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ABSTRACT

The present work deals with the development of an environmentally friendly, low-price, easy,
and fast method for developing antibacterial cuprous oxide-coated multifunctional cotton fabrics. At
first, fabrics were sensitized with citric acid then the formation of Cu,O particles was done by the
Fehling solution method. Subsequently, the cuprous oxide particles were deposited on cotton fabrics.
Three different types of reducing agents with different concentrations were selected to make the Cu.O
particles. Surface morphology and presence of metals were analyzed by scanning electron microscopy,
dynamic light scattering, FTIR, EDS, and XRD. The antibacterial activity of cuprous oxide-coated
fabrics was tested against qualitative and quantitative measurements. The strongest antibacterial effect
was found for the fabrics coated with cuprous oxide particles reduced with sodium hydrosulphite.
Furthermore, the utility of hygienic antimicrobial-developed fabrics was analyzed for comfort
properties regarding air permeability and stiffness. In the end, the durability of the coating was
confirmed by measuring the antibacterial properties and SEM analysis after washing.

In the second part of thesis a novel approach for the development of cuprous oxide-coated
antibacterial cotton fabric with an excellent aesthetic appearance was developed. The objective of the
second part was to develop an environmentally friendly, low-price, easy, and fast method for developing
antipathogenic (antibacterial, antifungal, and antiviral) cuprous oxide-coated multifunctional fabrics.
At first, fabrics were sensitized with citric acid then the formation of Cu.O particles was done by the
Fehling solution method. For sensitization and Cu,O particles formation the same procedure was used.
The most suitable reducing agent with optimum concentration was selected from the aforementioned
study. Surface morphology and presence of metals were analyzed by scanning electron microscopy,
dynamic light scattering, FTIR, EDS, and XRD. In the second step, a reactive antibacterial dye was
made (by reacting Reactive Blue 4 with triclosan). The molecular structure of the modified dye was
confirmed through FTIR and *C-NMR. The resultant antibacterial dye was applied on copper-treated
cotton fabrics through exhaust dyeing protocol. The dyed fabric was characterized through colorimetric
data (L*, a*, b*, C, H, and K/S), levelness of dye, fastness properties as well as exhaustion and fixation
rates. The antipathogenic activity of cuprous oxide-coated fabrics was tested against qualitative and
guantitative measurements. The strongest antipathogenic effect was found for the fabrics coated with
cuprous oxide particles reduced with sodium hydrosulphite. Furthermore, the utility of hygienic
antimicrobial developed fabrics were analysed for the comfort properties regarding air permeability and
stiffness. At the end, durability of coating was confirmed by measuring the antibacterial properties and
SEM analysis after washing.

Keywords: antimicrobial; hospital-acquired infections; medical textiles; cuprous oxide particles; color
analysis



ABSTRAKT

Tato prace se zamétuje na vyvoj ekologického, nakladové efektivniho, snadného a rychlého
zpusobu vyroby antibakteridlnich bavinénych tkanin potaZzenych oxidem médnym. Nejprve byly
tkaniny senzibilizovany pomoci kyseliny citronové, poté nasledovala syntéza ¢astic Cu20O z Fehlingova
roztoku. Nasledné byly ¢astice oxidu méd’'ného naneseny na bavinéné tkaniny. Pro vyrobu ¢astic Cu0
byly vybrany tfi rizné typy redukénich ¢inidel v riznych koncentracich. Morfologie povrchu a
pfitomnost atomti kovii byly zkoumédny pomoci rastrovaci elektronové mikroskopie, dynamického
rozptylu svétla, FTIR, EDS a XRD. Antibakterialni u€¢innost tkanin potazenych oxidem méd’nym byla
hodnocena pomoci kvalitativnich a kvantitativnich analyz. Nejsilngjsi antibakterialni u¢inek byl
pozorovan u tkanin potazenych Casticemi oxidu méd'ného redukovanymi pomoci hydrogensific¢itanu
sodného. Déle byla analyzovana vhodnost téchto vyvinutych hygienickych, antimikrobidlnich tkanin z
hlediska komfortnich vlastnosti, konkrétn¢ prodysnosti a tuhosti. Nakonec byla trvanlivost povlaku
ovefena posouzenim antibakterialnich vlastnosti a provedenim SEM analyzy po prani.

Druha cast této prace predstavuje novy plistup k vytvafeni esteticky pifijemnych
antibakteridlnich bavinénych tkanin potazenych oxidem médnym. Cilem této Casti bylo vyvinout
ekologicky Setrnou, ndkladové efektivni, snadnou a rychlou metodu vyroby multifunkénich tkanin s
antipatogennimi vlastnostmi (antibakterialnimi, antifungalnimi a antivirovymi) potazenymi oxidem
méd'nym. Podobné jako v prvni ¢asti prosly tkaniny senzibilizaci kyselinou citrénovou a syntézou castic
Cu.0O pomoci Fehlingova roztoku. Na zakladé predchozi ¢asti prace bylo urceno nejvhodnéjsi redukéni
¢inidlo s optimalni koncentraci. Morfologie povrchu a pfitomnost atomii kovu byla analyzovana pomoci
rastrovaci elektronové mikroskopie, dynamického rozptylu svétla, FTIR, EDS a XRD.

V nasledném kroku bylo syntetizovano reaktivni antibakterialni barvivo reakci Reactive Blue
4 s triclosanem. Molekularni struktura modifikovaného barviva byla potvrzena pomoci FTIR a 13C-
NMR. Toto antibakterialni barvivo bylo poté aplikovano na bavinéné tkaniny oSetfené médi pomoci
protokolu barveni vytahovacim postupem. Obarvend latka byla charakterizovana pomoci
kolorimetrickych parametra (L*, a*, b*, C, H a K/S), egality vybarveni, stalosti, vytazeni z lazn¢ a
rychlosti fixace.

Antipatogenni ucinnost tkanin potazenych oxidem médnym byla hodnocena kvalitativné a
kvantitativné. Nejvyraznéjsi antipatogenni ucinek vykazovaly tkaniny potazené c¢asticemi oxidu
meéd’ného redukovanymi pomoci hydrositic¢itanu sodného. Komfortni vlastnosti téchto hygienickych,
antimikrobialné vyvinutych tkanin byly navic hodnoceny z hlediska propustnosti vzduchu a tuhosti.
Nakonec byla trvanlivost povlaku potvrzena vyhodnocenim antibakterialnich vlastnosti a provedenim
SEM analyzy po umyti.

Kli¢ova slova: antimikrobialni; infekce ziskané v nemocnici; 1ékarské textilie; ¢astice oxidu méd’ného;
analyza barev
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1. Introduction

Hospital-acquired infections (HAIS) are on the rise despite efforts to decrease them. These
infections develop in patients during their stay and continuous concern with the hospital. They are not
only costly to treat, but more importantly, cause human suffering and even death [1]. A major source
of cross-infection is contaminated (bacteria and viruses) fabrics in hospitals. The most common textile
coverage used in a specific hospital area (surgical, ICUs, and patient wards and rooms) included surgical
gowns, drapes, curtains, panel covers, wall papers/sheets coverage, shoe mats, outlet covers, seat chair
covers, table covers, patient and doctors’ socks, etc. [2]. The patients, medical and common staff all are
carriers of hospital-acquired infections [3]. The current interest has focused on high-touch textile-based
surfaces and their ability to serve as reservoirs for pathogenic microorganisms, including
Staphylococcus Aureus, Clostridium difficile, and vancomycin-resistant Enterococci [4, 5]. Instead of
bacteria, among most pathogenies, the human infected viruses also contribute massively to hospital-
born infections. Adding fuel to the fire, bacteria (after Ethicillin now Methicelline-resistant
Staphylococcus Aureus) and viruses (a new strain called SARS-CoV-2) increasingly are becoming
resistant to last-resort drugs. The rate of transmission of infection is very high and mainly spread during
close contact and via respiratory droplets discharge and by touching a contaminated surface [6]. The
risk can be increased when individuals have continuous and close contact with animals; also, climate
change. The tragedy is that the infected person has been visiting the places and remain in touch with
surfaces and people. It becomes too late when a person realized about infection and till that time
infection has been delivered to many places, communities, or even to family members [7][8][9]. The
only way to avoid life-threatening pathogens is to kill/inhibit them before transmitting them inside any
human body. That is why the selection of antibacterial/antiviral common material used in daily life is
necessary. A very quick and fast option to inactive the viruses and bacteria within a minute is the use
of surface disinfectants with 62-71% alcohol, or bleaching agents containing 0.5% hydrogen peroxide
and 0.1% sodium hypochlorite [9]. The alkali soaps (pH over 12) are working as well very efficiently.
Hygiene standards for surface cleanliness, based on food processing industry standards also proposed
[3]. Some new technologies, such as the use of UV light units and various hydrogen peroxide (HP)
systems [10], can effectively decontaminate hospital rooms. However, even when improved hand
washing compliance and diligent surface hygiene disinfection are combined, hospital-acquired
infections (HAIS) are still serious health issues. All the above approaches including hygiene hand
washing, UV light, surface disinfection, and HP systems have one thing in common, they are episodic.
or one-time approaches. Therefore, as soon as the decontamination process ends, the microbial
contaminants can again begin to accumulate [11]. The researchers have been using different types of
antimicrobial finishing on hospital textiles based on the coating of inorganic metal oxides [12][13].

2. Purpose and aim of thesis

The main aim of the thesis is to investigate preparation properties and selected applications of
bioactive textiles having the antimicrobial ability, antiviral, antifungal, and durability. To develop the
copper-coated bioactive textiles a sufficient amount of copper ions is required over the fabric structure.
This thesis is focused on the copper deposition on cotton fabric and subsequently dyeing it with
antimicrobial dye (modified reactive blue 4 dye). The fabric used in this study was plain-woven cotton
fabric with an areal density of “150 g/m?.”

At first, the formation of CuzO particles was done by the Fehling solution method and studied
the effect of three different reducing agents to make the Cu,O particles.

In the second step, the deposition of cuprous oxide particles was done on woven cotton fabric,
and studied their antipathogenic (antibacterial, antifungal, and antiviral) properties. The purpose of
deposition of the cuprous particles over cotton fabric was to find a suitable application in hospital areas
(surgical, ICUs, and patient wards and rooms) including surgical gowns, drapes, curtains, panel covers,
wallpapers/sheets coverage, shoe mats, outlet covers, seat chair covers, table covers, patient and
doctors’ socks, etc [17][18].



