)
planes, respectively, of the rutile polymorph of TiO2 (Gorguluer et al., 2021; Razak et al., 2022;
Aryaetal., 2021).
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Figure 15. XRD patterns of (a) AmCot+Ag-CuO, (b) AmCot+Ag-ZnO (c) AmCot+Ag-
TiO2 and (d) AmCot+CuO-TiOo.

Table 3: Average crystalline size of Ag and CuO NPs in AmCot+Ag-CuO

Crystal plane 200 [BO) D/nm
Ag NPs

111 38.4 0.267 32.90
200 44.7 0.321 27.90
220 64.4 0.307 31.90
311 77.4 0.371 28.69
Average crystallite size 30.34
CuO NPs

-111 35.5 2.63 35
111 38.8 0.44 20
Average crystallite size 11.75
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Table 4: Average crystalline size of Ag and ZnO NPs in AmCot+Ag-ZnO

Crystal plane 200 |[BC) D/nm
Ag NPs

111 38.4 0.403 21.81
200 44.7 0.280 31.93
220 64.4 0.338 28.98
311 77.4 0.406 26.25
Average crystallite size 27.24
Crystal plane 20 (°) B () D/nm
ZnO NPs

100 31.76 0.87 9.92
002 34.37 1.64 5.30
101 36.13 0.94 9.29
102 47.7 0.98 9.26
110 56.6 0.78 11.93
103 62.8 1.05 9.26
Average crystallite size 9.16

Table 5: Average crystalline size of Ag and TiO2 NPs in AmCot+Ag-TiO>

Crystal plane 200 [BO) D/nm
Ag NPs

111 39.1 0.39 22.59
200 444 0.95 9.44
220 64.4 0.88 11.15
311 77.6 0.44 24.21
Average crystallite size 16.85
Crystal plane 200 |[B() D/nm
TiO2NPs

101 36.06 0.59 14.83
111 41.24 0.46 19.28
211 56.5 0.25 37.70
002 63.44 0.52 18.77
301 69.1 0.46 21.91
Average crystallite size 22.50
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Table 6: Average crystalline size of CuO and TiO2 NPs in AmCot+CuO-TiO>

Crystal plane 20 (%) B () D/nm
CuO NPs

-111 35.5 1.05 8.31

111 38.8 0.45 19.56
Average crystallite size 18.09
Crystal plane 20 (°) B () D/nm
TiO2 NPs

101 36.06 0.29 30.10
111 41.24 0.47 18.87
211 56.5 0.20 47.12
002 63.44 0.41 24.40
301 69.1 0.24 42.08
Average crystallite size 32.51

4.4 X-ray photoelectron spectroscopy (XPS) Analysis

Figures 16-20 illustrate the XPS spectra of selected functionalized cotton fabrics, AmCot+Ag,
AmCot+Ag-CuO, AmCot+Ag-ZnO, AmCot+Ag-TiO2, and AmCot+CuO-TiO..

Figure 16a illustrates the XPS spectrum of AmCot+Ag in wide, displaying the presence of Ag,
carbon (C), oxygen (O), sulfur (S), and nitrogen (N). By deconvolution of the C 1s spectrum
(Figure 16b), the four peaks with binding energies of 284.47, 286.2, 287.68, and 288.14 eV are
attributed to C-C, C-OH, C-S, and C-O-C, respectively (Xu et al., 2018; Topalovic et al.,2007).
The peak at 287.68 eV, corresponding to the C-S bond, indicates ester formation between the
COOH groups of Am and OH groups of the cellulose of AmCot. The other peaks originate from
the cotton fabric due to the presence of sp® carbon. In Figure 16c, the high-resolution spectrum
of Ag 3d exhibits two peaks with binding energies of 368.07 and 374.15 eV corresponding to
Ag 3d5/2 and Ag 3d3/2, respectively, with a spin-orbit separation of 6.0 eV (Cong et al., 2014;
Zhou et al., 2018; Kwak et al., 2015; Zheng et al., 2008). The Ag 3d5/2 and Ag 3d3/2 peaks
are characteristic of AgP species, indicating that the NPs on AmCot are metallic Ag NPs. The
high-resolution spectrum of S 2p (Figure 16d) displays two peaks. The first peak, with a binding
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energy of 161.48 eV (S 2p3/2), corresponds to the strongly de-electronated state of the S
element, suggesting coordination bonding between S atoms on AmCot and Ag atoms (Secchi
et al.,2019; Méthivier et al., 2015; Battocchio et al.,2014). The second S 2p peak with binding
energy 165.29 eV (S 2pl/2) corresponds to the S-C bonds formed due to the esterification
reaction between the COOH groups of Am and the OH groups of cellulose of Cot (Méthivier et
al., 2015). The absence of a peak with a higher binding energy of 168.1 eV verifies the absence
of oxidized sulfur species (SOx) (Wang et al., 2021). The binding of Ag atoms with O and N
donor atoms also participates in additional coordination binding (Méthivier et al., 2015).
According to the literature, the corresponding reference peaks of O 1s and N 1s in Am with
binding energies of 401.1 eV (NH3" ions), 532.0 eV (O atom in O=C-O**H bonds), and 532.0
eV (oxygen in O**=C-OH bonds), respectively (Artemenko et al., 2021; Zeng et al., 2015;
Yang et al., 2018). Stronger binding of Ag with O and N than with S is indicated by the shift of
the O 1s peak towards a lower binding energy from 532.0 to 531.01 eV and the N 1s peak from
401.1 to 399.3 eV [Figure 16 (e, )], respectively, (Prieto et al., 2012; Méthivier et al., 2015).
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Figure 16. XPS spectra of AmCot+Ag (a) survey, (b) C 1s, (c) Ag 3d, (d) O 1s, (e) S 2p,
and (f) N 1s.
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Figure 17a illustrates the XPS spectrum of AmCot+Ag-CuO in wide, showing the elements Ag,
Cu, C, O, S, and N. The high-resolution spectrum of C 1s in Figure 17b shows four peaks with
binding energies of 284.3, 286.1, 287.3, and 288.5 eV corresponding to C-C, C-OH, C-S, and
C-O-C bonds which originate from aliphatic carbon (sp®) in the cellulose of Cot (Xu et al., 2017;
Xu et al., 2019; Zhou et al., 2018) and C-S bond formed by the esterification reaction between
the COOH groups of Am and OH groups of cellulose of Cot (Secchi et al., 2019; Battocchio et
al., 2014). The high-resolution Ag 3d spectrum shows two peaks with binding energies of
366.65 eV (3d5/2) and 372.65 eV (3d3/2), with a spin-orbit coupling difference of 6.0 eV,
indicating the deposition of pure metallic Ag® on the surface of AmCot (Zhou et al. 2018;
Parvathiraja and Shailajha, 2021; Kwak et al., 2015). In Figure 17d, the high-resolution Cu2p
spectrum (Figure 17d), two prominent peaks with binding energies of 934.42 eV for Cu 2p3/2
and 954.85 eV for Cu 2p1/2, with a splitting difference of 20.43 eV between the peaks confirm
that a Cu?* state is formed, indicating that CuO NPs were deposited onto AmCot (Shaheen et
al., 2021; Siddiqui et al., 2020; Ghodselahi et al., 2008).

CuO NP deposition is further supported by the O 1s peak with a binding energy of 531 eV (EI-
Nahhal et al., 2018). The formation of coordination bonds between Ag atoms and Cu (110) with
Am is evidenced by the first peak with a binding energy of 161.5 eV (S 2p3/2) (Figure 17¢),
which corresponds to the highly de-electronated state of the S element in the S 2p spectrum and
S-C bonds are responsible for the second peak with binding energy of 165.3 eV (Méthivier et
al., 2015). Ag binds stronger with O and N than with S (Méthivier et al., 2015), as indicated by
the shift of the O 1s peak towards a lower binding energy from 532.0 to 531.4 eV and of the N
1s peak from 401.1 to 399.93 eV [Figure 17(f, g)].

The XPS spectrum of AmCot+Ag-ZnO in wide (Figurel8a) shows the peaks for the elements
carbon (C 1s), silver (Ag 3d), zinc (2p), and sulfur (S 2p), oxygen (O1s) and nitrogen (N 1s). In
the spectrum of C1s (Figure 18b), there are four peaks with binding energies of 284.7, 286.4,
287.8, and 288.1 eV corresponding to C-C, C-C-OH, C-S, and C-O-C bonds, respectively (Xu
et al., 2017; Xu et al., 2019; Zhou et al., 2018). Figure 18c shows two peaks with binding
energies of 1021.97 and 1044.85 eV corresponding to Zn 2p3/2 and Zn 2p1/2, respectively,
indicating that Zn deposited onto AmCot was in the Zn?* ionic form confirming the deposition
of ZnO NPs onto AmCot.
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Figure 17. XPS spectra of AmCot+Ag-CuO  (a) in wide, (b) C 1s, (c) Ag 3d, (d) Cu2p,
() S 2p, (f) O 1s,and (g) N 1s.

