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Antibacterial

agents have shown a substantial antimicrobial property in cotton. In the present study, previously
synthesized powder containing ZnO nanoflowers (ZnO NFs) was characterized for morphology,
surface composition, roughness, and charge using Transmission electron microscopy (TEM), Scan-
ning transmission electron microscopy (STEM), Atomic force microscopy(AFM) and Zeta poten-
tial. Optical properties of crystalline ZnO were determined by Photoluminescence (PL), Diffused
reflectance Spectroscopy (DRS), and bandgap energy determination. Highly crystalline, ZnO
NFs bearing crystal defects and high surface charge were loaded onto the pristine cotton by a
dip coating method using Triton X-100 as dispersant and iSys MTX fabric binder. The pristine cot-
ton fabric of 125 g/m? was nano finished by loading 20,42 and 58 pg/cm? (1-3 dip cycles) ZnO NFs
respectively. The loading of ZnO NFs onto the surface of cotton fabric was confirmed by SEM and
used for antibacterial activity against E. coli as a photocatalytic reactor. The prepared samples were
irradiated with a UV lamp of Amax = 254 nm (15 min, 30 min, 45 min) and D65 artificial sunlight
(60 min, 120 min, 180 min) to investigate their photocatalytic activity against pathogenic E. coli
using modified Breed Smear’s method. The minimum inhibitory concentration (MIC) and mini-
mum bactericidal concentration (MBC) of ZnO NFs@ cotton were determined as 19.53 pg/ml
and 39.06 pg/ml respectively after exposure to UV light. After exposure to sunlight MIC and
MBC observed were higher i.e. 156.25 pg/ml and 312.5 pg/ml respectively showing lesser activity
in sunlight as compared to ionizing UV radiations. To verify the photocatalytic activity, hydroxyl
radicals generated by ZnO NFs@ cotton were also determinedtime-resolved PL on exposure to a
UV lamp and D65 artificial sunlight. This nano-finished cotton is a promising candidate to be used
as a medical textile with high antibacterial activity even after 20 washing cycles with only a 5%
decrease in efficiency.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The modernized textile industry observes relentless customer demand
in the context of innovations in technology and the streaming of inno-
vative products. Three generations in the development of smart textiles
have been observed, first generation is termed as passive smart textiles
capable of sensing changes in the environs regardless of adjustment in
their responses (Shah et al., 2022). Nanofinishing is the procedure
according to which the ultrafine dispersion of nanomaterials is impreg-
nated to a textile material for the induction of some functionalities.
The nanocoating of nanomaterials does not affect the aesthetic look
and feel of the textile. In short, the traditional finishes of textiles are
being replaced by nanofinishing-based functionalities especially those
which are hard to be attained (Gokarneshan and Velumani 2018,
Ghosh et al., 2020).

Textiles prepared by cellulosic fibers such as lyocell, cotton, viscose,
and linen possess a greater susceptibility to being attacked by microbes
like fungi, algae, protozoa, bacteria, and viruses during their life cycles
(Ahmed et al., 2017, Bu et al., 2019, Saleem and Zaidi 2020). The infec-
tious diseases caused by bacteria result in severe health issues globally
drawing the attention of researchers. The lack of suitable vaccines are
internationally suffering for humans e.g. the bacteria (Shigella flexneri)
causing water contamination kills more than 212,438 people annually
(Khalil et al., 2018).

In recent times, the enhancement in consciousness about health and
hygiene regarding antimicrobial moieties has become an important
prerequisite for clothes, medical, textiles and other household prod-
ucts. Recently, various nanometal oxides such as TiO,, CuO, SiO,,
and ZnO and nanoparticles of metals like Ag, Au, Cu, and Ti have
gained remarkable attention from research perspectives regarding
antimicrobial agents (Naseem and Durrani 2021). Reports have
revealed that nanomaterials having a high surface-to-volume ratio
can contribute much higher antimicrobial activity comparative to cus-
tomary antimicrobial agents.

The employment of nano metal oxides as antimicrobial moieties
adhered to textiles inflicts a positive impact on fabrics. These function-
alized cotton fibers demonstrated adequate antibacterial efficiency
after much laundry washing items, rendering them suitable as medical

textiles (Ullah et al., 2014). Numerous antimicrobial moieties such as
TiO, (Tudu et al., 2020), chitosan (Benltoufa et al., 2020), N-
Halamine (Wang et al., 2022), Ag (Xu et al., 2019), Cu,O (Ren
et al., 2011) and metal/hemp fibers (Kostic et al., 2014) etc. have been
impregnated onto the fibers and fabrics as antimicrobial agents.
Nanomaterials-based antimicrobial textiles can be fabricated by adher-
ing them to the fabrics employing chemical or physical methods (Sun
et al., 2019). Moreover, the functionalized cotton showed a high den-
sity of nanoparticles on the cotton fabric yarn capable of showing sub-
stantial antibacterial activity (Patil et al., 2021).

Nano-materials Possessing antimicrobial properties that have been
synthesized by diverse techniques, such as precipitation, electrospin-
ning, hydrothermal and self-assembly methods (Mufoz-Bonilla and
Fernandez-Garcia 2015). The morphology of nanostructures has been
examined to affect their antibacterial property. The nanostructures
impregnated on cotton fabrics having core corona morphology have
been explored for self-cleaning and antibacterial function (Song
et al., 2013).

Among all transition metal oxides, ZnO is a versatile material
exhibiting a broad range of applications and it was also recorded as
a safe material by the U.S. FDA (21CFR182.899). It can readily
undergo redox reactions catalyzed by radiations, due to its character-
istic electronic configuration regarding occupied, conduction band
(CB), and a vacant valence band (VB).