The third step was to dye the already cuprous oxide-coated fabrics with antibacterial dye. In
some studies, dyeing of the coated textiles has been performed to overcome discoloration and staining
but their antibacterial effectiveness is compromised [19].

3. Overview of current state of problem

The most common and particular interest of metal particles are of Ag, Cu, TiO,, ZnO, MgO,
CuO, Cuy0, etc. [7][14]. They are not only stable under harsh process conditions but also generally
regarded as odorless work wear. Copper-based materials are of most reliable because they are not only
effective against microbes (within two hours) but are the only material that is most effective against the
viability of pathogenic viruses (coronavirus within four hours). Copper, its ions, and alloys have
demonstrated excellent antiviral, antibacterial, and antifungal activity against a wide range of pathogens
[71[8][9]. The antibacterial properties of coper-based finishes are especially dependent on their shapes
and sizes to assure a uniform size distribution of particles over the textile structure. In recent years, the
copper and cuprous oxide particles have attracted so much attention in many potential applications in
catalysis, cooling fluid or conductive inks, heat transfer systems, and antimicrobial, antifungal, and
antiviral agents [12]. Ali et al. [13] coated the copper oxide nanoparticles on cotton fabric to achieve
antimicrobial properties. The copper oxide particles have very low stability and antimicrobial properties
are affected. They can easily convert to different copper-based compounds like copper carbonate
(greenish), copper sulphate Cus, etc. in different environment conditions. The resulting compounds
formed by copper oxide particles are more toxic and cause acute poisoning some time[13]. Among
copper-based (CuO, Cu, Cu,0) anti-microbial agents the cuprous oxide particles are extremely regarded
due to their optical, catalytic, mechanical, and, low-cost preparation. The cuprous oxides are more
stable, effective, and beneficial regarding antibacterial properties. They are easily reducible and soluble
in alkaline conditions. The antibacterial properties of copper-based finishes are especially dependent on
their shapes and sizes to assure a uniform size distribution of particles over the textile structure. CuO
and Cu.0 particles have been used to develop antimicrobial substrates. The CuO has various limitations
because of low stability, and can easily convert to different copper-based compounds like copper
carbonate (greenish), copper sulphate, CusS, etc. in different environment conditions. The produced
compounds are more toxic and cause acute poisoning. With the above background information work
was focussed on the development of durable, stable, and evenly distributed cuprous oxide (Cu,O)
particles on the textile structure.

In this developed study, we report a special technique to develop the Cu.O particles [15].
Excellent antibacterial activities have been attained through the deposition of Cu.O particles
nanoparticles by employing these technologies. However, such treatments have led to some undesirable
effects such as discoloration or staining on the coated fabrics which affect the aesthetic properties of
textiles. In some studies, dyeing of the coated textiles has been performed to overcome discoloration
and staining but their antibacterial effectiveness is compromised [16]. Thus, the development of highly
effective antimicrobial textiles with improved aesthetics is yet challenging. Therefore, a novel approach
for the development of cuprous oxide-coated antibacterial cotton fabric with excellent aesthetic
appearance was investigated in detail. Considering the above-mentioned problems, the current study
has proposed a novel approach for the development of cuprous oxide-coated antibacterial cotton fabric
with an excellent aesthetic appearance. At first, fabrics were sensitized with citric acid then the
formation of Cu,O particles was done by the Fehling solution method. Then, the cuprous oxide particles
were deposited on cotton fabrics. In the second step, a reactive dye was selected and functionalized as
active against pathogens. The functionality was induced by reacting the Reactive Blue 4 dye with
triclosan (antibacterial agent). Subsequently, the cuprous oxide particles coated fabric were subjected
to exhaust dyeing through the solution of functional bioactive dye.



4. Methods used and study materials

In this study, a plain-woven cotton fabric with an areal density of 220 g/m? was employed as
the substrate for producing antibacterial fabrics. The chemicals used for the synthesis and deposition of
cuprous oxide (Cu20) had 99.99% purity. Reactive blue 4 (35% dye content) was purchased from Sigma
Aldrich. Triclosan (97%) was procured from TCI Japan. While Sodium Potassium tartrate, Copper
sulfate pentahydrate, Na;S,04 (Sodium dithionite) and Glucose were of ACS reagent grade.

4.1 Preparation of cuprous oxides particles

Cuprous oxide particles Cu,O were prepared by combinations of two Fehling (A & B) solution
by using three different reducing agents (Glucose, Ascorbic acid, and Sodium hydrosulphite). Fehling
solution A and Fehling solution B were prepared separately. For the preparation of Fehling A, 34.64
grams of CuS0..5H,0 was dissolved in 500 ml of distilled water and stirred continuously. The Fehling
B solution was prepared by dissolving 70 grams of NaOH and 175 grams of Sodium Potassium tartrate
were dissolved in 500 ml of water. Subsequently, we took 100 ml of each Fehling A and Fehling B in
a cleaned round bottom flask and heated it to 95°C with continuous stirring. Then 10 grams of reducing
agent (glucose) was dissolved in 100 ml of water and added into the above solution (Fehling A and
Fehling B in a cleaned round bottom flask and heated to 95°C). The color of the solution turned from
blue to red and a large amount of precipitate was formed in the bottom of the flask. The precipitate was
centrifuged and washed 3- 4 times with deionized water. The same procedure was also repeated with
the other two reducing agents (ascorbic acid, sodium hydrosulphite). Hence, we have three types of
Cu,0 particles, prepared with three different types of reducing agents (Glucose, Ascorbic acid, and
Sodium hydrosulphite).

4.2 Deposition of Cu20 particles on cotton fabric

Before the deposition of cuprous oxide nanoparticles substrate was pre-treated. Pre-treatment
was done with citric acid. A solution of 20 g/L citric acid was made and fabric was dipped in it at 80°C
for 2 hours, then washed and dried at 90 °C for 50 minutes. After pre-treatment citric acid is not a part
of cotton fiber. Citric acid is there as an ion exchanger. During pre-treatment, the sodium and other ions
were removed from fibers and replaced by H* ions from the citric acid solution. By this pre-treatment
are the fibers activated by a change of zeta potential. Cu particles are attracted after this preparation
from solution effectively to fiber surfaces by electrical forces. As mentioned earlier, we have prepared
three different types of Cu,O particles with three different types of reducing agents (Glucose, Ascorbic
acid, and Sodium hydrosulphite). In the next step, three different concentrations (1g, 0.5g, 0.25g) of
each type of Cu,O were applied to pre-treated cotton fabric. The concentrations (1g, 0.5g, 0.25g) of
Cu0 centrifuged particles were dispersed in 200 ml of water. Cotton fabric was dipped in each solution
for 30 minutes then pad and dry at 90°C for 20 minutes. We made 3 samples against each selected
reducing agent. The same procedure was adopted for each reducing agent (Glucose, Ascorbic acid, and
Sodium hydrosulphite). Hence, we developed a total of 9 samples for three reducing agents as shown
in Table 4 below.

Table 1: Design of experiments for the developed samples.

No of Reducing agent Code of Concentration of
samples reducing agent | Cu20 particles

1 Glucose Gl 19/200ml

2 Glucose G2 0.5¢9/200ml
3 Glucose G3 0.25/200ml
4 Ascorbic acid Al 1g/200mi

5 Ascorbic acid A2 0.59/200ml
6 Ascorbic acid A3 0.25/200ml
7 Sodium hydrosulphite S1 1g/200ml

8 Sodium hydrosulphite S2 0.59/200ml
9 Sodium hydrosulphite S3 0.25/200ml

4.3 Preparation of cuprous oxides particles and deposition on cotton for the second part



Cuprous oxide particles (Cu20) were synthesized by combinations of two Fehling (A & B) solutions
and three separate reducing agents, namely Glucose, Ascorbic acid, and Sodium hydrosulphite.
Separate preparations of Fehling solutions A and B were made. For the preparation of Fehling A, 69.28
grams of CuSO4.5H,0 was dissolved in 1 liter of distilled water. Then added a few drops of H2SO4 (we
added 5 drops). 350 g of Sodium Potassium tartrate and 140 g of NaOH were mixed in 1 liter of distilled
water to prepare the Fehling B solution. Fehling A and B solutions were mixed in a 1:1 ratio. Then
reducing agent (Glucose) was immediately added to the mixed solution (2.5% of the total weight of the
mixed solutions - Fehling A + Fehling B). The solution of fehlings and glucose was applied to cotton
fabric using the padding method and the wet allowance was 75 %. After squeezing the fabric is placed
in a heat press for 4 minutes at 50 °C. The same process was conducted for the other two reducing
agents i.e., sodium hydrosulphite and ascorbic acid.

4.4 Functionalization of Reactive Blue 4 dye with Triclosan

Functionalization of Reactive Blue 4 (2) dye with triclosan (1) was carried out in a single-step
reaction. An equimolar amount (20 mM) of both reactants was taken. In a round bottom flask, 13.6 ¢
of reactive blue 4 dye was added and dissolved in 100 mL of distilled water (solution A). Solution A
was refluxed and the temperature was maintained at 40-45°C. In a 100 mL beaker containing 20 mL of
methanol, 5.79 g of triclosan (antibacterial agent) was added and stirred (solution B). The solution B
was slowly added to solution A. The pH of the solution was kept neutral using sodium carbonate. The
progress of the reaction was monitored through Thin Layer Chromatography (TLC) using ethyl acetate
and petroleum ether (70:30) solvent system. The reaction mass was stirred at 45°C until the
disappearance of triclosan spot on TLC plate which confirmed the successful completion of reaction
and product formation. Functionalized reactive dye (3) was filtered and dried in the oven at 40°C.

4.5 Application of functionalized dye on Fabric

The functionalized reactive dye was applied to copper-coated cotton fabric through the exhaust
dyeing method. For this purpose, an H-T dyeing machine was used. 3% dye shade (o0.w.f) was applied
on the fabric with a material-to-liquor (M: L) ratio of 1:50. Dyeing of the fabric was started at room
temperature which was gradually increased to 70-80 °C. Electrolytes (sodium sulfate, 40 g/L) and alkali
(1 g/L sodium hydroxide and 15 g/L sodium carbonate) were added portion-wise in the dyebath at
different time intervals for proper exhaustion and fixation of dye. The dyeing of the fabric was continued
for 60 minutes. After that, the dyed fabric was removed from the dyebath and rinsed with tap water
followed by hot was at 90 °C for 10 minutes to wash away the unfixed dye molecules from the fabric.
The possible formation of a covalent bond between the chlorine atom of the triazine reactive system of
dye and hydroxyl groups of cotton fabric. Hence, we developed a total of 6 samples for three reducing
agents (3 are dyed and 3 undyed). The plan of the experiments is given in Table 5.