The spin-orbit splitting of 22.88 eV between these two peaks was for the photoelectrons
produced from Zn*? ions in the ZnO crystal lattice (Gan et al., 2015; Liang et al., 2015). Figure
18d shows the Ag spectrum with two peaks with binding energies of 365.1 eV (3d5/2) and
371.1eV(3d3/2), with a 6.0 eV spin-orbit slitting difference between the peaks indicating the
presence of metallic Ag® on the surface of AnCot (Parvathirajaand and Shailajha, 2021; Xu et
al., 2018). The minor shifts in binding energies compared to bulk Ag (368.3 eV for 3d3/2 and
374.3 eV for 3d1/2) are due to electron transfer from Ag® NPs to ZnO NPs (Zheng et al., 2008;
Das et al., 2010). In the Zn-O bonding of the wurtzite structure of the ZnO NPs, the O% ions
are responsible for the O 1s peak (Figure 18e), which has a binding energy of 530.4 eV (Das et
al., 2010).
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Figure 18. XPS spectra of AmCot+Ag-ZnO (b) C 1s, (c) Zn 2pd, (d)Ag 3d,

(e) S2p, (f) O 1sand (g) N 1s.

(@) in wide,

The high-resolution spectrum of S 2p at high resolution (Figure 18f) indicates that coordination
bonds are formed between Ag atoms in Ag NPs and Zn?* ions in ZnO NPs with S, as seen from
the S 2p3/2 peak with a binding energy of 160.2 eV, corresponding to the strongly de-
electronated state of S (Secchi et al., 2019; Méthivier et al., 2015; Battocchio et al., 2014). The
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second peak with a binding energy of 165.6 eV (S 2p1/2) results from the S-C bonds (Méthivier
etal., 2015). Figures 18(f,g) show that the O 1s peak shifts towards lower binding energy from
532.0 to 531.01 eV, inferring stronger binding between Zn*2 ions and O (Morozov et al., 2015)
and that the N 1s peak shifts from 401.1 to 399.9 eV, again indicating stronger binding of Zn*2
ions with N rather than S atoms (Elbadawy et al., 2022).

Figure 19a illustrates the XPS spectrum of AmCot+Ag-TiO2 in wide, showing peaks
corresponding to carbon (C 1s), silver (Ag 3d), titanium (Ti 2p), sulfur (S 2p), oxygen (O1s),
and nitrogen (N 1s). In the deconvoluted high-resolution spectrum of C 1s (Figure 19b), there
are three peaks with binding energies of 284.28, 286.1, and 288.01 eV, corresponding to C-C,
C-OH, and O-C-O bonds, respectively, formed by the C bonding in the cellulose of
AmCot. The deconvoluted high-resolution spectrum of Ag 3d (Figure 19¢) shows two peaks
with binding energies of 366 and 372 eV, corresponding to Ag 3d5/2 and Ag 3d3/2, respectively
(Cong et al., 2014; Zhou et al., 2018; Kwak et al., 2015; Zheng et al., 2008). The spin-orbit
coupling difference in the 3d doublet of 6.0 eV confirms that the produced Ag NPs were metallic
Ag?, and no peaks corresponding to Ag.0 (367.8 eV) or AgO (367.4 eV) are evidenced (Mai et
al., 2010).

The core levels of Ti 2p1/2 and Ti 2p3/2 at high-resolution (Figure 19d) with binding energies
of 464.1 and 458.6 correspond to Ti*" ions in the rutile phase of TiO2 NPs (Yu et al., 2011). The
2p doublet slitting difference of 5.7 eV in the spin-orbit coupling agrees with the literature for
the deposition of TiO2 NPs (Li et al., 2017; Li et al., 2015). In the deconvoluted spectrum of S
2p (Figure 19¢), the peak with binding energy 160.5 eV (S 2p3/2) corresponds to the strongly
de-electronated state of the S element, inferring the formation of coordination bonds between
Ti and Ag atoms with the S of Am (Secchi et al., 2019; Méthivier et al., 2015; Battocchio et al.,
2014). The second peak of binding energy, 165.5 eV (S 2p1/2), corresponds to the S-C bonds
formed by the esterification reaction between the COOH groups of Am and the OH groups of
cellulose in AmCot (Méthivier et al., 2015). The deconvoluted spectrum of O 1s (Figure 19f)
shows two peaks with binding energies of 531.1 and 533 eV. The first peak with a binding
energy of 531.1 eV corresponds to Ti-O, and the second peak with a binding energy of 533 eV
corresponds to O-Ti-O (Parvathiraja and Shailajha, 2021). The shift of the O 1s peak to lower
binding energy from 532.0 to 531.4 eV and of the N 1s peak (Figure 19g) from the binding
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energy of 401.1 to 399.3 eV indicates that Ag atoms and Ti** bind to O and N more strongly
than to S (Prieto et al.,2012; Méthivier et al., 2015).
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Figure 19. XPS spectra of AmCot+Ag-TiO> in (a) in survey, (b) C 1s, (c) Ag 3d, (d) Ti 2p,
() S 2p, and (f) O 1sand (g) N 1s.

Figure 20a illustrates the XPS spectrum of AmCot+CuO-TiO- in wide, showing the elements
carbon (C 1s), copper (Cu 2p), titanium (Ti 2p), nitrogen (N 1s), oxygen (O 1s), and sulfur (S
2p). The deconvoluted C 1s spectrum in (Figure 20b) shows three peaks with binding energies
of 284.5, 286.15, and 287.22 eV, corresponding to C-C, C-OH, and C-S bonds and representing
aliphatic (sp®) carbon bonding in the cellulose of AmCot. In the high-resolution spectrum of Cu
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2p (Figure 20c), two prominent peaks with binding energies of 934.5 eV (Cu 2p3/2) and 954.3
eV (Cu 2p1/2) and with a 20 eV difference in spin-orbit coupling due to doublet slitting between
the peaks confirm that a Cu?* state is formed, indicating that CuO NPs were deposited onto
AmCot (Shaheen et al., 2021; Siddiqui et al., 2020; Ghodselahi et al., 2008). The deconvoluted
high-resolution spectrum of Ti (Figure 20d) shows two peaks with binding energies of 458.6
and 464.1 eV, corresponding to Ti 2p1/2 and Ti 2p3/2, respectively. The presence of Ti*" ions
is evidenced by the energy splitting difference in the spin-orbit coupling of approximately 5.5
eV between Ti 2p1/2 and Ti 2p3/2, which is consistent with the previous findings for rutile
phase TiO2 (Li etal., 2017; Li et al., 2015). In the deconvoluted spectrum of S 2p (Figure 20e),
the first peak with a binding energy of 160.5 eV (S 2p3/2) corresponds to the highly de-
electronated state of the S element, inferring that coordination bonds between Ti atoms and Cu*2
ions with NHz groups were formed. The second peak in the spectrum, with a binding energy of
165.5eV (S 2pl/2), corresponds to the S-C bonds, further confirming ester formation (Méthivier
et al., 2015). In the high-resolution spectrum of O 1s (Figure 20f), the two peaks with binding
energies of 531.4 and 533.4eV indicate Cu-O and Ti-O bonds, respectively (Parvathiraja and
Shailajha, 2021). Cu+2 ions bind to O and N more strongly than to S, as evidenced by a shift of
the O 1s peak toward a lower binding energy from 532.0 to 531.4 eV and the N 1s peak from
401.1 to 399.8 eV (Figure 209).
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Figure 20. XPS spectrum of AmCot+CuO-TiO2 (a) in survey, (b) C 1s, (c) Cu 2p, (d) Ti 2p,
() S 2p, (f) O 1s,and (g) N 1s.

4.5 Surface Morphology and Elemental Mapping

Figures 21-24 illustrate the SEM micrographs of AmCot, AmCot+Ag, AmCot+CuO,
AmCot+Zn0O, AmCot+TiO2, and AmCot functionalized with Ag-CuO, Ag-ZnO, Ag-TiO2 and
CuO-TiO2 NCPs at magnifications of 100, 1000, and 5000X.

Micrographs a-c in Figure 21 show the surface morphology of AmCot. At the low magnification
of 100 X (micrograph a), the gaps between the cotton fiber weaves are seen, indicating that
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fabric esterification by Am occurs essentially on the surface of the fibers (EI-Nahhal et al.,
2022). The fibers show a smooth texture at higher magnification (micrographs b and c). They
are free of surface deposits with numerous embedded folds and fibrils, inferring that the
scouring and bleaching process removed significant impurities from the surface of the fibers
prior to the in situ deposition of the metal and metal oxide NPs and NCPs (El-Nahhal et al.,
2021). After the in situ deposition of Ag NPs, the surface of AmCot+Ag (micrographs d-f)
shows that the fibers appear rough due to the dispersed and agglomerated NPs, in agreement
with the literature, which suggests that the natural qualities of cotton fabric allow Ag NPs to be

spontaneously collected and settled onto the fabric (Yang et al., 2012; EI-Naggar et al., 2022).