The photo-generated charge carriers i.e. electrons and holes, upon
irradiation, have the probability of recombination within picoseconds.
On the other hand, they can react with other species such as O, and
H,0, adsorbed onto the surface of nanometal oxides. The ROS gener-
ated through the chain of redox reactions, such as OHe, H,O, and
superoxide O°® ~ 2 are believed to destroy the bacterial cell into CO,,
H,0, and other nontoxic minerals (Yemmireddy and Hung 2017,
Bhutta et al., 2021).

In addition to the employment of UV as a radiation source,
researchers are more inclined towards the use of natural sunlight.
The global capacity of solar energy is 1575-49837 EJ/annum, almost
three times greater than the total global consumption of energy 600
EJ/annum (Creutzig et al., 2017). Many attempts have been done to
create solar active photocatalysts by morphology engineering and
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bandgap tuning. Various inorganic semiconductor metal oxides and
along with their hybrids and nanocomposite have been investigated
to harvest solar energy for numerous functions such as the generation
of energy and self-cleaning properties (Pirzada et al., 2019, Pirzada
et al., 2021).

The properties of nanomaterials are observed to be robustly depen-
dent on crystallinity, shape, size, phase composition, dispersion, etc.
The morphology has especially the crucial role in sensors, photonics,
optics, and solar cells to acquire high-quality modern devices (Flores
et al., 2014, Sharma et al., 2019, BoopathiRaja and Parthibavarman
2020). Consequently, the photocatalytic activity of semiconductors is
dependent on their morphology, particle size, and high surface area
(Kanjwal et al., 2010, Barakat et al., 2013).

Since, aspect ratio, morphology, and surface area affect the
antibacterial activity, it is important to synthesize nanomaterials hav-
ing novel morphology with a greater number of adsorption sites (Wu
et al., 2019). Despite of numerous benefits of the nanostructures, their
main shortcoming is particle agglomeration due to high surface charge.
However modern methodologies aid in the fabrication of desired
dimensions of nanoparticles without using any stabilizers and surfac-
tants (Kawasaki 2013). The anisotropic, multi-dimensional, and
multi-compartmental nanoparticles having unique morphologies are
the main attraction of extensive research. (Babayevska et al., 2022).
The (3D) nanostructures which are fabricated by the secondary growth
of 1D) and 2D nanostructures having designed morphology are termed
as Superstructures”. Since, 3D nanostructures possess high crys-
tallinity, and stacked integrated arrangement, as compared to 1D
and 2D nanostructures, ZnO superstructures are superior. (Desai
et al., 2019).

In the present study, attempt has been made to fabricate function-
alized cotton with antibacterial properties by loading a unique mor-
phology bearing ZnO, as a photocatalyst. The Novelty of the work
is the development of a new method for photocatalytic study regarding
the antibacterial activity of 3D flower-shaped nanoparticles of ZnO, by
the modification of Breed Smear’s method. The importance of intrinsic
crystal defects, surface charge, surface roughness, and optical proper-
ties of a photocatalyst towards antibacterial activity have been rarely
described in the literature. The mechanism of bactericidal action of
nanoflowers of ZnO has been investigated in the light of structural,
optical, and surface properties. The durability of nano finishing was
also determined to ensure the efficiency of ZnO NFs@ cotton as a reu-
sable antibacterial agent against E. coli.

2. Materials and methods

2.1. Materials

ZnO nanoflowers (Powder) self-synthesized by precipitation
method (Ashar 2016), Triton X'® (Sigma-Aldrich, St. Louis,
MO, USA), iSys MTX (CHT, Germany) fabric binder, Pris-
tine cotton fabric of 125 g/m? obtained from National textile
University, Faisalabad, Pakistan.

Nutrient broth, Nutrient Agar medium, and pathogenic
E. coli strain were taken from the Institute of Microbiology,
University of Agriculture Faisalabad, Pakistan. Muller Hinton
agar and MacConkey agar were purchased from Huankai
Microbial, Guangzhou, China.

2.2. Characterization of ZnO NFs

The ZnO powder obtained through precipitation reaction was
characterized for morphology through SEM (Quanta 2500,
FEG (USA) (Ashar et al., 2016), TEM, and HRTEM (JEOL
2 M 2100), for the surface composition of elements (STEM).
The optical properties were determined by PL (F-320, Guang-

dong Technology Co., Ltd., Guangdong, China), DRS (Perkin
Elmer Lambda 1050, Buckinghamshire, UK), and band gap
energy. The surface roughness has been measured by AFM
(Shimadzu WET-SPM 9600).

2.3. Loading of ZnO nanoflowers on cotton fabric

To 100 ml of distilled water, 0.060 g of Triton X'® and 5 g
of previously synthesized and published ZnO NFs powder
were added (Ashar et al.,2016). The mixture was mechani-
cally stirred for 30 min and ultrasonicated for 15 min after
adding 4 g of MTX fabric binder. Untreated four cotton
fabric pieces of 15 cm? were dipped into the prepared solu-
tion, padded, dried, and cured at 120 °C using a curing
machine (National Textile University Faisalabad, Pakistan).
The dipping and curing process was executed 1-3 times
for pristine cotton. The Pieces of loaded cotton fabric were
tagged as 1dip to 3 dips and cut into swatches of 1.5 cm?
with a sterilized scissor. The nano-finished swatches were
weighed on microbalance and saved in sterilized plastic bags.
The control was untreated pristine cotton, cut into swatches
of 1.5 cm? each.