Table 2: Plan of experiments for the developed samples.

No of samples Reducing agent Applicant of Dye | Sample code
1 Glucose No G
2 Glucose Yes DG
3 Ascorbic acid No A
4 Ascorbic acid Yes DA
5 Sodium hydrosulphite No S
6 Sodium hydrosulphite Yes DS

4.6 Surface characterizations

The morphological characteristics of cuprous oxide nanoparticles coated on the surface of
cotton fabric were examined through scanning electron microscope (SEM) from FEI Quanta 50, while
XRD analysis was performed with a diffractometer equipped with a conventional X-ray tube Cu Kal
radiation (1.54 A°) power condition (40 kV/30 mA). The XRD pattern was measured in the 20 range
10-80° with a step size of 0.02°. The dynamic light scattering (DLS) theory from Malvern
Zetasizer, from Pan Analytical X'pert PRO tools. *C-NMRspectra were recorded using Bruker
Advance Spectrophotometer which operates at 600 MHz and tetramethylsilane as an internal reference.
The identification of functional group-modified reactive dye was done using FTIR spectra recorded on
the FTIR Perkin Elmer spectrophotometer.



4.7. Dye exhaustion, fixation, and total fixation measurement

Exhaustion, fixation, as well as total fixation amount for the modified dye were determined
using the method described in [94], following equations were employed for calculations of exhaustion
%E= [(C: - C2)/C4] *100 (2
Here, C1 [94] and C; [94] represent the concentration of dye in solution before and after dyeing. Let C;
[94] shows the concentration of extracted hydrolyzed dye from cotton fibres to the bath. Portion of
covalently fixed dye is then calculated as

%F = [(C; - Cz - C3)/(C1-C2)] *100 (3)
Portion of hydrolyzed dye on fabric is then calculated as
%H= [C3/(C1-C2)] *100 4)

4.8 Fastness properties

The light, rubbing, and washing fastness properties of the copper-treated dyed fabric samples
were assessed. I1SO 105-X12, I1ISO 105-C06, and I1SO 105-B02 standards were followed for the
evaluation of rubbing fastness and washing fastness, and lightfastness, respectively.

4.9 Colorimetric data measurement

CIELAB values (a*, b*, h*, L*, C*) and K/S for copper-treated undyed and copper-treated
dyed fabric sample was determined using a reflectance spectrophotometer. Negative and positive values
of b* indicate the degree of the blueness and yellowness of the dye, respectively, whereas negative
values of a* indicate the extent of the greenness and positive values the degree of its redness. Chroma
is represented by C*, brightness by L* (values between 0 and 100, where 0 represents the pure black
color and 100 pure white), and h* represents the hue angle (00-3600). K/S values of cotton-dyed cloth
were estimated employing Kubelka-Munk Equation (equation 5).
K/IS=(1-R)¥ 2R (5)
Here, R indicates the percentage reflectance, K is the absorption coefficient and S is the scattering
coefficient.

4.10 Assessment of dye levelness

Both visual and objective techniques were employed to evaluate the levelness of the modified
reactive dye on the dyed fabric. Visual examination involved observing the fabric from different angles
and assigning grades from 1 to 5, with 5 indicating excellent levelness and 1 indicating poor levelness.
To achieve more precise results, an objective method was also used. In this method, the fabric was
scanned at 12 different points using a reflectance spectrophotometer, and K/S values were calculated.
The calculated standard deviation for each K/S measurement was used to assess dye levelness. Lower
standard deviation values corresponded to higher dye levelness; values within the range of 0.20
indicated excellent dye levelness, while values greater than 1.0 indicated poor dye levelness.

4.11. Evaluation of Comfort Properties

Air permeability is defined as the rate of air flowing perpendicularly through a known
specific area. The flow of air is maintained under a prescribed air pressure differential between the two
surfaces of a material. The test was performed as per 1ISO9237 by using an SDL air permeability tester.
The air pressure difference between the two surfaces of the substrate was 100 Pa. Furthermore, the
stiffness of untreated and treated with cuprous oxide particles cotton fabric samples was measured by
TH 4 bending rigidity tester.

4.12 Assessment of antibacterial properties

The antibacterial activity of cuprous oxide-coated fabrics was tested against qualitative and
guantitative measurements.

4.12.1. Zone of inhibition test (qualitative measurements)

Preparation of bacterial strain. The bacterial strains used in this study, Escherichia coli
(Gram-negative, CCM 3954) and Staphylococcus aureus (Gram-positive, CCM 3953), were sourced
from the Czech Collection of Microorganisms at Masaryk University in Brno, Czech Republic. Fresh
bacterial suspensions were prepared by growing single colonies overnight at 37°C in nutrient broth. The
turbidity of the bacterial samples was adjusted to an optical density of 0.1 at 600 nm (OD600) before
conducting antibacterial experiments. Agar plates were prepared freshly for each antibacterial test. A




sterilized cotton swab was immersed in the bacterial culture suspension and evenly spread across the
agar plates. These plates were immediately used for the antibacterial activity assessments.

Determining Zone of Inhibition. The antibacterial activity assessment was conducted
following the procedure described in detail in references [17][96]. For this study, squares of cuprous
oxide particles coated cotton fabric measuring 6 x 6 mm were placed directly onto agar plates that had
been inoculated with bacteria. Concurrently, untreated virgin cotton fabric was used as a control. The
samples and inoculated agar plates were then incubated at 37°C for 24 hours. The zone of inhibition
(ZOl) was calculated as the combined diameter (mm) of the cuprous oxide particles coated textile
sample and the clear halo zone where bacterial growth was impeded. All measurements were performed
in triplicate to ensure accuracy and reliability.

4.12.2. Reduction factor (quantitative measurements)

ISO 20743:2013 transfer method was used for the quantitative antibacterial analysis of dyed
cotton. Agar plates were prepared and inoculated with 1 mL of inoculum as mentioned in the method.
The control (2 specimens) and dyed samples (2 specimens) of 3x8 cm in dimensions were placed on
prepared agar plates and samples were pressed down by applying 200 g weight. One specimen of each
sample was detached from the agar plates and was placed on separate Petri dishes keeping the
transferred surface faced upside. The samples were then incubated at 37°C for 24 h. The second
specimen of control and dyed samples were transferred immediately to 2 reagent bottles separately
containing 30 mL of saline solution (0.85% NaCl) to get bacterial colony counts at O hr. After shaking
bottles for 15 minutes, 8 serial dilutions of this saline solution were prepared and plating of all dilutions
was performed on agar growth media as described in 1ISO 20743. The same procedure was repeated for
samples placed in an incubator for 24h to get bacterial colony count after 24 h. The antibacterial activity
(A) of the dyed cotton sample was determined using the formula given in Equation 6. Each sample was
performed in triplicate for confirmation of results.

A=F-G (6)

Where F= (log C: - logCo) and Co& Ct is the bacterial count of control cotton fabric at 0 and 24 h and
G= (log Tt — log To) and To & Tt is the bacterial count of control fabric at 0 and 24 h.

4.13 Weight Gain
During the Cu,O deposition, the weight gain percentage was examined according to the
following equation:

m-—-mg
w =

o X 100 7)
Where m is the final mass, mo is the original mass of the substrate and w is the total weight gain
percentage.

4.14 Antifungal activity assessments

The antifungal property of the coated and dyed fabric sample was assessed using the AATCC
100-2004 standard testing method. A. Niger, a fungus species, was used for this test. Equation 10 was
used to determine the antifungal effectiveness in terms of the percent change.

Percentage reduction R(%) = (A;B) * 100 (8)

Here, A and B indicate the number of spores for untreated control and treated cotton fabric samples,
respectively.

4.15 Antiviral activity

The determination of virus titer reduction from the initial viral titer of infectivity (107) titer was
done using Behrens and Karber's method. Vero-E6 cultures were maintained in Dulbecco's Modified
Eagle Medium (DMEM), which contained 2% penicillin-streptomycin and 9% fetal-bovine serum
(FBS) (PSA). Vero-E6 cultures were infected with the coronavirus at a ratio of 1:3 in polyethylene pots,
and virus strains developed after one day. The virucidal impact of created viral stocks was investigated
under a microscope. 10% FBS was added to the cell line, which was then frozen at 90 °C. Moderate
centrifugation was used to filter the supernatant for 30 minutes at 5 to 7 °C and 3700 rpm. The
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supernatant was used as the viral stocks in the experiment, and all macro residual was eliminated. Vero-
E6 cell lines were deposited at a concentration of 2 x 10° in 96-well plates and cultured under normal
conditions (24 hrs at 37°C in 6% CO) to determine the virus titer. Each sample was diluted ten times
from 10! to 108, Every dilution was injected into cell lines, where they were cultured for 3 days at 6%
CO.. The procedure established by Behrens and Kerber was used to measure the coronavirus titer in
cultivated cell lines. Following that, 2020 mm fabric sample vials were filled with the treated and
control fabric samples. 100 ul of viral loads were passed through the treated and control fabrics, and
any recoverable viral loads in containers were cleaned with the filter. There was a 10* to 102 dilution of
the coronavirus. All serial dilutions were implanted into Vero-E6 cell lines, where they were then
cultured for 3 days at 37 °C with 6% CO,. The method of Behrens and Karber was employed to
determine the Coronavirus titers in the cultivated cell lines.

4.16 Durability of bioactive fabrics

The durability of developed fabric samples was evaluated to check their stability in service.
Fabrics were washed with ISO 105-C01. All fabric samples were mixed in a conventional detergent
solution with a 50:1 liquor ratio. After that, samples were washed for 35 minutes at 40 °C at a 600-rpm
speed. Fabrics were then dried and conditioned for a total of 24 hours under normal atmospheric
conditions. Electrical conductivity, antibacterial findings, and SEM observations all supported
durability.

5. RESULTS AND DISCUSSIONS

5.1 The Formation of Cu,O particles (by using three different reducing agents) and Deposition
on Cotton Fabric

The study describes the formation of cuprous oxide Cu20 particles by the Fehling solution
method. Three different types of reducing agents were used to make the particles. Subsequently,
particles were deposited on cotton fabric. The effect of three different types of reducing agents was
analyzed against the bioactive properties.