The morphology of the surface of AmCot+CuO NP (Figure 21 and micrographs g-i) shows that
the fibers are densely coated with homogeneously dispersed particles and aggregates of the NPs.
These observations agree with a previous study that reported a homogeneous distribution of
biogenically synthesized CuO NPs on cotton fabrics, as compared with the smooth surface of
the control fabric (Shaheen et al., 2021). The formation of aggregates of CuO NPs on
AmCot+CuO is in agreement with the literature that large agglomerates of nanofibers or flakes
of CuO-NPs are formed and well adhered onto the surface of cotton fabrics treated with starch
and curcumin (El-Nahhal et al., 2021) and tiny sized CuO-NPs’ bind with fabrics, penetrate the

cotton microfibrils deeply and thus adhere more tightly.

Figure 22(a-f) illustrates the morphology of AmCot, AmCot+TiO2, and AmCot+ZnO.
Micrographs of AmCot in Figure 22 (a-c) are solely for reference. In AmCot+TiO;
(micrographs d-f), large agglomerates of TiO2 NPs are deposited on the fibers contrary to those
reported in the literature when using TIP as the precursor (Radeti¢, 2013; Solovitch et al., 2010).
This contradictory morphology is attributed to the variation in synthesis parameters of TiO2 NPs

and requires further investigation.

Micrographs g-i (Figure 22) show that in AmCot+ZnO, the fibers are densely coated with ZnO
NPs as semi-spherical particles and small aggregates. This supports the contention that the wet
chemical process essentially leads to forming small ZnO NPs and particles (Yousuf et al., 2019;
Taheri et al., 2021; Salat et al., 2018).
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Figure 21. SEM micrographs at 100, 1000, and 5000X magnification of (a-c) AmCot, (d-f)
AmCot+Ag, and (g-i) AmCot+CuO.
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Figure 22. SEM micrographs at 100, 1000, and 5000X magnification of (a-c) AmCot, (d-f)
AmCot+TiOz, and (g-i) AmCot+ZnO.

Figure 23(a-i) illustrates the micrographs of AmCot, AmCot+Ag-CuO and AmCot+Ag-ZnO.
Micrographs of AmCot in Figure 23(a-c) are for reference. The fiber surfaces of AmCot+Ag-
CuO (micrographs (d-f) and AmCot+Ag-ZnO (g-i) are rough due to the deposition of the
individual and aggregated particles of the NCPs. Modification of Cot by Am helps in the
distribution of the NCP particles evenly and in the coordination bonding of Ag0, Cu?*, and

71



Zn2+ionsto N, S, and O donor atoms of AmCot (EI-Nahhal et al., 2022; EI-Nahhal et al., 2020;
Elango et al., 2018; Busila et al., 2015).

Figure 23. SEM micrographs at 100, 1000, and 5000X magnification of (a-c) AmCot, (d-f)
AmCot+Ag-CuO, and (g- i) AmCot+Ag-ZnO.

Figure 24 illustrates the SEM micrographs of AmCot, AmCot+Ag-TiO2, and AmCot+CuO-
TiO2. Micrographs of AmCot in Figure 24(a-c) are for reference. The fiber surfaces of
AmCot+Ag-TiO2 (micrographs (d-f) and AmCot+CuO-TiO2 (g-i) are not as rough as the
AmCot functionalized with Ag-CuO and Ag-ZnO NCPs due to inadequate concentration and
deposition of larger sized aggregated particles of the NCPs. However, the fiber surfaces of
AmCot+CuO-TiO: fibers are rougher than AmCot+Ag-TiOz because of the smaller size of the
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aggregated CuO NPs compared to those of Ag NP aggregates. The observations agree with the
literature (Ibrahim et al., 2019).
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Figure 24. SEM micrographs at 100, 1000, and 5000X magnification of (a-c) AmCot, (d-f)
AmCot+Ag-TiO2, and (g-i) AmCot+CuO-TiOx.

The elemental mapping of the fibers of AmCot, AmCot+Ag, and AmCot+CuO is depicted in
Figure 25(a-c). The elemental mapping for AmCot (reference), AmCot+TiO2, and AmCot+ZnO
is in Figure 26(a-c). Figure 27(a-c) illustrates the elemental mapping for AmCot, AmCot+Ag-
CuO, and AmCot+Ag-ZnO. Lastly, the elemental mapping for AmCot (reference), AmCot+Ag-
TiO2, and AmCot+CuO-TiOzis presented in Figure 28(a-c).
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The distribution of elements C, O, S, and N is consistent on the surfaces of the fibers of all Am-
modified, NP, and NCP functionalized fabrics. The C and O elements come from the cellulose

of Cot and Am, while S and N come from Am.

S0um

S Kal

SOum

Figure 25. Elemental mapping of (a) C, O, S, and N in AmCaot, (b) C, O, S, N, and Ag in
AmCot+Ag, (¢) C, O, S, N, and Cu in AmCot+CuO.
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The distribution of these elements, especially S and N, across the surfaces of all fabrics is due
to the esterification reaction between Am and Cot, supporting the FTIR and XPS analyses. This
finding aligns with a previous study that mapped the elements after modifying cotton fabric
with carboxymethyl chitosan and amino acid (Xu et al., 2018; Xu et al., 2019; Hassabo et al.,
2019).

In AmCot+Ag and AmCot+CuO [Figure 25 (b, ¢)], in addition to the elements C, O, S, and N,
the well-distributed elements Ag and Cu, respectively, on the fibers infer Ag and CuO NP
deposition (Shahidi et al., 2018; Zhu et al., 2021),. Similarly, in AmCot+TiO, and AmCot+ZnO
[Figure 26(b, c)], the well-distributed elements Ti and Cu, respectively, on the fibers infer TiO;
and CuO NP deposition, supporting the XRD and XPS analyses of the respective AmCot
functionalized with Ag, CuO, TiO, and ZnO NPs. The observations agree with the literature
demonstrating the uniform distribution of ZnO NPs on the surface of cotton fabrics and cotton
modified by starch (Salat et al., 2018; EI-Nahhal et al., 2020)

The elemental analysis of AmCot functionalized with NCPs (Ag-CuO, Ag-ZnO, Ag-TiO., and
CuO-TiOy), in addition to the elements C, O, S, and N, showed the presence of well-distributed
elements Ag, Zn, Ti, and Cu on the fibers. This infers Ag, ZnO, TiO2, and CuO NP deposition,
supporting the XRD and XPS analyses of the respective AmCot functionalized with NCPs.
These observations align with previous literature regarding the distribution of Ag and Ti
elements on cotton fabric modified by carboxymethyl chitosan (Xu et al., 2021) and another
report demonstrating the distribution of Ti and Cu on amine-modified cotton fabric confirming
the deposition of TiO2 and CuO NPs onto the surface of AmCot (Thampi et al., 2015).
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Figure 26. Elemental mapping of (a) C, O, S, and N in AmCot, (b) C, O, S, N, and Ti in
AmCot+TiOg, (c) C, O, S, N, and Zn in AmCot+ZnO.
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Figure 27. Elemental mapping of (a) S and N in AmCaot, (b) S, N, Ag, and Cu in AmCot+Ag-

Cu0O, and (c) S, N, Ag, and Zn in AmCot+Ag-ZnO.
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Figure 28. Elemental mapping of (a) S and N in AmCaot, (b) S, N, Ag, and Ti in AmCot+Ag-
TiO2, (¢) S, N, Cu, and Ti in AmCot+CuO-TiO,.
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4.6 TEM Analysis of a Selected Functionalized AmCot

The TEM analysis of the selected AmCot+CuO was performed to determine the morphology
and particle distribution of the CuO NPs. Figure 29 (a, b) illustrates that the CuO NPs are present
as aggregates. The particle size distribution of the primary particles within the aggregates ranges
from 6 to 24 nm with a mean size of 13.3 nm [Figure 29(c, d)]. The mean size closely matches

the average crystalline size of approximately 18.0 nm calculated by XRD.
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Figure 29. TEM micrograph (a, b) CuO NP aggregate, (¢) CuO NPs, and (d) histogram of

particle size distribution.

4.7 UV-radiation Blocking Properties

Exposure to solar ultraviolet (UV) radiation in the ranges of 280-315 nm (UVB) and 315-400
nm (UVA) can cause the skin to darken after exposure. Prolonged exposure to sensitive skin
can result in photoallergic reactions, a slight reduction in skin smoothness, and loss of elasticity.
The effectiveness of UV protection in fabrics is measured using the UV-protection factor (UPF).
This factor is influenced by various factors such as fabric type, color, weight, thickness, and
laundering. According to the Australian Radiation Protection and Nuclear Safety Agency
(2019), Table 7 illustrates UPF ratings and protection categories. Fabric UPF can be affected
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by porousness, chemical composition, particle size, fabric structure, and color. The UPF values
have a direct relationship with color intensity and an inverse relationship with the L* value in
the CIE L*a*b* color space system. The CIE L*a*b* color space, established by the
Commission InternOationale de L'Eclairage (CIE) in 1978, is a 3D color space that accurately
measures and compares perceivable colors. In this system, L* represents lightness, a* indicates
the red/purple-green/blue axis, and b* indicates the blue/purple-yellow axis. Darker-colored or
coated fabrics offer better UV protection than lighter or uncoated fabrics, as they absorb more
UV radiation.