2.4. Characterization of functionalized cotton loaded with ZnO
NFs

The cotton fabric loaded with ZnO nanoflowers (NFs) was
characterized by SEM for verification of the density of ZnO
NFs on the surface of the cotton. The loading of ZnO NFs
onto the surface of cotton was measured by microbalance (Sar-
torius AG, Goettingen, Germany).

The surface charge and conductivity of ZnO NFs @cotton
were measured by Zeta potential. Surface charge in context to
the potential developed at the surface of the functionalized cot-
ton sample was measured by (Zeta sizer Nano ZS, Melvern,
USA). The 3 swatches of 1.5 cm? of functionalized cotton were
dipped in DI water and sonicated for 10 min before injecting
into the cell. The average values of Zeta potential and surface
conductivity have been reported.

2.5. Bacterial growth and evaluation of the antibacterial activity
of ZnO NFs@, cotton by colony counting method

The pathogenic E. coli strain stored at —80 °C in glycerol were
taken from the Institute of Microbiology, University of Agri-
culture, Faisalabad, Pakistan. The bacterial cells were sub-
cultured by inoculating on MacConkey agar at 37 °C for
24 h (Fig. la) then the fresh bacterial culture (equal to
1.8 x 10° CFUs/mL was adjusted by measuring the optical
density with a spectrophotometer) was re-suspended in tryptic
soya broth and incubated at 37 °C for 24 h. After incubation,
1 ml of broth inoculum was spread on nutrient agar following
the same incubation conditions, and the number of CFUs was
counted by using a colony counter (Digital Colony Counter
LX12CC, LABDEX UK) before treatment. Then, ZnO NFs
@cotton fabric swatches of 1.5 cm? dipped in different concen-
tration preparations (20 pg, 42 pg, 58 pg) in triplicates were
exposed to UV light (A = 254 nm) and artificial sunlight
(D65) for different time intervals (Fig. 1b). Then, these
swatches were placed on an agar plate swabbed with bacterial
inoculum (Fig. lc), and the plate was incubated at prior men-
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Fig. 1

tioned conditions and the number of CFUs was counted again
with colony counter after treatment. The antibacterial activity
of ZnO NFs @cotton fabric was determined by a reduction in
the number of CFUs before and after treatment. However,
percentage reduction (%R) was calculated by formula.

number of colonies on untreated agar plate — number of colonies on treated agar plate

(a) E. coli growth on MacConkey agar (b) Swatches of treated cotton fabric arranged on aluminum foil exposed to UV and
artificial sunlight (c) Arrangement of irradiated swatches on agar plate.

2.7. Evaluation of antibacterial activity 0f ZnO NFs by MIC
and M BC determination

The MIC and MBC of ZnO ZnO NFs were determined by
microdilution assay. Briefly, 50 pL of each bacterial inoculum

Percent reduction (%R) =

2.6. Determination of antibacterial activity by Breed Smear’s
method

Breed’s smear method was used to measure the antibacterial
activity of ZnO NFs by counting the number of bacterial cells
in liquid broth under the microscope (Prescott and Breed
1910). Briefly, 0.1 ml of 24 h incubated fresh bacterial broth
inoculum with untreated cotton swatches dipped in it was
taken on the Petroff-Hausser counting chamber slide, and
the number of bacterial cells was counted in small squares
under a microscope. Then, ZnO NFs @cotton swatches loaded
with different concentrations of ZnO NFs were dipped in dif-
ferent bacterial inoculated broth tubes and tubes were incu-
bated at 37 °C for 24 h. Again, 0.1 ml of freshly incubated
broth from all preparations was taken on a counting slide,
and the number of bacterial cells was counted in small square
fields under a microscope. Then the average number of bacte-
rial cells was counted by formula (2), and the total number of
bacterial cells per ml was counted by formula (3). The antibac-
terial activity was evaluated by the difference in the number of
bacterial cells of treated and untreated samples.

Aveage number of bacterial cells per square

_ Total bacterial cells counted small squares

2
Number of squares counted )
Number of bacterial cells per ml
= Average number of bacterial cells per square
1
x dilution (3)

>< e —
square volume

number of colonies on untreated agar plate

x 100 (1)

and nutrient broth was added from well 1st to 11th in the
micro titration well plate while keeping the 12th well as a neg-
ative control containing only nutrient broth. Then, serial dilu-
tions of ZnO NFs were made from well 1st to the 10th well
starting from 5000 mg/L to 9.76 mg/L while keeping the
11th well as a positive control containing only bacterial inocu-
Ium and nutrient broth. Then the plate was incubated at 37 °C
for 24 h. The MIC and MBC were calculated by measuring the
difference in the optical density of the plate before and after
incubation by spectrophotometer (BioTek Epoch Microplate
Spectrophotometer, USA) at 600 nm.

2.8. Estimation of hydroxyl radical (éOH) generated by ZnO
NFs @cotton

Hydroxyl radicals were estimated using time-resolved PL
spectroscopy. Terepthalic acid (TA) with hydroxyl radicals
forms a 2-hydroxyl terephthalic acid complex which gives flu-
orescence and its intensity is a direct measure of hydroxyl
radical concentration (Vijayaraghavan 2017). In a typical
procedure, to 100 ml aqueous medium containing 1.5 cm?
swatch of ZnO NFs @cotton, 2 mM of TA was added and
irradiated under UV light for 0—45 min. At regular intervals
of 2.5 min, 2 ml aliquots were withdrawn and fluorescence
was measured at an excitation wavelength of 240 nm. The
same procedure was adopted for the determination of OHe
radical concentration upon artificial sunlight irradiation in
the time duration of 0-180 min. The aliquot of 2 ml was
taken out every 20 min The intensity of emission at 427.
5 nm was correlated to the hydroxyl radical concentration
produced upon irradiation.
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2.9. Reusability and durability of ZnO NFs @cotton for
antibacterial activity

The nano-finished cotton swatches loaded with 58 pg were
washed in laundrometer (TC-M—25) 20 times and after every
5 washes, the antibacterial activity was investigated using the
same procedure.