5.1.1 Morphology of Cu,O particles coated cotton fabrics

5.1.1.1 SEM microstructure.

Scanning electron microscopy was employed to observe the deposition of cuprous oxide
particles which were reduced by different reducing agents. Figure 25 shows nanometres scale images
of the surface morphologies of cuprous oxide particles on the surface of cotton fabric. There was an
obvious change in the size and surface morphology of cuprous oxide particles reduced by different
reducing agents. It was noticed that the cuprous oxide particles which were reduced by glucose, had a
big particle size as compared to the cuprous oxide particles reduced by ascorbic acid and Sodium
hydrosulphite. While the comparatively smallest and even distribution of particles was observed in case
of sodium hydrosulphite. To keep the size of nanoparticles small, the initial concentration of salt and
strength of the reducing agent plays an important role. The reason is that sodium hydrosulphite is the
strongest and more compatible reducing agent for copper salts as compared to ascorbic acid and glucose
[14][16]. The strong reducing agent provides the proper reduction of metal salt and formed the small
nanoparticles. While the weak reducing agent (glucose) provided the improper reduction of copper salt
and produced the agglomerated structures, which in turn cover the less surface of fiber as shown in
Figure 25c. Less salt and a strong reducing agent provide more nucleation of salt and produce finer
particles. The theory is further assisted by a study, where different types of reducing agents were used
to form metal nanoparticles. The fine nanoparticles were created by the strongest reducing agent 3.8nm
(NaBH.) as compared to 4.3nm (N2H4), and 15.8nm (CsHgOs) [97].

The cuprous oxide particles reduced by sodium hydrosulphite and ascorbic acid covered the
complete fiber surface (Figures 3b and 3a). Figure 3a showed the continuous and uniform distribution
of particles on the surface of cotton. Furthermore, the deposition was found more uniform and denser
with the increase in the concentration of copper salts. This trend was further justified by the particle
size images of cuprous oxide particles as shown in Figures 25a, b, and c.
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Figure 1:Surface morphology of cotton fabrics coated with cuprous oxide particles reduced by (a)
Sodium hydrosulphite, (b) ascorbic acid, (c) glucose.

5.1.1.2 Particle size distribution

The particle size was measured by the dynamic light scattering technique based on Brownian
motion. The average particle size distribution of cuprous oxide particles is shown in Figure 26. The
cuprous oxide particles were found to have a multi-modal distribution with sizes varying from
micrometers to the nanometers range. The average particle size of cuprous oxide particles reduced by
glucose was about 900 nanometers, while the average particle size of cuprous oxide particles reduced
by ascorbic acid and sodium hydrosulphite was about 500 and 450 nanometers respectively.
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Figure 2: The average particle size distribution of cuprous oxide particles reduced by (a) glucose, (b)
ascorbic acid, (c) Sodium hydrosulphite.

5.1.1.3 XRD analysis

The XRD analysis was carried out to know the phase composition of deposited cuprous oxide
particles. Figure 27 shows the XRD patterns of samples for the 20 range of 10 to 80 degrees with a step
of 0.02 degrees. The phase purity of the prepared cuprous oxide particles can be seen from the perfect
indexing of all the diffraction peaks to the cuprous oxide structure. The diffraction peaks observed at
20 0f 29.6°, 36.5°, 42.4°,52.1° 61.5% and 73.7° represented (1 1 0), (111),(200),(211),(220)
and (3 1 1), reflections respectively [98][99]. The crystalline nature of cuprous oxide particles was
confirmed by the sharpness of the peaks, whereas the broadening of the peaks justified the formation of
nanoscale cuprous oxide particles. As such no characteristic peaks of impurities were detected, except
the peak of copper oxide phase at 20 of 38°and 78°as shown in Figure 27 [100][101].
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Figure 3:XRD patterns of cuprous oxide particles.
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5.1.2 Antibacterial activity of the cuprous oxide nanoparticle-coated fabrics
The antibacterial activity of cuprous oxide-coated fabrics was tested against qualitative and
guantitative measurements.



5.1.2.1 Zone of inhibition test (qualitative measurements)

The zone of inhibition test is a type of qualitative measurement. The test was performed against
both types of bacteria (Gram-negative E. coli and Gram-positive S. aureus). Figures 28 and 29 show
the clear zones of inhibition around all fabric samples after 24 h of incubation in the dark at 37 °C. The
zone of inhibition was less for the cuprous oxide-coated fabrics reduced by glucose. The cuprous oxide-
coated fabrics reduced by sodium hydrosulphite showed the most significant antibacterial zone to E.
coli and S. aureus. The zone of inhibition test was repeated three times for each sample and the average
value against each reducing agent is presented in Figures 6, 7, and 8. These results showed that the
deposited cuprous oxide particles present strong sterilization to the E. coli and S. aureus due to the free-
standing of the particles. However, Staphylococcus aureus depicted the highest sensitivity as compared
to Escherichia coli. The zone of inhibitions for Staphylococcus aureus increased from 5 to 7 mm, while
for Escherichia coli it increased from 4 to 6 mm with the increase in sodium hydrosulphite
concentration. What is noteworthy is that the annulus of the inhibition zone increases with the increase
in the concentration of the reducing agent. In other words, the prepared fibers with more cuprous oxide
particles with an increase in the concentration of reducing agents. This is indicating that more cuprous
oxide contents will influence the antibacterial activity, which is similar to the previous study [7].

The antibacterial property of coated fabrics can be attributed to the combination of chemical
and physical interactions of bacteria with copper particles. The cuprous oxide nanoparticles can
incorporate into the cell via endocytic mechanisms. Afterward, the cellular uptake of ions increased as
ionic species were subsequently released within the cells by nanoparticle dissolution [102]. This
resulted in high intracellular concentration gained within the cell for further massive oxidative stress.
The mechanisms associated with the antibacterial behavior of copper nanoparticles can be summarised
as shown in Figure 28.
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Figure 4: (a) Image of the zone of inhibition (b) the average value of the zone of inhibition against
each concentration of the glucose-reducing agent.
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concentration of Ascorbic acid reducing agent.
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Figure 6:(a) Image of the zone of inhibition (b) the average value of zone of inhibition against each
concentration of sodium hydrosulphite reducing agent.
5.1.2.2 Reduction factor (quantitative test)

AATCC test method 100-2004 was adopted for quantitative measurements. This method is
based on the reduction (in percent) of the inoculated concentration of the bacteria due to the effect of
the sample. The result is many survivor bacteria colonies (CFU) and from this number, there is
calculated inhibition degree (in %). The reduction percentage of all samples (untreated, reduced with
glucose, ascorbic acid, and sodium hydrosulphite) is given in Table 6. There was no reduction
percentage for the untreated sample, while all other samples showed a good reduction percentage
against both types of bacteria (gram-positive and negative) [103][104].

Table 3: The reduction (in percent) of the inoculated concentration of the bacteria due to the effect of
the cuprous oxide-coated sample.

Sample Escherichia coli Staphylococcus aureus
The result, % inhibition The result, % inhibition
Untreated standard 0% 0%

Glucose G1 99.99% 99.99%
G2 90.9% 99.99%
G3 28.2% 99.99%
Ascorbic Acid Al 99.99% 99.99%
A2 99.99% 99.99%
A3 93.3% 99.99%
Sodium hydrosulphite S1 99.99% 94.7%
S2 99.99% 99.99%
S3 99.99% 99.99%

For a better overview, the log CFU / ml concentration was calculated and the results were
plotted. Where the concentration of survival of bacteria was found against both bacteria (S. aureus and
E. coli) and their respective graphs are shown in Figures 31 and 32. The untreated sample showed a lot
of survival colonies because of no effectiveness against bacteria, while compared to the standard, all
other samples (against bacterial strains of E. coli and S. aureus) showed good inhibition and a smaller
number of survival colonies. Furthermore, there is a remarkable reduction in the concentration of
survival colonies in case of cuprous oxide particles reduced by sodium hydrosulphite.

T 1 ’ Untreated
is ‘ Reduce by Glucose

10 ’ Reduce by Ascorbic acid

Reduce by Sodium hydrosulphite

C = [log(CFU/ml)]

Untreated Gl G2 G3 Al A2 A3 S1 S2 S3

Figure 7:The concentration of survival of bacteria (S. aureus) against cuprous oxide coated fabrics
reduced with different reducing agents.
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Figure 8:The concentration of survival of bacteria (E. colie) against cuprous oxide coated fabrics
reduced with different reducing agents.

The trend was further justified by selected images of the concentration of bacterial growth for
the untreated (pristine) cotton fabric and treated (G1, Al, and S1) samples as shown in Figure 33. The
untreated sample remained ineffective against bacterial growth, while the treated fabrics coated with
cuprous oxide particles showed clear effectiveness against bacterial growth. However, with a further
increase in cuprous oxide particles loading at higher concentrations of sodium hydrosulphide (up to
19/200ml) there was a significant improvement in colony reduction was observed with an efficiency
greater than 99% for both types of bacteria.
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Figure 9:Images of concentration of bacterial growth for the (a) untreated (pristine) cotton fabric, (b)
for the G1 fabric sample, (c) for the Al fabric sample, and (d) S1 fabric sample.

5.1.3 Weight gain percentage and antimicrobial effect

The percentage of fabric weight gain was measured with an increase in the concentration of
cuprous oxide particles. The effect of weight gain against antimicrobial properties was measured for all
samples and their respective graphs are shown in Figures 34 (a, b, and ¢). From the trend lines, it is
clear that with the increase in the concentration of cuprous oxide particles, the mass gain was going to
increase and the antimicrobial effect (zone of inhibition) were significantly increased. The maximum
antimicrobial effect (zone of inhibition) and maximum weight gain percentage values were confirmed
at 1.25 g/200ml of all reducing agents. The mass gain percentage and antimicrobial effect of cuprous
oxide particles reduced with sodium hydrosulfide is higher than all, while the mass gain percentage and

antimicrobial effect of cuprous oxide particles reduced with glucose is less than all.
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Figure 10:The effect of weight gain against antimicrobial properties for fabric samples (a) reduced by
glucose, (b) reduced by ascorbic acid, and (c) reduced by sodium hydrosulphide.

5.1.4 Thermo-physiological comfort properties

The vision behind wearable antimicrobial textiles forecasts future hygienic systems to be an
integral part of our everyday outfits. Such hygienic textiles have to meet special requirements regarding
wearability. When we talk about wearable antibacterial fabrics, then comfort is the real parameter that
we cannot avoid. Air permeability and stiffness are the most important comfort properties for wearable
antibacterial textiles.