Table 7: UPF ratings and protection categories (Australian Radiation Protection and
Nuclear Safety Agency, 2019).

UPF rating Protection % UVR blocked
15-24 Good 93.5-95.9

25-39 Very good 96-97.4

40-50, 50+ Excellent >97.5

AmCot and AmCot functionalized with NPs and NCPs were evaluated for UV protection factor
(UPF). Figures 30 (a-d) and 31(a-d) illustrate the UV-visible absorbance and transmittance

spectra of AmCot and AmCot functionalized with NPs and NCPs, respectively.

AmCot [Figure 30(c, d)] transmits approximately 42% of UVA and UVB radiation, indicating
poor UVA and UVB blocking capabilities. Its UPF rating is 7.54, suggesting ineffective
protection against UV radiation (Table 8). This is due to its off-white cream color resulting from
bleaching, scouring, and esterification with Am, which agrees with findings from various
studies indicating that light-colored uncoated or modified cotton fabric offers low UV radiation

protection (Porrawatkul et al., 2022; Fouda et al., 2018).

The absorption of UVA radiation increased significantly after the functionalization of AmCot

with NPs and NCPs. The varying color developed as a function of surface plasmon, the effect

80



on porosity as a function of fabric weave, the concentration of NPs and NCPs, their size, and

distribution on AmCot are responsible for different UPF values, as depicted in Table 8.

Ag NPs in AmCot+Ag have an average particle size of approximately 30 nm. The fabric's color
is brown and shows a prominent absorbance peak at 320 - 430 nm, which means it absorbs UVA
radiation (Figure 30a). AmCot+Ag has a UPF value of 27 and is categorized as having "very
good" UV-blocking properties. This agrees with the literature that applying Ag NPs colloid onto
cotton fabric enhanced UV-radiation protection (Rajaboopathi and Thambidurai, 2018).

Approximately 11% of UVA and UVB radiation is transmitted by AmCot+CuO (Figure
30c). AmCot+CuO has "excellent” UV blocking characteristics with a UPF rating of
approximately 58.5 (Table 8) achieved by depositing small-sized CuO NPs that are densely
populated and evenly distributed on AmCot. Additionally, AmCot+CuO has a small value of
L*) due to the presence of the CuO NPs. Various studies have shown that cotton fabrics treated
with CuO NPs and other copper-based NPs like Cu and Cu20 NPs have exhibited excellent UPF
(Ibrahim et al., 2019; Rezaie et al., 2017).

AmCot+TiO displays very good UVA and UVB radiation protection characteristics with a UPF
value of 26.5 and transmits approximately 25 % UVA and UVB radiation [Figure 30(c, d)]. The
optical properties of TiO2 NPs usually make them superior in UV protection (lbrahim et al.,
2019; Radeti¢, 2013). However, the deposition of TiO2 NPs as large agglomerates and no
uniform distribution on the fabric resulted in AmCot+TiO> displaying the "very good" UPF
category instead of "excellent".

AmCot+ZnO has a UPF value of approximately 17.7 (Table 8), which categorizes it as "good"
and allows for 35% transmission of UVA and UVB radiation [Figure 30(c, d)]. Similar results
have been obtained in the literature (Shaheen et al., 2016; Fouda et al., 2018).
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Figure 30. UV-DRS (a, b) absorbance spectra and (c, d) transmittance spectra of AmCot,
AmCot+Ag, AmCot+CuO, AmCot+TiO2, and AmCot+ZnO.

AmCot+Ag-CuO and AmCot+Ag-ZnO have high UVA and UVB-blocking ability by
transmitting approximately 20 and 10% UVA and UVB radiation corresponding to UPFs of 36
and 48, giving "very good” and "excellent" UV protection, respectively [Figure 31(c.d) and
Table 8]. Following the functionalization of AmCot by Ag-CuO and Ag-ZnO NCPs, the original
light color of AmCaot is substantially darkened, resulting in a higher UPF value. The synergetic

effect is usually expected when NCPs are applied to cotton fabric (Li et al., 2017). However,
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due to various factors such as the coating effect, fiber type, and particle size of the NPs, the

value of UPF for NCPs varies.

AmCot+Ag-TiO2 and AmCot+CuO-TiO; [Figure 31(c.d) have lower UVA and UVB-blocking
ability than AmCot+Ag-CuO and AmCot+Ag-ZnO, transmitting approximately 28% and 30%
UVA and UVB radiation corresponding to UPFs of 36 and 48, giving "very good" UV
protection (Table 8). The synergetic effect usually expected when applying NCPs to cotton
fabric (Li et al., 2017) is not attained due to the large-sized agglomerates of the TiO2 NPs.
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Figure 31. UV-Vis DRS (a, b) absorbance spectra and (c, d) transmittance spectra of
AmCot+Ag-CuO, AmCot+Ag-ZnO, AmCot+Ag- TiO2 and AmCot+CuO-TiO:
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Table 8: UPF values and UV protection category of AmCot and AmCot functionalized with
NPs and NCPs.

Sample code UPF values UV protection category
AmCot 7.5440.12 Poor

AmCot+Ag 27.7610.34 Very good
AmCot+CuO 58.5 + 0.62 Excellent

AmCot+TiO2 26.54+0.80 Very good
AmCot+ZnO 16.97+0.24 Good
AmCot+Ag-CuO 36.21 + 0.42 Very Good
AmCot+Ag-ZnO 48.240.56 Excellent
AmCot+Ag-TiO2 28.5 + 0.62 Very good
AmCot+CuO-TiO2 26.5 + 0.32 Very good

4.8 Antibacterial Activity

The antibacterial activity of AmCot and AmCot functionalized with NPs and NCPs against
Gram-negative E. coli and Gram-positive S. aureus bacterial strains were tested using the
AATCC 147 test method. The representative optical images of the tests are illustrated in Figures
32 and 33. The AATCC 147 method, also known as the Parallel Streak method, is used to
qualitatively assess the antibacterial activity of diffusible antimicrobial agents on treated
textiles. In simple terms, it measures the treated fabric's ability to inhibit the growth of microbes,
known as being bacteriostatic (Guiner and Askun, 2023). This method offers a convenient and

quick alternative to the more tedious AATCC 100, making it an excellent screening tool.

The growth of both bacterial species is observed under AmCot, which served as the control
sample after 24 hours of incubation, illustrated in Figure 32 (b) against Gram-positive E. coli
and Figure 32(1) against Gram-negative S. aureus). No bacterial growth, however, occurs under
AmCot functionalized with Ag, CuO, and ZnO NPs against E.coli [Figure 32(d, f, t)] and S.
aureus [Figure 32(n,p, t)] and the parallel streaks of the bacteria cultures over which the
functionalized fabrics are placed are almost obliterated due to the high antibacterial activity of
the NPs. AmCot+TiO2 shows low antibacterial activity against E. coli [Figure 32 (h] and even
lower activity against S. aureus [Figure 32(r)]. This is attributed to the fact that TiO2> NPs are
not active without exposure to visible or UV radiation (Zhang et al., 2019) and also because of

the large size of agglomerated particles of the NPs.
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Under AmCot functionalized, with Ag-CuO, Ag-ZnO, and Ag-TiO, the absence of E. coli
[Figure 33(b, d, f) and S. aureus [Figure 33(j, i, n) growth is consistent across the NCPs inferring
high antibacterial activity NCPs (Naebe et al., 2022). However, AmCot+CuO-TiO- displays
low antibacterial activity against E. coli [Figure 33(h)] and even lower activity against S. aureus
[Figure 33(p)], which is very similar to AmCot+TiO> [Figure 32(h, r)]. This reduced activity is
attributed to the inactivity of TiO2 NPs without exposure to visible or UV radiation (Zhang et

al., 2019), as well as the large size of agglomerated particles of the NPs.
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Figure 32. Optical images of the antibacterial activity according to the AATCC 147 test method of (a,b) AmCot, (c,d)
AmCot+Ag (e,f) AmCot+CuO, (g,h) AmCot+TiOz and (i,j) AmCot+ZnO against E. coli, and (k,I) AmCot, (m,n,)
AmCot+Ag, (0,p) AmCot+CuO, (g, r) AmCot+TiO>, and (s,t) AmCot+ZnO against S. aureus.
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Figure 33. Optical images of the antibacterial activity according to the AATCC 147 test method of (a,b) AmCot+Ag-CuO,
(c,d) AmCot+Ag-ZnO (e,f) AmCot+Ag-TiO2, (g,h) AmCot+CuO-TiO2 against E. coli, and (i,j) AmCot+Ag-CuO,
(k,I) AmCot+Ag-ZnO (m,n) AmCot+Ag-TiO2, and (0, p) AmCot+CuO-TiO against S. aureus.
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4.8.1 Antibacterial Wash Durability of the Functionalized Cotton Fabrics

Laundering robustness is an important criteria for antibacterial cotton materials for imparting
bacterial infection (Gao et al., 2021). It was evaluated qualitatively by measuring the diameter
of the inhibition zones of washed cotton fabrics functionalized with Ag, CuO, TiO2and ZnO
NPs and Ag-CuO, Ag-ZnO, Ag-TiO2 and CuO-TiO2 NCPs after each ten laundering cycles for
up to 50 washing cycles. The optical image of the zones of inhibition (ZOI) of AmCaot,
AmCot+Ag, AmCot+CuO, AmCot+ZnO and AmCot+TiO; against gram negative bacteria E.
coli and P. aeruginosa, and gram-positive bacteria S. aureus and S. pyogenes were depicted in
Figure 34 and the diameter of ZOl of AmCot, AmCot+Ag, AmCot+CuO and AmCot+ZnO were
displayed in Tables (9, 10 and 11), respectively. The control sample (AmCot), has no
antibacterial activity, whereas AmCot+Ag, AmCot+CuO, AmCot+ZnO have excellent

antibacterial activity, as seen by their ZOls.