3. Results and discussion

The photocatalytic efficiency (PCA) of nanometal oxides var-
ies based on the following factors such as crystalline struc-
ture, morphology, surface composition, surface defects, and
surface charge. The role of all factors mentioned above,
affecting the PCA of ZnO has been investigated. Generally,
the enhancement in PCA is related to the aspect ratio, specific
surface area, and charge of nanostructures, which is directly
related to the precursors and method of synthesis (Zhang
et al., 2014).

3.1. Structural aspects of ZnO NFs

3.1.1. Morphology of ZnO NFs @cotton

SEM micrographs of nano ZnO powder prepared by the pre-
cipitation method have been obtained and explained in a pre-
vious article (Ashar et al., 2016). The jasmine flower-like
morphology was tailored owing to the self-assembly and sec-
ondary growth of stunted petal-like rods of ZnO, which
occurred after primary growth. The specific 3D micro/nanos-
tructure was highly crystalline as delineated by XRD. The
crystalline properties have already been reported in a previous
article (Ashar et al., 2016).

The cotton fabric loaded with ZnO NFs and binder was
examined for the verification of dense covering of cotton with
ZnO NFs (Fig. 2a, b). The micrographs have indicated the
thorough covering of ZnO NFs onto the strands of cotton.
The binder molecules were also found on the surface of cotton
strands. The shape of intact nanoflower was not visible due to
sonication carried out for the dispersion of ZnO NFs in water.
In addition to the surface-adhered binder, the detached lami-
nas of petals with tapered ends can be seen in the micrographs.

In our previous study, the crystalline nanoflowers of ZnO
were obtained following the precipitation method. The self-
assembly of nanoclusters led to the minimization of energy
leading to oriented agglomeration. Moreover, the stunted
rod-like nanostructures with tapered ends bearing crystalline
defects gathered around the core. Conclusively, the recon-
structed structures become thermodynamically stable by inter-
connections of nanorods in all potential directions. The
mechanism involved in tailoring nanoflowers is consistent with
the literature (Liang 2012, Zhou et al., 2015). The tailoring of
nanostructures involved the fabrication of specific morphology
happening in three stages i.e. firstly nanoclusters are formed
when precursors react, and they get oriented for further attach-
ment involving nucleation and growth (Zhang et al., 2012).
The nanoclusters generated during the primary growth pos-
sessed high Gibbs free energy rendering them unstable. The
Ostwald ripening is considered as a basic reason causing the
secondary growth of nanoparticles to attain thermodynamic
stability (Sun et al., 2012).

The bacteriostatic and bactericidal processes involve both
chemical as well as physical changes. If the size of ZnO is very
small like in our case, the surface area increases substantially
to get a greater number of bacteria in contact. Moreover, the
laminas of nanoflowers were highly polar and positively
charged due to the presence of an excess of Zn *2 at the sur-
face, which can attract the negatively charged cell wall of E.-
coli. The invagination and internalization of ZnO NFs and
Zn *? lead to the disintegration of the permeability barrier
and malfunctioning of the cellular organelles causing growth
inhibition. This fact can be attributed to the release of Zn*2-
ions in the bacterial culture adhering to the cell wall modifying
its membrane structure and finally its mortality (Ijaz et al.,
2017, Jiang et al., 2020, Bhutta et al., 2021).

3.1.2. Internal structural aspects of ZnO NFs

TEM of ZnO NFs was obtained after sonicating the suspen-
sion of ZnO NFs in DI water. The micrographs indicated that
nanoflowers were made up of stunted rods with tapered
pointed ends. A few jasmine flowers can be seen in the micro-
graph, which remained intact even after sonication with six
petals and a bud in the center (Fig. 3a). The average length
of each rod (petal) was 120 nm while the average width of

Fig. 2 SEM of cotton coated with ZnO NF (a) strands of cotton fabric covered densely with ZnO NF 5KX (b) Single strand of cotton

with a dense covering of ZnO NF and binder 20 KX.
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Fig. 3

2nm

(a) TEM of ZnO NFs indicating the jasmine flower-like structure (b) HRTEM of ZnO NFs exhibiting monocrystalline nature of

petals of flowers with high crystallinity (c) HRTEM for d-spacing of ZnO NFs.

the rod was 23 nm as measured by image-j software, while the
average size of the whole flower was 255 nm (Fig. 3a). The
tapered ends and flat laminas of ZnO NFs contained numer-
ous active sites to attract E.coli. Furthermore, the pointed ends
of needle-like stunted rods were very appropriate in shape to
pierce and penetrate the cell wall of gram-negative bacteria,
made up of a compact Lipopolysaccharide layer.