5.1.4.1 Air permeability

Air permeability is an important parameter for textiles and maintains thermal comfort. It helps
to exchange air when heat and perspiration are generated from the body [109]. The results of fabric air
permeability are shown in Figure 35. The air permeability results were found for all types of fabrics
(treated and untreated). From the results, it is clear that the application of very fine cuprous oxide
nanoparticles to the fabrics has very little effect on air permeability. The air permeability of the
untreated fabric is about 130 mm/s while the air permeability for all other cuprous oxide nanoparticles
coated fabrics is in the range of 123 to 126 mm/s. Showing that there is a minor decrease in air
permeability even after depositing the cuprous oxide nanoparticles. There are two factors responsible
for this phenomenon. Firstly, there may be a relaxation shrinkage in the fabric structure due to dipping
cuprous oxide nanoparticles solution, causing the yarns to come close and hinder the flow of air.
Secondly, during the application of nanoparticles, have deposited on the yarn structure and interstices,
reducing the fabric air gap spacing (pore size). The fabric pore size has a direct relation with the air
permeability of the fabric. Therefore, a reduction in pore size has caused a decrease in the air
permeability of the fabric. The spun yarns of cotton have a low uniformity and hairiness, which cause
resistance to the flow of air and lead to low air permeability. It is the beauty of nanoparticles that they
will cover more surface area over the yarn but will not entrap in the spaces between the fabric structures.
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Figure 11: The air permeability results for all types of fabrics.

5.1.5 Stiffness

The term stiffness of fabric describes its ability to resist deformation and keep standing without
support. This property is important regarding comfort and desirable draping. Stiffness can be calculated
from bending length and flexural rigidity. The stiffness of coated and uncoated fabric samples was
found and average values are given in Figure 36. Fabric stiffness was found to increase with the increase
in the concentration of reducing agents. It means that an increase in the concentration of reducing agents
causes to increase in the deposition of cuprous oxide particles. The reason is that coating increased
inter-fiber friction and abrasion at fiber crossover points [110]. However, the effect of the increase in
rigidity overall is insignificant.

117.5 M 0.25g/200m| HO0.5g/200m| & 1g/200ml

115.5
113.5
111.5

109.5

Stiffness (N.m)

107.5

105.5

103.5

Glucose Ascorbic acid Sodium Untreated
hydrosulphite

Reducing Agents

Figure 12: The stiffness of coated and uncoated fabric samples.
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5.1.6 Durability of cuprous oxide coated fabrics

As mentioned earlier, the cuprous oxide particles were attached to the surface of fabrics through
the combination of various bonding. The additional cuprous oxide particles filled the gaps and
interspaces between microfibers and stacked them together to form hygienic antibacterial networks.
This behavior of absorbance and adherence was further described by the durability of the antibacterial
effect against washing in water. The functionalized fabrics were also soaked, squeezed, and twisted in
water. The cuprous oxide-coated samples showed good washing properties without peeling off and
precipitating in the water. Later on, an adhesion test was performed with transparent tape. The tape
remained transparent i.e. no visible particles were observed on the tape. Hence indicating the robust
interactions and reasonable mechanical adhesion properties among hygienic cuprous oxide particles and
fabric.

To investigate these properties, the antibacterial properties of all fabrics were investigated after

washing. The samples were washed according to the standard washing test method ISO 105-CO1. The
antimicrobial values of all developed samples before and after washing are given in Table 7.
It is clear from the given values that there is almost a 50% decrease in the zone of inhibition after
washing. This shows that prepared samples are effective against pathogens even after severe washing.
Furthermore, the trend was also justified by the SEM analysis after washing (for the samples G1, A1,
and S1) as shown in Figure 37. The retention of particles over the surface of the fabric reinforced the
fact that particles are firmly attached to the fibers and interspaces.

Table 4: Antimicrobial properties of Cu,O coated fabrics after washing
No of Code ZOolI ZOol ZOol ZOol
samples (mm) E. Colie | (mm) S. Aureus | (mm) E. Colie | (mm)S. Aureus
Before washing After washing
1 Gl 4 5 2 3
2 G2 3 5 1 2
3 G3 2 4 0 3
4 Al 4 6 3 4
5 A2 4 4 3 2
6 A3 3 4 2 2
7 S1 6 7 4 4
8 S2 5 5 4 3
9 S3 4 5 2 3

(F 1] sa =y

i u.

Figure 13: SEM analysis

after washing (for the samples G1, A1, and S1)
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5.2. Copper-treated environmentally friendly antipathogenic cotton fabric with modified
reactive blue 4 dye to improve antibacterial and aesthetic properties

The objectives of this part were to develop an environmentally friendly, low-price, easy, and
fast method for developing antipathogenic (antibacterial, antifungal, and antiviral) cuprous oxide-
coated multifunctional fabrics. At first, fabrics were sensitized with citric acid then the formation of
Cu,0 particles was done by the Fehling solution method. Then, the cuprous oxide particles were
deposited on cotton fabrics. Three different types of reducing agents with different concentrations were
selected to make the Cu,O particles. Surface morphology and presence of metals were analyzed by
scanning electron microscopy, dynamic light scattering, FTIR, EDS, and XRD. In the second step, a
reactive antibacterial dye was made (by reacting Reactive Blue 4 with triclosan). The molecular
structure of the modified dye was confirmed through FTIR and *C-NMR. The details about structure
of dyestuff, triclosan modification, dyeing procedure and reactivity of modified dye is already described
in previous sections 4.4 and 4.5. The resultant antibacterial dye was applied on copper-treated cotton
fabrics through exhaust dyeing protocol. The dyed fabric was characterized through colorimetric data
(L*, a*, b*, C, H, and K/S), levelness of dye, fastness properties as well as exhaustion and fixation
rates. The antipathogenic activity of cuprous oxide-coated fabrics was tested against qualitative and
guantitative measurements. The strongest antipathogenic effect was found for the fabrics coated with
cuprous oxide particles reduced with sodium hydrosulphite at 1g/L. Furthermore, the utility of hygienic
antimicrobial-developed fabrics was analyzed for comfort properties regarding air permeability and
stiffness. In the end, the durability of the coating was confirmed by measuring the antibacterial
properties and SEM analysis after washing.

5.2.1 FTIR Analysis

FTIR Peaks (KBr): 3323 cm™ (amine -NH, -NH stretch), 3378 cm™ (amine -NHz, N-H
stretching), 1046 cm™ (C-O-C ether linkage stretch), 638 cm™ (C-Cl stretch). The FTIR spectra of the
unmodified dye (Reactive Blue 4) and modified dye (modified with an antibacterial agent) has shown
in Figure 38. The spectra successfully confirmed that an antibacterial agent (triclosan) has been
successfully incorporated into the structure of the dye through a covalent bond. It was confirmed by the
appearance of a new sharp peak of strong intensity at 1046 cm™. This sharp peak is a characteristic
peak of ether linkage (C-O-C) [111]. The formation of the covalent bond between the hydroxyl group
of triclosan and chlorine of the triazine ring has resulted in the development of ether linkage (C-O-C).
Therefore, the absence of a sharp and strong peak at 1046 cm™ in unmodified dye and the appearance
of this peak in the spectra of modified dye confirmed that modification of dye with the antibacterial
agent has been successfully achieved. The modification of the dye was further supported by the increase
in the intensity of the peak that occurred at 638 cm™. This peak is also present in the spectrum of
unmodified dye and is attributed to the C-ClI stretching vibrations [112]. However, the intensity of the
same peak is significantly increased in the spectrum of modified dye. The increase in peak intensity
could be due to the increase in the C-Cl linkages in the structure of the modified dye because three C-
Cl linkages are present in the structure of triclosan which further confirmed that triclosan is embedded
in the structure of the dye molecule.
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Figure 14: IR spectra of modified and unmodified dye.

5.2.2 NMR Analysis of modified functional reactive dye

13C-NMR (600 MHz, D20): § 32.9. ppm (s), 38.1 ppm (s), 121.4 ppm (s), 128.3 ppm (s), 150.3
ppm (s), 153.6 ppm (s), 161.3 ppm (s), 163.1 ppm (s). Figure 39 shows the *C -NMR spectrum for the
modified Reactive Blue 4 dye. Two sharp up-field singlets occurred at 32.9 and 38.1 ppm could be
attributed to the presence of 2 saturated carbon atoms present in the central cycloalkane ring in the
anthracene moiety of the dye [113]. Meanwhile, the existence of two sharp peaks that occurred at 121.4
and 128.3 ppm could be due to the presence of a benzene ring in an unmodified dye structure [114].
Whereas, the occurrence of two other sharp singlets at 150.3 and 153.6 pm could be ascribed to the two
benzene rings of triclosan attached through oxygen atom [115]. The presence of these two peaks
confirmed that an antibacterial agent (triclosan) has successfully incorporated into the structure of
reactive blue 4 dye through covalent linkage. Furthermore, the presence of two sharp downfield singlet
at 161.3 and 163.1 ppm could be a result of the triazine ring present in the structure of unmodified dye
[116].
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Figure 15: 13C-NMR spectra for modified Reactive Blue 4 dye.
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5.2.3 Colorimetric data measurement

The colorimetric data for the copper-treated undyed and dyed fabric samples were evaluated
and obtained results are given in Table 8. There was a significant difference between the colorimetric
data of copper-treated undyed and dyed fabrics. The K/S value for the dyed cotton fabric was higher
(12.13) as compared to undyed fabric (7.08) which showed that the application of dye has changed the
light-colored fabric to comparatively dark-colored fabric. The dark shade for the dyed fabric samples
was further confirmed by the difference in L* values of both fabrics. The L* value for the dyed fabric
sample was lower (39.14) than the L* value of the undyed fabric sample (52.43) which showed that
dyed fabric has more dark shade when compared to the undyed fabric. The chroma (C*) value for the
dyed sample was also lower (19.14) than for undyed fabric (32.87) which suggested a brighter shade
for undyed fabric samples and a darker and duller shade for dyed fabric samples. The a* and b* values
for the undyed fabric samples were positive which indicated a reddish and yellowish shade for the
undyed fabric whereas both a* and b* values were negative for dyed fabric samples indicating greenish
and bluish shade for the dyed fabric samples.

Table 5:Colorimetric data for copper treated undyed and dyed fabric samples.