At 0 wash cycle, the ZOls of AmCot+Ag, AmCot+CuO and AmCot+ZnO against S. aureus is
ca. 10%, 7.9% and 3.5% lower, respectively, than against E. coli. This impact is related to S.
aureus having a thicker peptidoglycan layer than E. coli (Slavin et al., 2017). AmCot+TiO: is
not active without exposure to visible or UV radiation (Zhang et al., 2019). Besides this, the
size of AmCot+TiO formed as large aggregates and agglomerates, as depicted in the SEM
image (Figure 22), affects the killing ability of the functionalized cotton fabric. AmCot+Ag,
AmCot+CuO and AmCot+ZnO demonstrated outstanding antibacterial activity persistence
after 50 laundry cycles. The percentage decrease of the ZOls of AmCot+Ag after 50 wash cycles
against gram-negative bacterial strains, E. coli, was approximately 4% and the percentage
decline in the ZOI of AmCot+Ag after 50 wash cycles against gram-negative bacterial strains
P. aeruginosa was approximately 9.5% (Table 9). While the percentage decrease of the ZOls
of AmCot+Ag after 50 wash cycles against gram-positive bacteria strains of S. aureus and S.
pyogenes were approximately 12.5 and 9.8%, respectively (Table 9). Even after several washing
cycles, Ag NPs immobilized onto textile substrates in the presence of fixing agents such as
chitosan, carboxymetyl compound, and amino acids demonstrated outstanding antibacterial
activities against gram-negative E.coli and gram-positive S. aureus bacterial species (Zhou et
al., 2019; Xu et al., 2017; Xu et al., 2016).
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The percentage decrease of the ZOIls of AmCot+CuQO after 50 wash cycles against gram-
negative bacteria strains E. coliand P. aeruginosa were approximately 7.5% and 9.1%,
respectively (Table 10), and against gram-positive bacteria strains S. aureus and S. pyogenes
were approximately 6% and 8.4%, respectively, (Table 10). CuO NPs applied to the surface of
a soft substrate have been examined for anti-bacterial and anti-fungal activity (Alagarasan et
al., 2021; Rezaie, 2017; Shahidi et al., 2018). It has been demonstrated that the produced CuO
NPs are highly effective against both S. aureus and E. coli. In addition, the antibacterial efficacy
was verified after 15 washes. The findings demonstrate that the antibacterial characteristics
were significant, with no colonies spreading over the agar plate after 15 cycles of washing
(Alagarasan et al., 2021).

AmCot+TiO2 were didn’t show antibacterial activity against gram-negative E.coli and P.
aeruginosa and gram-positive S. aureus and S. pyogenic (Figure 34). The ZOI of inhibition
determined before washing was approximately 6 mm, which corresponds to the diameter of the
AmCot+TiO2 sampled for the antibacterial wash durability test (Table 11), demonstrating that
AmCot+TiO; is inactive without exposure to visible or UV rays (Zhang et al., 2019).

The percentage decrease of ZOI of AmCot+ZnO after 50 wash cycles against gram-negative E.
coli and P. aeruginosa were approximately 8 and 11%, respectively, (Table 12). Similarly, the
percentage decrease of ZOl of AmCot+ZnO after 50 wash cycles against gram-positive S.
aureus and S. pyogenes were approximately 11% and 10%, respectively, (Table 12). ZnO NPs
coated on cotton fabrics have strong antibacterial properties against microorganisms up to 10
washing cycles in the presence of surfactants (EI-Nahhal et al., 2017).
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Bacteria
Strains

AmCot+Ag

AmCot+CuO

AmCot+Zn0O

AmCot+TiO2

E. coli

P.
aeruginosa

S. aureus

S. pyogenes

Figure 34. Optical images of AmCot+Ag, AmCot+CuO, AmCot+ ZnO and AmCot+TiO>

antibacterial washing durability up to washing 50 wash cycle.
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Table 9: Zone of inhibition diameter of AmCot+Ag against E. coli, P.aeruginosa, S. aureus,
and S. pyogenes

Zone of inhibition diameter (mm)
) Laundering cycles
Bacterial
strain Control
0 10 20 30 40 50
(AmCot)
E. coli ND 20.2£0.2 | 20.18+0.2 | 20.1+0.3 | 19.8+0.4 | 19.6£0.9 | 19.5£ 0.5
P. aeruginosa ND 18.07+0.7 | 17.90+0.5 | 17.89+0.3 | 16.98+0.6 | 16.6+0.4 | 16.3+0.3
S. aureus ND 18.4+0.35 | 18.1+0.8 175+04 | 16.6+0.2 | 16.1+0.3 | 16.1+0.4
S. pyogenes ND 16.49+ 0.1 16.094+0.1 | 15.784+0.2 | 15.6440.3 | 15.2+0.5 | 14.8840.2

Table 10: Zone of inhibition diameter of AmCot+CuO against E. coli, S. aureus, P.

aeruginosa and S. pyogenes

Inhibition zone diameter (mm)
Bacterial Washing Cycle
species
Control | unwashed | 10 20 30 40 50
E. coli ND 18.4+0.3 18.2+0.1 | 17.8+04 17.6£0.2 17.29+0.2 17.01+0.2
P. aeruginosa | ND 16.4+0.2 16.1+0.1 | 15.7+0.3 15.2+0.1 15.0+£0.15 14.87+0.23
S. aureus ND 16.9+0.4 16.8+0.1 | 16.5+0.2 16.2+0.1 16.0+£0.15 15.9+0.23
S. pyogenes ND 13.2+0.1 | 12.7840.2 | 12.64+0.3 | 12.5+0.5 12.2840.2
13.4+ 0.1
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Table 11: Zone of inhibition diameter of AmCot+TiO; against E. coli, P.aeruginosa, S.
aureus, and S. pyogenes.

Inhibition zone diameter (mm)
Bacterial Washing Cycle
species
Control unwashed | 10 20 30 40 50

E. coli ND 6.15+0.01 | 6.01+0.1 | 6.0+0.01 6.0+0.2 6.0+£0.01 6.0+0.02
P. aeruginosa | ND 6.14+0.02 | 6.0+0.01 | 6.0+0.02 6.0+0.01 6.0+0.10 6.0+0.03
S. aureus ND 6.1+0.04 6.0+0.01 | 6.0+0.02 6.0+0.01 6.0+0.12 6.0+0.11
S. pyogenes ND 6.12+ 0.1 6.01+£0.1 | 6.04£0.2 6.0+0.3 6.0+0.05 6.0+0.02

Table 12: Zone of inhibition diameter of AmCot+ZnO against E. coli, S. aureus, P.
aeruginosa and S. pyogenes.

Inhibition zone diameter (mm)
Bacterial Washing Cycle
species
Control | unwashed 10 20 30 40 50
E. coli ND 19.5+ 0.08 19.2+0.07 | 191+£0.1 |184+0.1 18.1+0.2 | 17.94
+0.1
P. aeruginosa | ND 175+ 0.1 17.1+ 0.1 169+0.1 16.6 £0.18 | 16.1 +0.1 | 15.74
+0.26
S. aureus ND 18.0+001 |176+03 |172+0.1 |16.8+0.01 | 16.1 16.05
+ 0.05 + 0.06
S. pyogenes ND 113+ 02 |11.140.03 | 11.1 +£0.02 | 10.7 £0.21 | 104 10.03
+ 0.05 +0.1

Figure 35 illustrates the representative optical images of the ZOls of AmCot+Ag-CuO,
AmCot+Ag-Zn0O, AmCot+Ag-TiO2, and AmCot+CuO-TiO> up to 50 wash cycles and the
respective measured ZOls after every 10 wash cycles up to 50 wash cycles are depicted in
Tables 13-16. The ZOls of AmCot+Ag-CuO (Table 13) and AmCot+Ag-ZnO (Table 14)
are larger compared to those of AmCot+Ag-TiO: (Table 15) and AmCot+CuO-TiO, (Table
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16) inferring excellent antibacterial activity after 50 wash cycles. The percentage decrease
of the ZOls of AmCot+Ag-CuO after 50 wash cycles against Gram-negative bacteria E. coli
and P. aeruginosa is ca. 9.5 and 6.3%, respectively, and after 50 wash cycles against Gram-
positive bacteria S. aureus and S. pyogenes is ca. 7 and 6.6%, respectively (Table 13).
AmCot+Ag-CuO exhibits larger ZOls against the tested bacteria strains than AmCot+Ag
and AmCot+CuO, evidencing synergism created due to the Ag-Cu NCP (Fu et al., 2018;
Khatami et al.,2018; Hassabo et al., 2019).