Nanorods have a higher aspect ratio with a superior frac-
tion of unsaturated Zn>" sites meaning more defects due to
oxygen vacancies (Zhang et al., 2014). The HRTEM of nanor-
ods obtained from ZnO NFs has delineated the refined
monocrystalline structure with a spacing of 0.28 nm (Fig. 3
b, ¢). The parallel lines of very low d-spacing confirmed the
monocrystalline structure of ZnO NFs, suggesting the high
prospects of a generation of charge carriers. Moreover, studies
have suggested that rod-shaped nanostructures are safer
demonstrating higher uptake by bacterial cells as compared
to other morphologies (Liew et al., 2022). It has also been con-
firmed by other researchers that highly crystalline nanostruc-

Q)

tures can exhibit remarkable bactericidal activity (Perelshtein
et al., 2015).

3.1.3. Surface elemental composition of ZnO NFs

The elemental composition of ZnO NFs was verified by sur-
face transmission electron microscopy (STEM) and energy
dispersive electron microscopy (EDX). In the electronic
image obtained from the electron beam, the reshaped
nanoflowers can be seen. The spotted images in red and green
color delineated that excess oxygen was present at the surface
in comparison to zinc. Fig. 4 a, b, ¢ indicated the creation of
oxygen deficiencies and the presence of anti-site non-
coordinated Zn>* ions. This condition was helpful in the cre-
ation of intrinsic defects causing an imbalance in electronic
structure rendering charge transfer of carriers easier. The
higher atomic % of oxygen is due to the chemisorbed oxygen
at the surface, a favorable condition for photocatalytic
antibacterial reaction enhancing the number of active sites
(Singh et al., 2019).

70nm X : 70nm

Fig. 4

' 70nm !

(a) Electronic image of ZnO NF (b) surface concentration of oxygen (c) surface concentration of Zn.
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A qualitative explanation of the importance of polar planes
of ZnO NFs, stabilized by surface-bound - OH groups are sub-
ject to forming oxygen vacancies by removing either —-OH
groups or H,O from the surface. Consequently, the ZnO sam-
ples with greater areas of polar planes, generally contain more
oxygen vacancies. According to previous results, more oxygen
vacancies in the crystal lattice can be attributed to the sec-
ondary growth of the nanostructures (Li et al., 2008).

3.1.4. Thickness of nano laminas and surface roughness of ZnO
NFs by AFM

The thickness of ZnO NFs was further investigated through
AFM. The tapping mode of AFM indicated the thickness of
nano flowers and the roughness of the surface (Fig. 5). Maxi-
mum thickness of the discs has been found 20.1 nm while the
minimum thickness was 3.4 nm according to the tapping mode
scale of cantilever. The depth histogram has also delineated the
average thickness of nano laminas of petals as 7 nm. The thin
crystalline structures of nano laminas caused the acceleration
in the transportation of charge carriers resulting in increased
ROS generation required for the mortification of E. Coli (He
et al., 2014). The deep and shallow ridges appearing on the sur-
face of flowers can be seen below indicating the roughness of a
surface. The results were found concurrent with TEM results,

showing the surface of nanoflowers bearing valleys of varied
depth. The roughness of the petals of nanoflowers is favorable
to attracting and capturing E.coli due to compatible size and
charge on the cell wall. The increases in the roughness of the
surface enhance the area-to-mass ratio which promotes the
adsorption of bacterial proteins onto the surface of nanoparti-
cles (Ben-Sasson et al., 2014).

3.2. Surface charge of ZnO NFs

The confirmation of surface polarity and surface charge of
ZnO NFs @cotton was executed by zeta potential measure-
ment to be assured about the presence of coulombic forces
generated due to the generation and surface transportation
of charge carriers. As illustrated in the graph of zeta potential
(Fig. 6), the positive potential range predicted the enhanced
rate of attraction of E. coli towards the surface of ZnO NFs.
The average value of the zeta potential measured was 22. 7
(mV), while the conductivity was 2.60 (mS/cm). these values
conferred that the number of charge carriers at the surface
of ZnO NF was appreciably high.

Similar results have been reported considering that electro-
static attraction developing between positively charged
nanoparticles and the cell wall of bacteria renders them prone
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Fig. 5

(a) Tapping mode of AFM indicating the surface roughness and thickness of ZnO NFs (b) Depth histogram of ZnO NFs.
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Zeta Potential Distribution
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Fig. 6 Zeta potential distribution of ZnO NFs for surface charge
estimation.

to adsorption onto the bacterial cell wall. Contrarily the nega-
tively charged particles can adsorb less effectively, so the high
positive potential of NPs helps in gathering at the sites of bac-
terial infection (Fang et al., 2015). The greater concentrations
of positively charged nanoparticles have been reported to exhi-
bit a high level of antibacterial efficiency because of their con-
venient crowding onto the bacterial surface (Arakha et al.,
2015). It has been reported that illumination increases the
anti-bacterial performance of ZnO nanoparticles as compared
to the action of unilluminated nanostructures (Li et al., 2007).

3.3. Optical properties of ZnO NFs and ZnO NFs@ Cotton

The diffused reflectance spectroscopy(DRS) has revealed the
optical properties of ZnO NFs and ZnO NFs@cotton in terms
of the extent of UV and visible radiations harvested by
nanoflowers. The % reflectance has shown that ZnO NFs
can absorb 40% of sunlight while 90% of UV radiations below
380 nm. Furthermore, ZnO NFs@cotton has a 32% harvest-
ing capacity for sunlight and 90% of UV radiations (Fig. 7
a). This is the reason that the nanoflowers exhibited acceler-
ated and magnificent antibacterial activity on illuminating
them with ionizing UV radiations. The bandgap energy of
ZnO NFs by using has been determined by using the
Kubelka-Munk method using the data obtained by DRS
(Ashar et al., 2020). The value of bandgap calculated for
ZnO NFs was 2.95 eV, while 2.98 ¢V for ZnO NFs@cotton,
confirming the capability of both to harvest solar radiations
in addition to UV radiations (Fig. 7b). The bend appearing
in the curve delineated the presence of surface defects present
in ZnO NFs. The other important factor regarding antibacte-
rial activity is the presence of morphology-dependent surface
defects such as oxygen vacancies (Xu et al., 2013). The oxygen
vacancies are considered charge trap centers induced upon
irradiation which not only act as active sites but also decrease
the bandgap of ZnO.