Sr.# Properties Copper-coated Copper-coated dyed

fabrics fabrics

: __In___ B

Fabric color

2. K/S 7.08 12.13

3. L* 52.43 39.14

4. a* 5.15 -9.34

5. b* 31.56 -16.13

6. c* 32.87 19.14

1. H* 80.15 241.13

5.2.4 Levelness of Copper treated undyed and dyed fabric

The color levelness effect was assessed to determine the uniformity of appearance in the dyed
fabric. To achieve this, a reflectance spectrophotometer was employed to scan both the undyed copper-
coated and dyed copper-coated cotton fabric, and K/S values were collected from 12 distinct points.
The obtained K/S values and their corresponding standard deviations are presented in Table 9.

For the dyed copper-coated fabric, the calculated standard deviation was 0.24, indicating
excellent levelness properties. This result suggests that the dye is uniformly distributed across the
surface of the fabric, leading to an even and consistent appearance. In contrast, the undyed copper-
coated fabric exhibited a significantly higher standard deviation of 0.81, highlighting the uneven and
inconsistent appearance of the fabric. The outcomes of the dye levelness assessment affirm that the
dyed copper-coated fabric achieves a smooth and uniform appearance compared to the undyed copper-
coated fabric, aligning with one of the objectives of the study. In the visual evaluation, the dyed copper-
coated fabric was awarded a grade of 5 (excellent levelness), while the undyed copper-coated fabric
received a grade of 3 (moderate levelness). This visual evaluation further supports the aforementioned
findings, emphasizing that the application of dye on the copper-coated fabric results in an even and
harmonious appearance of the fabric.

Table 6:Reflectance measurement data for the undyed and dyed copper-coated fabrics.

Number of K/S Values Standard K/S Values | Standard deviation
Scans Undyed sample | deviation (S.D) | Dyed sample (S.D)
Scan 1 7.08 12.35
Scan 2 8.65 13.17
Scan 3 9.01 12.55
Scan 4 7.34 12.73
Scan 5 8.47 0.81 13.11 0.24
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Scan 6 9.34 12.78
Scan 7 7.56 12.78
Scan 8 7.38 12.77
Scan 9 8.39 12.65
Scan 10 9.01 12.63

5.2.5 Fastness properties of copper-coated dyed fabric

The exhaustion, fixation, washing, rubbing, and light fastness properties of the three samples—
DG, DA, and DS—were evaluated according to standard testing methods, and the obtained results are
presented in Table 5. All dyed samples demonstrated favorable washing fastness ratings ranging from
3to 5, excellent light fastness ratings of 4 to 5, and good rubbing fastness rating of 4.

The exhaustion and fixation rates of the dye for all samples were notably high, with a dye
exhaustion rate of 96% and a fixation rate exceeding 89%. These remarkable fastness properties and
high exhaustion and fixation rates can be attributed to the fiber-reactive nature of the employed reactive
dye. Reactive dyes have the capability to establish strong covalent bonds with the hydroxyl groups
present in cotton fabric. This inherent property contributes to achieving excellent dye fixation and
fastness properties. Overall, the dyed samples, namely DG, DA, and DS, exhibit impressive
performance in terms of fastness properties and dye exhaustion/fixation rates, underscoring the
effectiveness of the chosen reactive dye and dyeing procedure.

Table 7:Exhaustion, fixation, and fastness (washing, rubbing, and light) of dyed fabric.

Sr. | Sample | Exhaustion | Fixation | Washing | Rubbing Light
# Code % % fastness fastness | fastness
1. DG 91 84 3-4 3-4 4-5
2. | DAAG 93 87 4-5 4 4-5
3. DS SG 96 91 5 4-5 5

5.2.6 Morphology of copper coated dyed cotton fabrics

Scanning electron microscopy (SEM) was utilized to analyze the morphological changes of
cuprous oxide-coated dyed fabrics resulting from the application of different reducing agents. The
nanoscale images of cuprous oxide particles on the surface of dyed cotton fabric are depicted in Figure
40. Notable variations in size and surface morphology were observed among cuprous oxide particles
reduced by different reducing agents. Specifically, it was observed that dyed cuprous oxide particle-
coated fabrics reduced by glucose exhibited larger particle sizes compared to those reduced by ascorbic
acid and sodium hydrosulphite. While the comparatively smallest and even distribution of particles was
observed in case of sodium hydrosulphite. The reason is that sodium hydrosulphite is the strongest and
more compatible reducing agent for copper salts as compared to ascorbic acid and glucose [30][[31].
The weak reducing agent (glucose) provided the improper reduction of copper salt and produced the
agglomerated structures, which in turn cover the less surface of fiber as shown in Figure 40c. The
cuprous oxide particles reduced by sodium hydrosulphite and ascorbic acid covered the complete fiber
surface (Figures 40b and 40a). Figure 8a showed the continuous and uniform distribution of particles
on the surface of cotton. Furthermore, the deposition was found more uniform and denser with the
increase in the concentration of copper salts.
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Figure 16: Surface morphology of dyed cotton fabrics coated with cuprous oxide particles (a) DS, (b)
DA, (c) DG at 100x magnification and their close view at a magnification of 5kx.

5.2.7 XRD analysis

The XRD analysis was conducted to determine the phase composition of the deposition
of cuprous oxide particles. Figure 41 illustrates the XRD spectrum of the fabric sample in 26 range of
10-80 degrees with a 0.02-degree shift. The precise identification of all the diffraction signals to the
cuprous oxide structure reveals the phase purity of the produced cuprous oxide nanoparticles. The
reflections that were represented by the diffraction peaks at 20 of 29.6 o0, 36.5 °, 42.4 °, 52.1 °, 61.5 °,
and 73.7 °, respectively, were (110),(111),(200),(211),(220),and (311)[119] [50]. The
sharpness of the signals validated the crystalline character of the cuprous oxide nanoparticles; however,
the broadening of the signals supported the production of nanosized cuprous oxide particles. As such
no characteristic peaks of impurities were detected, except the peak of the copper oxide phase at 26 of

38° [120][121].
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Figure 17: XRD patterns of cuprous oxide particles.
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5.2.8 Antibacterial activity of the cuprous oxide nanoparticle coated fabrics

The antibacterial activity of copper-treated undyed and dyed fabric samples was tested both
qualitatively and quantitatively using standard testing protocols.
5.2.8.1 Zone of inhibition test (qualitative measurements)

The AATCC-147 (disc-diffusion method) standard testing protocol was followed for the
qualitative assessment of all treated samples. The antibacterial efficacy of all samples was evaluated
against both Gram-negative (E. coli) and Gram-positive (S. aureus) bacteria. The test was carried out
three times and the mean value calculated for each sample is presented in Table 12. The obvious zones
of inhibition around each fabric sample after 24 hours of incubation at 37 °C in the dark are depicted in
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Figures 42 and 43. All samples (undyed and dyed copper-coated fabrics) have shown significant zone
of inhibition (ZOl) against both test microbes. However, it was observed that ZOI for dyed copper-
coated samples is higher than for undyed copper-coated fabrics. The higher values of ZOlI for dyed
copper-coated fabrics revealed that the application of antibacterial dye on copper-coated fabric has not
masked the antibacterial effect of copper particles, rather antibacterial effectiveness has increased after
the dyeing of copper-treated fabrics.

Figure 19: ZOl around (c) Copper-coated fabrics and (d) copper-coated dyed fabrics against S-

aureus.
Table 8:The values of the zone of inhibitions against S. aureus and E. coli.
Sr.# | Sample Code Z0OIl (mm)
S. aureus E. coli

1. uT 0 0
2. G 5 2
3. DG 7 3
4. A 4 3
5. DA 7 3
6. S B 3
7. DS 8 4
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5.2.8.2 Reduction factor (quantitative test)

1ISO-20743 standard testing protocol was followed for the quantitative evaluation of
the antibacterial efficacy of all developed samples against Gram-positive (E. coli) and Gram-negative
(S. aureus) bacterial strains. The number of inoculated and survived bacterial colonies was taken and
percentage reduction was calculated (Table 12). It was observed that all tested samples exhibited
excellent antibacterial potential towards both test microbes i.e., >85% inhibition in bacterial growth. In
case of samples G, A, and S, maximum antibacterial action was observed for sample S. It was also
observed that the antibacterial activity of all samples increased significantly after the application of
modified antibacterial dye on treated fabrics. The activity was increased from 87%, 90%, and 98%, to
99% for samples DG, DA, and DS, respectively against E. coli. The same increasing trend was observed
for all 3 samples against S. aureus. The increase in antibacterial activity after the application of dye
could be ascribed to the presence of a strong antibacterial agent i.e., triclosan which is reported to have
an excellent antibacterial effect on a broad range of bacterial species. No antibacterial activity was
observed for untreated cotton fabric (UT) which further confirmed that antibacterial activity in treated
samples was due to the application of nanoparticles and antibacterial dye.

Table 9:The percentage reduction of developed samples against S. aureus and E. coli.

Sr.# Reducing Application | Sample | E. coli S. aureus
agent of dye code
1. Untreated No uT 0% 0%
cotton
2. Glucose No G 87 % 91 %
3. Glucose Yes DG 99.99 % 97.99 %
4, Ascorbic acid No A 90.99% 95.99%
5. Ascorbic acid Yes DA 99.9% 99.99%
6. Sodium No S 98.99% 99.99%
hydrosulphite
7. Sodium Yes DS 99.99% 99.99%
hydrosulphite

For more clarification, the reduction in colony-forming units (CFU/ml) of survived bacterial
colonies was calculated, and obtained results are presented in Figure 44. The untreated cotton fabric
exhibited a substantial number of survived bacterial colonies and higher values CFUs/ml were obtained
(7.34 for E. coli and 6.44 for the S. aureus bacterial strain). The results revealed that CFUs concentration
was remarkably reduced for all treated samples. The samples S and DS exhibited the highest reduction
in survived bacterial colonies and the CFUs values reached 0 from 7.34 and 6.44 for E. coli and S.
aureus, respectively.
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Figure 20: The reduction in CFUs of survived bacterial colonies for all developed samples

The validity of the obtained results was reaffirmed through the visual evidence depicted in
Figures 45a and 46b, showcasing a clear comparison between untreated and treated samples against S.
aureus and E. coli. The stark contrast between these images provides compelling insight into the efficacy
of the antibacterial treatment.