The ZOI of AmCot+Ag-ZnO against Gram-positive S. aureus is approximately 4% lower
after 0 wash cycles compared to its ZOI against Gram-negative E. coli. This difference is
attributed to S. aureus having a thicker peptidoglycan layer than E. coli (Slavin et al., 2017).
After 50 wash cycles, the ZOI of AmCot+Ag-ZnO against Gram-negative E. coli and P.
aeruginosa decreases by approximately 7.2% and 14%, respectively (Table 14). In addition,
after 50 wash cycles, there is a decrease of approximately 15% in the ZOI of AmCot+Ag-
ZnO against Gram-positive S. aureus and approximately 10% against S. pyogenes (Table
14). According to Table 13 and optical images in Figure 35, AmCot+Ag-ZnO demonstrates
larger ZOls against the tested bacteria strains compared to AmCot+Ag and AmCot+ZnO,
indicating the synergistic effect of the Ag-Zn NCP. These results agree with existing
literature, which illustrates the synergistic effect of Ag-ZnO NCPs in killing microorganisms
(Liang et al., 2015; Porrawatkul et al., 2022).

The ZOls of AmCot+Ag-TiO> against Gram-negative E. coli and P. aeruginosa decreased
by approximately 9.6% and 18.13% after 50 wash cycles (Table 15). Similarly, the ZOls of
AmCot+Ag-TiO., against Gram-positive S. aureus and S. pyogenes decreased by
approximately 19.5% and 15% after 50 wash cycles (Table 15). These results demonstrate

the durability of the NCPs with very effective antibacterial properties post-wash.

The ZOls of AmCot+CuO-TiO- decreases by approximately 9.3% and 18% after 50 wash
cycles against Gram-negative E. coli and P. aeruginosa, respectively (Table 16).
Additionally, after 50 wash cycles, the ZOI decrease in AmCot+CuO-TiO> against Gram-
positive S. aureus and S. pyogenes is approximately 18% and 16%, respectively, indicating
very good antibacterial wash durability (Yamada et al., 2016; Benabbo et al., 2007).
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Figure 35. Optical images of antibacterial durability of AmCot+Ag-CuO, AmCot+Ag-ZnO,
AmCot+Ag-TiO2, and AmCot+CuO-TiO; after 50 wash cycles.

Antimicrobial resistance mechanisms can spread across multiple bacterial genera. The
organism can acquire genes, and enzymes like lactamases prevent antibacterial agents from
taking effect. Bacteria may develop efflux pumps, preventing antibacterial agents from
reaching their target location. They may also acquire genes for a metabolic pathway,
resulting in altered cell walls without antimicrobial agent binding sites, or acquire mutations
that limit access of antimicrobial agents to the intracellular target site via downregulation of
porin genes (Tenover, 2006). Drug resistance in E. coli is induced by the interaction of
several resistance mechanisms arising from acquiring exogenous resistance determinants or
spontaneous mutations. Extended-spectrum beta-lactamases (ESBLs), carbapenemases,
aminoglycoside-modifying enzymes (AMESs), and quinolone resistance determinants are
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usually found on mobile genetic elements. In contrast, porin-efflux mechanisms are

activated by spontaneous changes to inherited structures (Poirel et al., 2018).

P. aeruginosa's mechanisms of drug resistance could be classified broadly into three groups:
intrinsic, acquired, and adaptive. The low outer membrane permeability of P. aeruginosa,
which is 12-100 times lower than E. coli's, as well as the presence of B-lactamases like
OXA-50 and AmpC and antibiotic efflux pumps, are some indicators of its intrinsic
resistance mechanisms (Langendonk et al., 2021). Acquired resistance mechanisms from
horizontal gene transfer in P. aeruginosa make it a very drug-resistant opportunistic gram-

negative bacteria strain.

Gram-positive bacteria such as S. aureus possess a thicker peptidoglycan layer than Gram-
negative bacteria, spanning over 80 nm with covalently attached teichoic and teichuronic
acids. The cell wall destruction from the physical interaction between antibiotic agents and
the cell wall is more detrimental for gram-negative bacteria as they lack the thick
peptidoglycan layer found in Gram-positive bacteria, which could act as a protective layer
(Slavin et al., 2017).

NPs designed for antibacterial application have bactericidal effects due to their increased
reactivity from having high surface-to-volume ratios. The exact mechanism of the
antibacterial effects of metallic and metal oxide NPs and their NCPs against Gram-positive
and Gram-negative bacteria is still an active research topic. Many sulfur-containing proteins
are found in bacterial cell membranes, which have been proposed as preferred locations for
Ag NP interactions with the bacterium (Roque-ruiz et al., 2018). It has been demonstrated
that the Ag NPs had a higher propensity to react with phosphorus and sulfur compounds
after attaching to the cell membrane and penetrating inside the bacteria (Yucelen et al.,
2015). Moreover, it has been suggested that the antibacterial mechanism of Ag NPs is caused
by oxidation, which produces extracellular reactive oxygen species (ROS) (Yucelen et al.,
2015).

CuO-NPs' antibacterial activity has been linked to several variables, including their tiny size,
which allows interaction with bacteria cell walls and membranes (Usman et al., 2022).
Additionally, it has been proposed that the inactivation of cytoplasmic membrane-associated
proteins, which affects the transport system and inhibits the selective permeability function,

contributes to the nanoparticles' inhibitory action (Esp1 et al., 2008). Regarding the killing
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mechanism of ZnO NPs, the characteristic mechanisms reported in the literature are direct

contact of ZnO NPs with cell walls, destroying bacterial cell integrity (Brayner et al., 2006),

liberation of antimicrobial ions, mainly Zn2+ ions (Kasemets et al., 2009), and ROS
formation (Taheri et al., 2021)

Table 13: Zone of inhibition diameter of AmCot+Ag-CuO against E. coli, S. aureus, P.

aeruginosa and S. pyogenes

Zone of inhibition diameter (mm)
Laundering cycles
Bacterial
strain Control
(AmCot) 0 10 20 30 40 50

E. coli ND 22.4+ 0.8 22.2+0.2 21.9+06 | 21.3+0.3 | 20.8+0.6 20.3+0.4
p. ND 19.140.1 19.0+0.03 | 18.8+02 | 18.5+0.3 | 18.1+0.1
aeruginosa 19.3 £0.2
S. aureus ND 19.6+ 0.8 19.5+0.2 19.3£0.2 | 19.0+0.2 | 18.9+0.2 18.8+ 0.7
S. pyogenes 15.3+40.01 | 15.1+0.07 | 14.8+0.3 | 14.2+0.27 | 14.04+0.1

ND 15.5+ 0.2

Table 14: Zone of inhibition diameter of AmCot+Ag-ZnO against E. coli, S. aureus, P.

aeruginosa and S. pyogenes.

Inhibition zone diameter (mm)

Bacterial Washing Cycle

species
Control | unwashed | 10 20 30 40 50

E. coli 22.6 + | 224+ 005 | 21.8+0.08 | 21.6+0. | 21.1+40.2
ND 22.6+0.06 | 0.04 04

P. 209+0.2 | 202+0.1 |19.8+0.15 | 195 18.2 +0.2

; +0.

aeruginosa | \p 21.040.04 +0.18

S. aureus 214401 | 20.91+0.0 | 20.2+0.2 19.7 18.5+0.2
ND 217+ 0.1 4 +0.1

S. pyogenes 16.8 +0.1 | 16.4 16.0 £0.01 15.9 157+ 0.1
ND 173+ 0.1 +0.10 + 0.04
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Table 15: Zone of inhibition diameter of AmCot+Ag-TiOz against E.

aeruginosa and S. pyogenes.

coli, S. aureus, P.

Inhibition zone diameter (mm)

Bacterial Washing Cycle
species

Control | unwashed | 10 20 30 40 50
E. coli ND 18.7+£0.1 | 18.4+0.1 | 18.01+0.09 | "17.92+0.08 | 17.42+0.34 | 16.9+0.17
P. ND 22.0+0.1 | 20.4+0.05 | 19.37+0.17 | 18.91+0.21 | 18.31+0.20 | 18.01+0.18
aeruginosa
S. aureus ND 14.3+0.1 | 12.9+0.05 | 12.75+0.13 | 12.51+0.06 | 11.81+0.03 | 11.51+0.01
S. pyogenes | ND 20.9+0.1 | 19.540.12 | 18.194+0.17 | 17.91+0.13 | 17.27+0.28 | 17.0+0.2

Table 16: Zone of inhibition diameter of AmCot+CuO-TiO2 against E. coli, S. aureus, P.
aeruginosa and S. pyogenes.