Although doping of ZnO using metals and non-metals is
considered a prevailing and fruitful procedure to decrease
the band gap of nano ZnO, but generation of intrinsic point
defects can successfully develop suitable electrical and optical
properties (Tang et al., 2017). According to previous studies
manipulation of crystal lattice by creation of native point
defects termed defect engineering, is an easier yet effective
approach to enhancing PCA of ZnO (Masar et al., 2023). To
extend the light-harvesting tendency of ZnO in the visible
region of sunlight bandgap reduction is required, which can
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Fig. 7 (a) Diffused reflectance spectroscopy of ZnO NFs and
ZnO NFs @ cotton (b) Bandgap energy of ZnO NFs obtained by
plotting the results of DRS (C) Bandgap energy of ZnO NFs @
cotton obtained by plotting the results of DRS.

be achieved by induction of native defects in ZnO
(Eixenberger et al., 2019).

A Study has revealed that even in the absence of light aque-
ous suspension of ZnO oxygen vacancies found in the crystal
lattice facilitate the ROS generation (Lakshmi Prasanna and
Vijayaraghavan 2015). Among all native crystal defects of
ZnO, oxygen vacancies are examined to exhibit higher benefits
regarding substantial enhancement in intrinsic properties of
ZnO for numerous applications (Wang et al., 2018). It is
proved in previous reports that H,O, is generated in the aque-
ous suspensions of ZnO in the dark as well as causing oxidative
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stress in bacteria resulting in antibacterial activity (Xu et al.,
2013). The crystal defects can mediate ROS generation in the
dark, but absorption of visible and UV radiations enhances
the excitation of charge carriers. Production of higher amounts
of ROS upon irradiation, results in highly substantial antibac-
terial activity than that obtained in the dark (Applerot et al.,
2009).

3.4. Oxygen vacancies in ZnO NFs

Photoluminescence spectroscopy can provide important
insight into crystal characteristics such as surface defects, oxy-
gen vacancies, photoinduction of charge carriers, their move-
ment, and recombination involved in semiconductor
nanostructures. According to Fig. 8a, the excitation spectrum
of ZnO NFs exhibited a narrow but high luminescence band at
320 nm while a broad and short band occurred at 380 nm. The
bands appearing delineated the capability of harvesting both
UV and visible radiations. The most prominent band that
appeared in the emission spectrum of ZnO NFs was at
425 nm in addition to a small peak appearing at 315 nm and
a broader one at 400 nm (Fig. 8 b). The small peaks in the
UV region indicated a very low rate of recombination of
charge carriers Generally, ZnO nanostructures of different
morphology like nanorods(1D) or nanoparticles (0D) exhibit
one or two narrow luminescence peaks appearing in the UV
region termed as near band emission (NBE) and a broad band
in the visible region of the spectrum called as deep level emis-
sion (DLE). Examining the PL band position and intensity and
the ratio of NBE/ DLE, the structural features of ZnO nanos-
tructures can be investigated. The DLE is linked to ZnO
defects, such as zinc vacancies, ionic oxygen vacancies, neutral
oxygen vacancies, and oxygen interstitials. The enhanced PCA
in the visible spectrum has been attributed by the scientific
community to oxygen vacancies causing the induction of band-
gap narrowing (Wang et al., 2012). According to previous
reports, the increase in the density of oxygen vacancies in the
crystal lattice of ZnO leads to the enhanced antibacterial activ-
ity of nanoparticles (Wang et al., 2017).

The high concentration of OHe generated during photo-
catalysis has been determined through a PL study. This may
be correlated to exposure of (00 1) highly charged polar facets
of ZnO NFs laminas to E. coli possessing its ability to exhibit
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magnificent PCA regarding bactericidal action. This enhance-
ment in PCA can be attributed to a higher number of active
sites available on a polar facet (Ramirez-Canon et al., 2018).
Previously it has been explained that the antibacterial activity
of ZnO not only depends upon the aspect ratio and crystallite
size but another prominent factor is oxygen vacancies present
on the surface of nanostructures. The broadband in the visible-
light region is widely considered to result from ZnO surface
detects, in which oxygen vacancies are the most suggested
defects The highly polar morphology caused a marked increase
in the intensity of the emission band in the visible region com-
monly endorsed to intrinsic defects such as oxygen vacancies
(Farha et al., 2020). Herein, the occurrence of this deficiency
advocates an excess of Zn2 + ions onto the highly polar sur-
face of ZnO nanostructures concluding the potential correla-
tion between oxygen vacancy and polar planes of ZnO
(Johnson et al., 2022).