In the case of untreated fabric samples, a discernible increase in the number of bacterial colonies
is apparent, which strongly indicates the absence of any antibacterial action in the untreated (UT)
sample. Conversely, for all treated samples, a remarkable reduction in the number of bacterial colonies
is evident. This striking visual representation reinforces the fact that the treated samples exhibited a
remarkable reduction of over 99% in bacterial growth, underlining the potent antibacterial effectiveness
of the treatments.

Figure 21:a: Images for the number of bacterial colonies inoculated (0 h) and survived (24 h) for
sample UT, S, and DS against S. aureus.
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Figure 22:b: Images for the number of bacterial colonies inoculated (0 h) and survived (24 h) for
sample UT, S, and DS against E. coli.

5.2.9 Antifungal Activity of Treated Samples

The quantitative assessment of antifungal activity against the A. Niger fungal species was
conducted following the AATCC-100 standard method. The results, summarized in Table 13, showcase
the percentage reduction in fungal growth achieved by all fabric samples, both treated undyed and
treated dyed. Impressively, all treated fabric samples, whether dyed or undyed, exhibited effective
antifungal activity against the tested microbe.

A noteworthy trend is observed, with the dyed samples demonstrating an increase in antifungal
activity compared to their undyed counterparts. This enhancement could be attributed to the effective
antifungal action of the incorporated dye itself. However, it's important to acknowledge that the
antibacterial activity of the colored samples remains more pronounced than their antifungal counterpart.
This disparity could be attributed to the nature of the incorporated triclosan, which has a higher efficacy
against bacteria compared to fungi.

Among the undyed samples, sample S demonstrated the highest reduction in fungal spore
growth, displaying a substantial antifungal activity of 89%. Similarly, among the dyed samples, sample
DS exhibited exceptional antifungal action, attaining a maximum antifungal activity of 91%. The
comparison against untreated fabric once again reiterates the ineffectiveness of untreated samples
against the test microbe, thereby confirming that the observed antifungal activity in treated samples
stems from the integration of nanoparticles and the modified antimicrobial dye.

Table 10:Reduction percentage of antifungal activity.

Sr.# Reducing agent Application of Sample A. Niger
dye code
1. Untreated cotton No uT 0%
2. Glucose No G 75%
3. Glucose Yes DG 79 %
4. Ascorbic acid No A 83%
5. Ascorbic acid Yes DA 85%
6. Sodium hydrosulphite No S 89%
7. Sodium hydrosulphite Yes DS 91%
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5.2.10 Antiviral effectiveness

Behrens and Karber’s method were used for the evaluation of virus titers reduction from the
initial viral titer of infectivity (108) against Corona Virus. Figure 47 showed the virus infectivity titer
log at contact time (0 h and 60 mins). Figure 47 (a) showed the infectivity titer change of coronavirus
for all tested samples. It was noticed that antiviral activity was increased for all dyed samples which
indicated that dye has significant antiviral activity. However, the antibacterial action of dyed samples
was more pronounced as compared to antiviral activity. This could be explained by the fact that the
antibacterial action of triclosan is stronger than antiviral and antifungal action. The observed trend
supported the obtained results of the antibacterial activities of these samples. The viral infectivity titer
was decreased significantly for all treated samples. However, the maximum reduction was exhibited by
the sample S (among all undyed samples) and DS (among all dyed samples) which showed 79% and
83% antiviral action, respectively. The untreated fabric remained ineffective against the virus which
further confirmed that antiviral action in all treated samples was due to the application of nanoparticles
and modified antimicrobial dye. The antiviral action shown by the fabrics treated with copper
nanoparticles and dyed fabric samples could be due to the binding of metallic NPs and the non-polar
part (benzene ring) of the triclosan with glycoproteins at the viral surface working as an inhibitory
action for viruses. The reduction percentages of all tested samples are given in Table 14.

Table 11: Reduction percentage of antifungal activity.

Sr.# Reducing agent Application of | Sample Corona
dye code Virus
1. Untreated cotton No uT 0%
2. Glucose No G 70 %
3. Glucose Yes DG 72 %
4. Ascorbic acid No A 75 %
5. Ascorbic acid Yes DA 75 %
6. Sodium hydrosulphite No S 79 %
7. Sodium hydrosulphite Yes DS 83 %
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Figure 23: Reduction in viral infectivity titer (a) and percentage reduction (b) calculated from viral
infectivity at a contact time of 0 and 60 min.

5.2.11 Durability of cuprous oxide coated fabrics

Copper nanoparticles (Cu-NPs) were previously noted to be attached to the fabric surface
through a combination of physical and chemical linkages. The introduced Cu-NPs further aggregated
the microfibers, effectively forming hygienic antibacterial networks by filling the gaps and voids
between them. This property of absorption and adhesion was further underscored by the durability of
antibacterial activity, even after repeated washing.
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To validate this behavior of absorption and adhesion, fabric samples coated with Cu-NPs were
subjected to various tests. These included soaking, squeezing, and twisting the samples in water.
Notably, the Cu-NP-coated samples exhibited favorable washing characteristics, with no observable
peeling from the fabric surface or precipitation in the water. Subsequently, an adhesion test was
performed using transparent tape. The tape retained its transparency, indicating the absence of
detectable particles on its surface. This outcome serves to confirm the robust interactions and excellent
mechanical adherence between Cu-NPs, dye molecules, and the fabric itself.

The durability of the antibacterial activity was assessed by evaluating the antibacterial
properties of all treated fabric samples after undergoing washing cycles. Compliance with the 1SO 105-
CO01 standard washing test protocol was followed. Table 15 provides a comprehensive overview of the
antibacterial values for all tested samples, both before and after washing. The results clearly indicate
that the inhibition zone values underwent negligible changes even after multiple washing cycles.

Furthermore, this pattern was substantiated by SEM analysis carried out on the washed samples
Al, S1, and G1, as depicted in Figure 20. The retention of nanoparticles on the fabric surface post-
washing reaffirmed their strong adherence to the fibers and interstices. This evidence serves to
emphasize the enduring nature of the antibacterial functionality of the treated fabrics, even after
undergoing washing procedures.

Table 12: Antimicrobial properties of Cu.O coated fabrics after washing.

Sr.# | Sample Z0OIl (mm) Z0OIl (mm)
Code Unwashed samples Washed samples
S. aureus E. coli S. aureus E. coli

1. G 5 2 5 2
2. DG 7 3 6 3
3. A 4 3 4 2
4. DA 7 3 7 3
5. S 5 3 5 2
6. DS 8 4 7 4

6. CONCLUSIONS

The cuprous nanoparticles have already been studied extensively due to their potential
technological applications in medical fields. The main aim of the thesis was to investigate preparation
properties and selected applications of bioactive textiles having antimicrobial ability, antiviral,
antifungal, and durability. The first part of thesis was the formation of Cuz0O particles by the Fehling
solution method and the effect of three different reducing agents was analyzed to prepare the Cu.O
particles. A total of nine hygienic multifunctional textile samples were developed using nanoparticle of
cuprous oxide particles.

In the second step, the deposition of cuprous oxide particles was done on woven cotton fabric,
and studied their antipathogenic (antibacterial, antifungal, and antiviral) properties. Surface
morphology and the existence of metals were analyzed by scanning electron microscopy, dynamic light
scattering, FTIR, EDS, and XRD. The antibacterial activity of cuprous oxide-coated fabrics was tested
against qualitative and quantitative measurements. The strongest antibacterial effect was found for the
fabrics coated with cuprous oxide particles reduced with sodium hydrosulphite at 1g/L.

Furthermore, the developed fabrics were analyzed for comfort properties regarding air
permeability and stiffness. The particles were so fine, ensuring that they did not obstruct the pores of
the fabric structure. Hence, ensured improvement in stiffness and air permeability. In the end, the
durability of deposition was confirmed by measuring the antibacterial properties and SEM analysis after
washing. The retention of particles over the surface of the fabric reinforced the fact that particles are
firmly attached to the fibers and interspaces. Developed process very easy, less in cost, and provide
odorless work wear. The third study was to dye the already cuprous oxide-coated fabrics with
antibacterial dye. The dyeing of the coated textiles has been performed to overcome discoloration and
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staining but their antibacterial effectiveness was compromised. Thus, the development of highly
effective antimicrobial textiles with improved aesthetics was challenging.

In the second part, a novel approach for the development of cuprous oxide-coated antibacterial
cotton fabric with an excellent aesthetic appearance was proposed. At first, fabrics were sensitized with
citric acid. Then, the Fehling solution method was followed for the synthesis of Cu.O nanoparticles.
The synthesized nanoparticles were then applied to cotton fabric. Then, a reactive dye was selected and
functionalized with an antibacterial agent. Subsequently, the cuprous oxide particles coated fabric were
subjected to exhaust dyeing through the solution of functional bioactive dye. A total of 6 hygienic
multifunctional textile samples (3 dyed and 3 undyed) were developed using nanoparticles of cuprous
oxide particles along with varying the concentrations of three different reducing agents. The surface
morphology and existence of metals were analyzed by scanning electron microscopy, dynamic light
scattering, FTIR, EDS, and XRD. After that, the Reactive blue 4 dye was functionalized with triclosan
to impart antibacterial activity to the dye. FTIR and 13C-NMR results confirmed the successful
modification of dye with an antibacterial agent. The modified dye was applied to copper-treated cotton
fabrics through the exhaust dyeing method. The modified dye exhibited excellent fixation, exhaustion,
and dye levelness on copper-treated fabric. The antibacterial activity of copper-treated fabrics was also
increased after the application of dye. The antibacterial activity of cuprous oxide-coated dyed and
undyed fabrics was tested against qualitative and quantitative measurements. It was observed that ZOI
for dyed copper-coated samples is higher than for undyed copper-coated fabrics. The strongest
antibacterial effect was found for the dyed fabric sample DS (sodium hydrosulphite). In case of
guantitative analysis, the samples S and DS exhibited the highest reduction in survived bacterial
colonies and the CFUs values reached 0 from 7.34 and 6.44 for E. coli and S. aureus, respectively.
However, the antibacterial action of colored samples was more prominent in comparison to antifungal
activity. This might be accounted to the fact that the antibacterial action of triclosan is higher than its
antifungal and antiviral action. Furthermore, the durability of deposition was confirmed by measuring
the antibacterial properties and SEM analysis after washing. The retention of particles over the surface
of the fabric (SEM images) reinforced the fact that particles are firmly attached to the fibers and
interspaces. Moreover, the change in antimicrobial activities of all treated fabric samples after repeated
laundry cycles was insignificant which further confirmed the durability of particles on fabric. The
developed process is very easy, less in cost, and provides odorless work wear. The successful
application of cuprous oxide-coated fabrics explained their potential applications in the field of medical
textiles to develop antibacterial surgical drapes, pants, socks, panels, bed sheets, surgical gowns,
curtains, panel covers, wallpapers/sheets coverage, shoe mats, outlet covers, seat chair covers, Table
covers, patient and doctors’ socks, etc.
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Recommendation of Supervisor

Date: 07/05/2024

LETTER OF RECOMMENDATION FOR DEFENSE

| have known Mr. Muhammad Shahid since 2013, when he started his PhD degree under my
supervision. Throughout this journey, he showed an outstanding commitment and
achievements in his field of work. He efficiently contributed to the theoretical and experimental
domains and succeeded in gathering fruitful results on his part of research. He has done a lot
of work on his PhD topic Development of Cuprous Oxide based Antipathogenic Textiles.
He has published about more than 5 research articles and have been participation in some
international conferences. Some of his articles related to PhD study are also in process.