Inhibition zone diameter (mm)

Bacterial Washing Cycle
species

Control | unwashed | 10 20 30 40 50
E. coli ND 12.18+£0.1 | 12.1+0.2 11.88+0.1 | 11.86+0.6 11.71+0.2 | 11.04+05
P. ND 8.5+0.24 8.0+0.2 7.7£0.4 7.3+0.3 7.1+0.4 6.89+ 0.5
aeruginosa
S.aureus | ND 940.2 8.3+0.21 8.0+0.2 7.88+£0.06 | 7.6+0.2 7.31£0.26
S. ND 8.1+0.31 7.8+0.2 7.31£0.12 7.03+0.27 6.91+0.1 6.8+0.3
pyogenes

4.9 Water Absorbency and Vapor Permeability

For cotton to feel comfortable against human skin, it needs to have the ability to allow water

vapor to pass through and absorb moisture. Figure 36(a, b) shows the water absorption and
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vapor transmission rate characteristics of Cot, AmCot, AmCot+Ag, AmCot+CuO,
AmCot+TiO2, and AmCot+Zn0O, while Figure 37(a,b) presents the water absorption and
vapor permeability properties of AmCot+Ag-CuO, AmCot+Ag-ZnO, AmCot+Ag-TiOy,
and AmCot+CuO-TiO>. The figures illustrate that modifying the fiber surface with Am and
then functionalizing it with NPs and NCs only slightly changes the water absorbency (about
10%) and vapor permeability (about 14.5%). The reduced water permeability and
absorbency are attributed to the formation of ester between the -COOH groups of Am and
the hydrophilic -OH groups of cellulose chains in cotton (Noman et al., 2020).
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Figure 36. Physical nature of Cot, AmCot, AmtCot+Ag, AmCot+CuO, AmCot+ZnO and
AmCot+TiOz (a) water absorbency and (b) vapor permeability.

Due to the bonding of dispersed Ag, CuO, TiO2, and ZnO NPs and Ag-CuO, Ag-ZnO, Ag-
TiO2, and CuO-TiO2 NCPs on the surface and between the fibers of cellulose of AmCaot, the
concentration of -OH groups that can absorb water are reduced. The formation of
coordination bonds between the donor atoms in Am, Ag*, Cu?*, Ti**, and Zn?* ions causes
a steric hindrance effect. Consequently, the spaces (pores) between individual fibers are
narrowed, leading to a longer path for water molecules to pass through the fabric (Rai et al.,
2012). The study shows that the surface modification and functionalization methods did not
compromise the desirable physical properties of cotton fabrics, and critical properties were
maintained. The vapor permeability of cotton fabric functionalized with TiO2 nanoparticles
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is lower than that of other test fabric samples, as shown in Figure 36b. TiO2 nanoparticles

on the cotton fabric surface improve hydrophobicity (Das et al., 2009).
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Figure 37. Physical nature of Cot, AmCot, AmtCot+Ag-CuO, AmCot+Ag-ZnO,
AmCot+Ag-TiOz,and AmCot+CuO-TiO- (a) water absorbency and (b) vapor

permeability.
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5. Conclusions and Recommendations
5.1 Conclusions

This research explored the feasibility of preparing antibacterial cotton fabrics with superior
wash durability. Scoured and bleached cotton fabrics (Cot) were first modified by
esterification with L-methionine (AmCot) and then in situ functionalized with Ag, CuO,
ZnO, and TiO2 NPs, and Ag-CuO, Ag-ZnO, Ag-TiO2, and CuO-TiO2 NCPs by the wet
chemical method. FTIR bands at 1730 cm™ and 1560 cm™, ascribed to the asymmetric
stretching of COOR and NH. groups, respectively, evidenced that Am entered into
esterification with cotton OH groups. FTIR and micro-Raman spectroscopy showed that
functionalization did not alter the cotton fabric's chemical structure. XRD analysis showed
high purity of the NPs and NCPs deposited on the fabrics. They matched well with the cubic
face center for Ag NPs, monoclinic lattice structure for CuO NPs, wurtzite structure for ZnO
NPs, and rutile polymorph for TiO2. The particle size varied depending on the precursor
type and NP or NCP preparation conditions, with the average crystallite size ranging from
10-34 nm. The variation in particle size of the NPs and NCPs deposited on AmCot was seen
in the SEM micrographs. In addition, the NPs were well dispersed and populated as a
combination of discrete to agglomerated particles on the fiber surfaces. Their good
dispersion was also revealed by EDS element mapping of the elements Ag, Cu, Ti, and Zn
from select regions of the functionalized fibers, supported by the XRD and XPS analyses.
Additionally, good dispersion of the donor atoms, S, N, and O of Am, was observed,
inferring that esterification occurred across the fiber surfaces and supporting the FTIR
analysis. XPS analyses of AmCot functionalized with NCPs revealed the chemical states of
the NPs in the NCPs and that they were coordinately bound with Am's three donor atoms.

While AmCot functionalized with TiO> NPs did not show any significant antibacterial
activity, when tested qualitatively, AmCot functionalized with other NPs demonstrated high
antibacterial activity against gram-negative E. coli and P. aeruginosa, as well as gram-
positive S. aureus and S. pyogenes bacteria species even after 50 wash cycles. The ZOlI data
indicated that AmCot functionalized with Ag-CuO and Ag-ZnO NCPs were the most

effective, indicating synergistic properties of the NCPs.

The functionalized AmCot displayed UPF category ratings ranging from good to excellent,
with AmCot+CuO and AmCot+Ag-ZnO NCPs being the most efficient. The functionalized
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fabrics' desirable vapor permeability and water absorbability properties were maintained
within 10 and 14.5%, inferring that the surface modification and functionalization processes
did not deteriorate the desired physical nature and were within the range acceptable by the

industry.

5.2 Recommendations

Studying the minimum inhibition concentration and cytotoxicity is the next step in studying
durable antibacterial fabrics with inorganic nanoparticles. It is also recommended that
naturally occurring biocompatible compounds in Ethiopia be explored for not only cotton
but also synthetic and semisynthetic fabric surface modification and as binders, particle size
control, and surface immobilization of inorganic NPs with possible self-cleaning and UV-
blocking properties. Extensive work should be done with key stakeholders, taking advantage
of Ethiopia's tremendous opportunities in cotton production and the textile industry to
produce smart and functionalized textiles alongside conventional textiles. It is strongly
advised that such technologies be expanded to produce fire-retardant, smart military, and
domestic, antibacterial UV-protective clothing. This encourages further intensive research
for commercialization and mass production for public use. Future studies should also

explore fabric functionalization with organic NPs for microbial mitigation.
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Appendix

Table 1: EA, TA, and SA values from 290-400 nm for AmCot.

AmCot
Wavelength (nm) | EA TA SA
290 1 26.002 7.57E-05
295 1 26.243 1.34E-03
300 0.649 26.607 1.36E-02
305 0.22 27.227 7.67E-02
310 | 7.45E-02 28.054 0.172
315 | 2.51E-02 29.04 0.282
320 | 8.60E-03 29.717 0.375
325 | 2.90E-03 30.339 0.494
330 | 1.36E-03 30.974 0.629
335 | 1.15E-03 31.623 0.602
340 | 9.70E-04 32.285 0.675
345 | 8.10E-04 32.584 0.65
350 | 6.80E-04 32.961 0.692
355 | 5.80E-04 33.189 0.743
360 | 4.80E-04 33.496 0.674
365 | 4.10E-04 33.651 0.849
370 | 3.40E-04 33.651 0.876
375 | 2.90E-04 33.806 0.78
380 | 2.43E-04 33.806 0.902
385 | 2.04E-04 33.962 0.693
390 | 1.72E-04 34.197 0.897
395 | 1.45E-04 34.514 0.693
400 | 1.22E-04 34.754 1.18
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Table 2: EA, TA, and SA values from 290-400 nm for AmCot+Ag

AmCot+Ag
Wavelength (nm) | Ex TA SA

290 1 11.857 | 7.57E-05

295 1 11.995 1.34E-03
300 0.649 | 12.07814 1.36E-02
305 0.22 12.078 7.67E-02
310 | 7.45E-02 12.794 0.172
315 | 2.51E-02 13.803 0.282
320 | 8.60E-03 14.55 0.375
325 | 2.90E-03 14.757 0.494
330 | 1.36E-03 14.689 0.629
335 | 1.15E-03 14.554 0.602
340 | 9.70E-04 14.554 0.675
345 | 8.10E-04 14.421 0.65
350 | 6.80E-04 14.355 0.692
355 | 5.80E-04 14.322 0.743
360 | 4.80E-04 14.256 0.674
365 | 4.10E-04 14.256 0.849
370 | 3.40E-04 14.19 0.876
375 | 2.90E-04 14.125 0.78
380 | 2.43E-04 14.093 0.902
385 | 2.04E-04 14.093 0.693
390 | 1.72E-04 14.06 0.897
395 | 1.45E-04 14.028 0.693
400 | 1.22E-04 13.995 1.18
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Table 3: EA, TA, and SA values from 290-400 nm for AmCot+CuO