3.5. Concentration of OHe radicals generated by ZnO NFs

The swatch of 1.5 cm? ZnO NFs@ cotton loaded with 42 pg of
the photocatalyst was dipped in 50 ml solution of 0.004 mM of
terephthalic acid was irradiated with UV light for 0-45 min
and artificial sunlight for 0 to180 min. On excitation of irradi-
ated suspension, the peak of hydroxy- terephthalic acid
appeared at 425 nm and the extent of rise of the peak indicated
the concentration of OHe generated in 180 min. The results of
the blank experiment indicated that a low signal was generated
at 427.5 nm in the absence of a catalyst. It can be seen that
42 pg of ZnO NF has shown a peak up to 495a. u. upon UV
irradiation and up to 380 a. u. upon artificial sunlight irradia-
tion. The peaks obtained indicated that a much higher OHe
concentration was produced by ZnO NFs @cotton by UV
irradiation in 45 min as compared to the sunlight exposure
of 180 min (Fig. 9 a, b).

The previous researches also explain that ZnO produces
minimum amounts of OHe in the dark as the main antimicro-
bial moiety which increases magnificently when it is stimulated
using radiation sources. The number of oxygen vacancies that
are located on the surface of ZnO as a heterogeneous photo-
catalyst plays a remarkable role in the production of H,O,.
Furthermore, the photocatalytic activity of metal oxides in

b
425
200000 4
150000 4
§
100000 4
:
$0000 4 315 400/< ~
N A,ll S 4,/
04 e

Wavelength (nm)

Fig. 8 Room temperature PL spectra of ZnO NFs a) Excitation spectrum b) Emission spectrum.
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Fig. 9 Determination of OHe radical generation by ZnO NF using room temperature time-resolved PL.

the context of the mortification of bacteria is governed by the
density of active sites.

Since OH®, produced by ZnO and H,0O,, is a highly reactive
moiety possessing a diffusion-limited capability to react (Iuga
et al., 2011); hence it can only employ its action on neighboring
structures or cells. It can be hypothesized that enhancement of
the adsorption of nanostructures onto the bacterial cell wall
results in higher concentrations of OH™ being generated in
the locale of bacteria exhibiting higher antibacterial activity
(Alkawareek et al., 2019). The ROS has been investigated as
a major parameter that can lead to intracellular outflow of
cytoplasmic contents, mitochondrial damage, and oxidative
stress finally causing inhibition of bacterial cell growth leading

to death. Conclusively, the production of H,O, is considered
as a crucial motive for the bactericidal activity of ZnO (Liu
et al., 2019). The defect-rich surface of ZnO can be obtained
by the methods showing kinetically controlled reaction condi-
tions to obtain higher ROS concentration (Liu et al., 2019).

3.6. Antibacterial activity of ZnO NFs@cotton

3.6.1. Antibacterial activity of cotton fabricated ZnONFs

The different preparations of cotton-fabricated ZnO NFs were
tested for antibacterial activity at different exposure times to
UV and sunlight by colony counting (CFUs/mL) and cell
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counting (cells/mL) methods. The overall study findings
revealed that short-time irradiation of ZnO NFs to ionizing
UV light showed higher antibacterial efficacy (fewer CFUs/
mL and cells/mL respectively) as compared to longer irradia-
tion by sunlight (Figs. 10 and 11) which is consistent with a
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Antibacterial activity in terms of bacterial cells/mL of different concentrations of ZnO NFs @cotton swatches after irradiation
to UV and sunlight for various time intervals.

previous study by Ravikumar et al., (2021) who reported
higher antimicrobial activity of Ag-TiO,@Pd/C nanocompos-
ites under UV light as compared to sunlight. The untreated
cotton swatches not exposed to UV and sunlight showed no
decrease in CFUs and bacterial cells. However, when the
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untreated swatches were exposed to UV and sunlight at vari-
ous time intervals, just a minute decrease in CFUs and bacte-
rial cells was noted which is indicating the antibacterial activity
of UV and sunlight. Moreover, ZnO NFs @cotton swatches
loaded with 20 pg showed less antibacterial activity as com-
pared to 42 g and 58 pg loadings at all-time intervals (Figs. 10
and 11) which is consistent with the findings of Babayevska
et al., (2022) who reported that increasing concentration of
ZnO nanomaterials resulted in higher antibacterial activity in
terms of decreased bacterial number as observed in the present
study. It was also noted that an increase in irradiation time of
ZnO NFs @ cotton either to UV or sunlight resulted in higher
antibacterial activity at all loading levels. ZnO NFs@ cotton
swatches loaded with any concentration at any exposure time
interval resulted in greater percent reduction (%R) in CFUs/
mL after exposure to UV light as compared to sunlight
(Table 1) which is consistent with previous findings of de
Lucas-Gil et al., (2018) who evaluated the antibacterial activity
of ZnO nanoparticles by %R and CFUs/mL against E. coli
and noted higher %R and lower CFUs/mL. The present study
observed that sunlight irradiation of ZnO NFs@ cotton also
resulted in a remarkable antibacterial activity but was slightly
lower than UV irradiation. This fact can be attributed to the
higher ionizing power of UV light (Taghipour 2004). The sun-
light harvesting capacity of ZnO NFs was increased due to a
decrease in bandgap energy and generation of ROS due to irra-
diating ZnO NFs@ cotton for a longer period (Bokare et al.,
2013, Li et al., 2017).