He was also attending and actively participating in other educational programs and projects,
expressing critical approach, intervening questions and interpretation. He passed his exams
with good grades too. | must say he did his research with great responsibility, motivation and
honesty.

Mr. Shahid has, in my opinion, prepared the submitted doctoral thesis carefully and in all
respects adequately. Only negligible similarities with other texts were detected during the
plagiarism check, and even this can be explained, for example, by collaborative publications
with other authors. I believe that his work and performance are of significant quality.

I recommend Mr. Muhammad Shahid thesis to be accepted for defense.
Prof. Ing. Jakub Wiener, PhD.
Department of Material Engineering

Technical University of Liberec
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Reviews of the Opponents
Opponent’s review

Title: Development of Cuprous Oxide based Antipathogenic Textiles
Author: Muhammad Shahid

The presented thesis deals with the study of the antimicrobial properties of cotton fabrics coated with
Cuprous oxide, as well as the possibility of using a reactive dye as a carrier of an antimicrobial active
component.

Thesis contains 93 pages divided into 6 main chapters and contains 15 tables and 47 pictures and
graphs.

In the first part of the thesis, the doctoral student first briefly describes the current issue of
antimicrobial textiles esspecially used in medicine. Then author defines the goals of his work. He
divided his work into 3 parts, the first is preparing couprous oxide particles using various reducing
agents, the second part is applying the thus prepared oxide to cotton fabric, and the third part was
binding the reactive dye with triclosan to the treated cotton fabric.

In the literature review, the author devoted himself to the study of current knowledge of the
preparation and behavior of antimicrobial, antiviral and antifungal textiles, not only in terms of their
properties, but also in terms of usable active substances. In the next part of the research, the author
focused on copper compounds, also from the point of view of antimicrobial behavior. The largest part
of the conducted literature review is the chapter concerning copper nanoparticles.

The leterature review are written with logical sequence.

In the experimental part, the doctoral student describes the procedures of the preparation of Cuprous
oxide from copper sulfate, using three different reducing agents, also the procedure of treatment the
oxide to cotton fabric. Next procedure describes the preparation of a functional reactive dye and its
fixation on the surface of the cotton substrate. The author did not forget to describe the individual
evaluation parameters that he used in his work.

The procedures are described relatively briefly. For some of them, | am missing basic
measurement conditions, e.g. for colorimetric measurements, or a diagram of the dyeing
procedure, where the exhaustion and fixation part of dyeing would be clearly recognizable.
However, the evaluation methods of the prepared antimicrobial fabrics were chosen
appropriately.

In the first part of the results, the doctoral student focuses on the evaluation of the preparation of
cotton textiles coated with cuprous oxide. The evaluation of the size and distribution of particles using
SEM and light scattering technique methods were used. The presence of the oxide was further
confirmed by XRD analysis.

The narrowest distribution of particles was achieved by the use of the reducing agent sodium
hydrosulfite, which can be agreed with.

The second discussed part of this thesis was the determination of the antimicrobial activity of the
prepared cotton fabrics. Not only for standard gram-positive and gram-negative bacteria, but also for
viruses and fungi. The author monitored the effect of the amount of reducing agent used on these
properties.
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The best results of antimicrobial behavior were again achieved by the reducing agent sodium
hydrosulfite, although the air premeability decreased with increasing concentration of the agent (in
contrast to the other reducing agents, where it remained constant).

The third discussed part of the thesis was the preparation of a functional textile material with a textile
reactive dye. The effect of the three reducing agents used on the observed parameters was evaluated.

The use of the antimicrobial product triclosan bound by means of a reactive group to the textile
substrate has better results than the use of cuprous oxide according to the presented results.
However, the increase is not significant.

Formally, the thesis is written at a good language level. Unfortunately, the work contain typing errors
and missing parts, e.g. in figure 34, some regression equations in the graphs are missing. Standard
deviations are also graphically displayed for some evaluation properties, but there is no information
about the number of measurements.

The thesis presents interesting results of antimicrobial treatments on the possibility of using cuprous
oxide as well as the use of a reactive dye as a carrier of the active ingredient.

The doctoral student demonstrated independent scientific work. According to the attached list of
publications, he published the results of his thesis in 3 articles (one under review) and 1 conference.
He is also the co-author of 3 other articles, 1 of which has already been published.

My questions:
1. How does the author explain the reduction of air permeability with increasing of
concentration of sodium hydrosulfite?
2. How many wash cycles were used? What temperature was used?
3. | miss the application of a reactive dye with triclosan directly on cotton fabric not

treated with cuprous oxide, for a comparison of the antimicrobial behavior of a fabric
prepared in this way with a fabric treated only with cuprous oxide. It would confirm or
disprove a synergistic antimicrobial effect. Has this option been studied?

In conclusion, | recommend this thesis for the defense.

Ing. Michal Cerny, Ph.D. In Pardubice on May 3, 2024
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Referee’s report
on PhD. thesis of
Muhammad Shahid

“Development of Cuprous Oxide Based Antipathogenic
Textiles”

by
Doc. Ing. Stanislav Petrik,CSc.

The presented thesis consists of 109 pages divided into 5 chapters. The main theme
of the thesis was to investigate preparation properties and selected applications of bioactive
textiles having the antimicrobial ability (antiviral, antifungal) and durability. The thesis main
objectives were the development of an environmentally friendly, low-cost, easy and fast
method for synthesis of cuprous oxide particles. Subsequently, a novel approach for the
development of cuprous oxide-coated antibacterial cotton fabric with excellent aesthetic
appearance was investigated in detail. This thesis is focused on the copper deposition on
cotton fabric and subsequently dyeing it with antimicrobial dye (modified reactive blue 4 dye).
The studied properties and applications of bioactive textiles were bioactive (antibacterial
qualitative antibacterial quantitative, antiviral, antifungal), comfort parameters, dye exhaustion,
fixation, and levelness.

The thesis has standard parts - Introduction, Thesis objectives, Literature review,
Methodology, Results and discussions, Conclusions and Future works. In the end, there are
References and a List of author’s publications. The author’s record of publications is very
good.

First pages
Before the introduction, there are Contents, List of tables, List of figures, List of
abbreviations. These lists contain almost all type of contents complete.

Thesis significance, scope and objectives

The author made here an introduction to his work and explained the objectives of the
study. The work was split into these major parts: Formation of Cu,O particles by the Fehling
solution method, Deposition of cuprous oxide particles on woven cotton fabric, Modification of
reactive dye as antipathogenic, and dyeing the already cuprous oxide-coated fabrics with
antibacterial dye. These all topics are coinciding with each other makes a unification bridge
and make a sense.

Literature review

There is a sufficient number of literature sources divided into twelve parts. Even the
whole chapter is well written, only some parts and Figures are questionable. The labelling of
all figures is very clear. Both Figure 1 and Figure 2 are showing the interaction of copper
particles with bacterial cell, only one figure was enough. In literature, author mostly provided
the antibacterial effect, while the thesis work contains all antipathogenic (antiviral, antifungal
and anti-bacterial) properties. So, it was better if these should refer to more studies related to
anti-fungal or antiviral textiles. | think the literature part well explained previous work and the
most critical literature findings are related to the topic. But it should not repeat figures published
previously (at least in such quantity).
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Methodology

The Fehling solution method was applied, with three different reducing agents for the
preparation of Cu,O particles, subsequently coating over fabric. The importance of Cu.O as
compared to other copper ions is described well regarding the antipathogenic properties.

There focussed methodology was adopted for the preparation, characterization and
application of the fabrics. Two different types of bioactive textile materials were prepared —
coated with Cu.O particles on textiles, against three different reducing agents; second
substrate focused on the copper deposition on cotton fabric and subsequently dyeing it with
antimicrobial dye (modified reactive blue 4 dye).

There are other methods of testing involved like surface testing, tests related to dye
modification and its properties, antipathogenic testing and durability. | suppose all these
methods are essential for the final topic of the thesis. )

Results and discussions
The chapter summarizes all results of the thesis. For each bioactive textile, several

measurements were performed - antibacterial, antiviral, antifungal, SEM analysis,
mechanisms of attachment, and durability of fabrics. Error bars might be effective for Fig. 35
and Fig. 36.

The scale on SEM images in Figure 37 is not readable.

Conclusions

This chapter summarizes the findings of the previous chapters. The author presents
interesting results of experimental work in the field of aesthetic bioactive fabric. The doctoral
student demonstrated good scientific work and published his results sufficiently. The
conclusions from the study are well explained.

Referee remarks, question and conclusions

1. What does the diffraction peak (222) in Fig. 27 represent as it does not belong to
Cu0.

2. Explain the reason why the cuprous oxide particles reduced by glucose are larger
than those reduced by ascorbic acid and sodium hydrosulphite.

3. In deposition of Cu.O particles on cotton fabric process, the fabric was pre-treated
with citric acid. What kind of reaction proceeds in this process? What about transformation
ratio of citric acid labeled sugar unit of fabrics?

4, How about the stability of Cu.O layer? Does it transfer into CuO?

Referee’s conclusion

The presented thesis of Muhammad Shahid has all the formal parts and shows the author is
able to carry out scientific work. The author also showed good understanding of chemical
processes applied in the thesis. The language is acceptable and entirely understandable.

The thesis meets the criteria, | recommend it to be taken to the defense.

In Liberec on April 9, 2024 -~
doc. Ing. Staéislav Petrik, CSc.
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