AmCot+CuO
Wavelength (nm) | EA TA SA
290 1 4.246196 7.57E-05
295 1 4.265795 1.34E-03
300 0.649 4.265795 1.36E-02
305 0.22 4.285485 7.67E-02
310 | 7.45E-02 4.477133 0.172
315 | 2.51E-02 4.786301 0.282
320 | 8.60E-03 4.954502 0.375
325 | 2.90E-03 5.000345 0.494
330 | 1.36E-03 5.035006 0.629
335 | 1.15E-03 5.069907 0.602
340 | 9.70E-04 5.093309 0.675
345 | 8.10E-04 5.128614 0.65
350 | 6.80E-04 5.164164 0.692
355 | 5.80E-04 5.248075 0.743
360 | 4.80E-04 5.272299 0.674
365 | 4.10E-04 5.308844 0.849
370 | 3.40E-04 5.382698 0.876
375 | 2.90E-04 5.407543 0.78
380 | 2.43E-04 5.457579 0.902
385 | 2.04E-04 5.508077 0.693
390 | 1.72E-04 5.571857 0.897
395 | 1.45E-04 5.61048 0.693
400 | 1.22E-04 5.64937 1.18
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Table 4: EA, TA, and SA values from 290-400 nm for AmCot+TiO;

AmCot+TiO;

Wavelength (nm) EA TA SA
290 11|6.426877 7.57E-05
295 1|6.426877 1.34E-03
300 0.649 | 6.456542 1.36E-02
305 0.22 | 6.516284 7.67E-02
310 | 7.45E-02 | 6.714289 0.172
315 | 2.51E-02 | 7.095778 0.282
320 | 8.60E-03 | 7.498942 0.375
325 | 2.90E-03 | 7.780366 0.494
330 | 1.36E-03 | 8.109611 0.629
335 | 1.15E-03 | 8.413951 0.602
340 | 9.70E-04 | 8.810489 0.675
345 | 8.10E-04 | 9.141132 0.65
350 | 6.80E-04 | 9.527962 0.692
355 | 5.80E-04 | 9.862795 0.743
360 | 4.80E-04 | 10.20939 0.674
365 | 4.10E-04 | 10.51962 0.849
370 | 3.40E-04 | 10.78947 0.876
375 | 2.90E-04 | 11.01539 0.78
380 | 2.43E-04 | 11.22018 0.902
385 | 2.04E-04 | 11.45513 0.693
390 | 1.72E-04 | 11.61449 0.897
395 | 1.45E-04 | 11.83042 0.693
400 | 1.22E-04 | 11.99499 1.18
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Table 5: EA, TA, and SA values from 290-400 nm for AmCot+ZnO

AmCot+Zn0O
Wavelength (nm) EA TA SA
290 1 8.79 7.57E-05
295 1 8.77 1.34E-03
300 0.649 8.716 1.36E-02
305 0.22 8.67 7.67E-02
310 | 7.45E-02 9.099 0.172
315 | 2.51E-02 9.794 0.282
320 | 8.60E-03 10.447 0.375
325 | 2.90E-03 10.739 0.494
330 | 1.36E-03 10.914 0.629
335 | 1.15E-03 11.168 0.602
340 | 9.70E-04 11.35 0.675
345 | 8.10E-04 11.56 0.65
350 | 6.80E-04 11.776 0.692
355 | 5.80E-04 12.106 0.743
360 | 4.80E-04 12.705 0.674
365 | 4.10E-04 13.804 0.849
370 | 3.40E-04 15.595 0.876
375 | 2.90E-04 17.66 0.78
380 | 2.43E-04 19.408 0.902
385 | 2.04E-04 20.23 0.693
390 | 1.72E-04 20.89 0.897
395 | 1.45E-04 21.442 0.693
400 | 1.22E-04 21.928 1.18
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Table 6: EA, TA, and SA values from 290-400 nm for AmCot+Ag-CuO

AmCot+Ag-CuO

Wavelength (nm) EA TA SA
290 1 9.931 7.57E-05
295 1 9.931 1.34E-03
300 0.649 9.977 1.36E-02
305 0.22 10.092 7.67E-02
310 | 7.45E-02 10.665 0.172
315 | 2.51E-02 11.668 0.282
320 | 8.60E-03 12.359 0.375
325 | 2.90E-03 12.56 0.494
330 | 1.36E-03 12.647 0.629
335 | 1.15E-03 12.735 0.602
340 | 9.70E-04 12.823 0.675
345 | 8.10E-04 12.794 0.65
350 | 6.80E-04 12.853 0.692
355 | 5.80E-04 12.912 0.743
360 | 4.80E-04 13.032 0.674
365 | 4.10E-04 13.092 0.849
370 | 3.40E-04 13.181 0.876
375 | 2.90E-04 13.243 0.78
380 | 2.43E-04 13.274 0.902
385 | 2.04E-04 13.365 0.693
390 | 1.72E-04 13.427 0.897
395 | 1.45E-04 13.521 0.693
400 | 1.22E-04 13.552 1.18
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Table 7: EA, TA, and SA values from 290-400 nm for AmCot+Ag-ZnO

AmCot+Ag-ZnO

Wavelength (nm) EA TA SA
290 1 6.367 7.57E-05
295 1 6.368 1.34E-03
300 0.649 6.412 1.36E-02
305 0.22 6.412 7.67E-02
310 | 7.45E-02 6.412 0.172
315 | 2.51E-02 6.622 0.282
320 | 8.60E-03 2014 0.375
325 | 2.90E-03 7944 0.494
330 | 1.36E-03 7308 0.629
335 | 1.15E-03 7294 0.602
340 | 9.70E-04 2994 0.675
345 | 8.10E-04 7 944 0.65
350 | 6.80E-04 2911 0.692
355 | 5.80E-04 2178 0.743
360 | 4.80E-04 2178 0.674
365 | 4.10E-04 2178 0.849
370 | 3.40E-04 2178 0.876
375 | 2.90E-04 7911 0.78
380 | 2.43E-04 7244 0.902
385 | 2.04E-04 7911 0.693
390 | 1.72E-04 7911 0.897
395 | 1.45E-04 2194 0.693
400 | 1.22E-04 7178 1.18
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Table 8: EA, TA, and SA values from 290-400 nm for AmCot+Ag-TiO>

AmCot+Ag-TiO:

Wavelength (nm) EA TA SA
290 1| 7.925013 7.57E-05
295 1| 7.998343 1.34E-03
300 0.649 | 8.109611 1.36E-02
305 0.22 | 8.203515 7.67E-02
310 | 7.45E-02 | 8.472274 0.172
315 | 2.51E-02 | 8.810489 0.282
320 | 8.60E-03 | 9.057326 0.375
325 | 2.90E-03 | 9.418896 0.494
330 | 1.36E-03 | 9.840111 0.629
335 | 1.15E-03 | 10.35142 0.602
340 | 9.70E-04 | 10.83927 0.675
345 | 8.10E-04 | 11.35011 0.65
350 | 6.80E-04 | 11.85769 0.692
355 | 5.80E-04 | 12.38797 0.743
360 | 4.80E-04 | 12.79381 0.674
365 | 4.10E-04 | 13.21296 0.849
370 | 3.40E-04 | 13.61445 0.876
375 | 2.90E-04 | 13.86756 0.78
380 | 2.43E-04 | 14.09289 0.902
385 | 2.04E-04 | 14.32188 0.693
390 | 1.72E-04 | 14.55459 0.897
395 | 1.45E-04 | 14.75707 0.693
400 | 1.22E-04 | 14.96236 1.18
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Table 9: EA, TA, and SA values from 290-400 nm for AmCot+CuO-TiO2

AmCot+CuO-TiO2

Wavelength (nm) EA TA SA
290 1 8.05 7.57E-05
295 1 8.05 1.34E-03
300 0.649 8.24 1.36E-02
305 0.22 8.5 7.67E-02
310 | 7.45E-02 9.3 0.172
315 | 2.51E-02 10 0.282
320 | 8.60E-03 11.6 0.375
325 | 2.90E-03 123 0.494
330 | 1.36E-03 12.7 0.629
335 | 1.15E-03 13 0.602
340 | 9.70E-04 13.7 0.675
345 | 8.10E-04 14.2 0.65
350 | 6.80E-04 14.7 0.692
355 | 5.80E-04 15.3 0.743
360 | 4.80E-04 15.8 0.674
365 | 4.10E-04 16.4 0.849
370 | 3.40E-04 16.7 0.876
375 | 2.90E-04 17.3 0.78
380 | 2.43E-04 17.6 0.902
385 | 2.04E-04 18 0.693
390 | 1.72E-04 18.2 0.897
395 | 1.45E-04 18.6 0.693
400 | 1.22E-04 19 1.18
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