3.6.2. MIC and M BC of ZnO NFs exposed to UV and sunlight

The MIC and MBC of ZnO NFs were determined by the
Broth microdilution method. The experiment was performed
by making two-fold serial dilutions of ZnO NFs from
5000 mg/mL to 9.76 mg/mL. Then, MIC and MBC were cal-
culated by noting OD value before and after incubation at
600 nm by spectrophotometer. The study noted slightly lower
MIC and MBC of samples exposed to UV light as compared to
sunlight (Fig. 12). The MIC and MBC of ZnO NFs s exposed
to UV light was noted to be 19.53 mg/mL and 39.06 mg/L
respectively as compared to MIC and MBC of ZnO NFs
exposed to sunlight were noted 39.06 mg/mL and 156.25 mg/
mL respectively. A similar study conducted by de Lucas-Gil
et al., (2018) noted approximately 5.4 mg/mL under UV which
is lower than the MIC of the current study. Another study con-
ducted by Kadiyala et al., (2018) noted 1562 mg/mL under UV
which is too higher than the current findings. The differences
may be due to different preparation protocols, sizes, shapes,
and antimicrobial evaluation procedures (Ali et al., 2020,
Babayevska et al., 2022).
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3.6.3. Mechanism of antibacterial activity

The antibacterial effect of direct contact with nanoparticles of
appropriate dimensions with bacteria results because of the
generation of ROS (Van Houdt and Michiels 2005, Zhang
2008). The equilibrium between the generation and degrada-
tion of ROS is disturbed due to their amplification in the cyto-
plasm of a cell, termed oxidative stress (Wang et al., 2017). The
tailored nanoparticles have shown enhancement in oxidative
stress in bacterial cells by ROS generation at or nearby their
surface (Kumar et al., 2011). The rate of production of ROS
increases with the irradiation of cotton fabric doped with
ZnO NFs because of the high light harvesting ability, low
bandgap, and increased surface area (Ashar et al., 2021).
Due to the increased absorption of sunlight and UV light by
ZnO nanoflowers doped on cotton fabric results in the excita-
tion of electrons (¢) and produces more hydroxyl radicals
(OH") which can react with O, in the environment as revealed
by STEM, high level of oxygen atoms presents on the surface
of ZnONFs resulted in high bactericidal efficiency of ZnO
NFs@cotton (Fig. 13) and reaction with oxygen produce more
strong superoxide radicals (O3), and destroy the cellular com-
ponents such as chromosomal DNA, protein denaturation,
and physical disruption of cellular membranes and ultimately
lead to cell death due to oxidative stress, production of
ROS, and holes formation in membrane (Dastjerdi and
Montazer 2010, Rahmat et al., 2021). These charge carriers
can migrate up to the outermost ZnO surface to react with
the aqueous external environment, resulting in the generation
of ROS (Song et al., 2010). The thickness of nanostructures
also plays an important role in their migration. Moreover,

Table 1 Antibacterial activity of ZnO NFs @Cotton in terms of % reduction in CFUs/mL.

% Reduction in CFUs/mL after exposure to UV light

% Reduction in CFUs/mL after exposure to sunlight

Exposure Time Irradiated 20 pg 42 ug 58 ng Exposure time Exposed 20 ug 42 ug 58 ug
untreated untreated

0 min 0.00% 10.0% 16.6% 33.3% 0 min 0.00% 6.66% 10.0% 23.3%

15 min 10.0% 26.6% 50.0% 83.3% 60 min 3.33% 16.6% 40.0% 73.3%

30 min 26.6% 50.0% 83.3% 100% 120 min 13.3% 40.0% 60.0% 83.3%

45 min 43.3% 80.0% 100% 100% 180 min 26.6% 70.0% 76.6% 93.3%
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Fig. 13  Proposed antibacterial activity of ZnO NFs.

the band-gap engineering of ZnO is also a valuable tool to
increase the number of charge carriers to magnify the efficiency
of this process. The reduction in the energy required to gener-
ate free electrons and controlling the efficiency in ROS gener-
ation ultimately increase antibacterial activity (Pasquet et al.,
2014).

3.6.4. Factors affecting the antibacterial activity

The antibacterial activity of ZnO NFs@ cotton against gram-
negative bacteria can be attributed to the production of H,O,,
capable of readily generating ROS with higher potential. The
effect of ZnO NFs took place in a pH range between 5 and
7, and upon its dissolution, Zn*t as a product contributed
to the antibacterial activity (Gross and Kornijow 2002,
Wolanov et al., 2013). It has been observed that metal ions
when sluggishly released from nano-scaled metal oxide, pene-
trate the cell membrane on interaction with the proteins. The
functional groups of proteins such as carboxyl groups, mer-
capto, and amino are denatured, damaging the cell membrane
and enzyme activity. Furthermore, alterations in the cell struc-
ture, inhibiting the normal physiological functions ultimately
mortify E. coli (Aung et al., 2016).

3.6.4.1. Morphology of antibacterial nanoparticles. Regarding
antimicrobial activity, a huge challenge is designing nanoparti-
cles with suitable aspect ratio, surface area, and morphology,
which can be modified and tuned. The morphology i.e. shape,
surface roughness, and thickness of nanoparticles affect their

biological actions like cell internalization. Thus, morphology
along with surface area influences the antibacterial activity,
and it is essential to fabricate nanostructures with appropriate
morphology, bearing a high density of adsorption sites based
on a large surface area (Singh et al., 2019). The verification
of morphological aspects of the nanomaterials especially the
specific surface area shows magnificent potential for their
bio-applications (Babayevska et al., 2022).

Previous researches have explained that hierarchical mor-
phology exhibits remarkably good antimicrobial activity
among various other morphological versions. Allegedly, the
significantly large surface area of nanoparticles enhances bac-
tericidal activity by permitting higher surface contact with bac-
teria. The penetration of the bacterial cell wall and
disorganization of the cell membrane upon surface contact
with ZnO NFs have been indicated to inhibit bacterial growth
(Zille et al., 2014).

The solution phase synthesis of nanoparticles involves pro-
cesses like Ostwald ripening and epitaxial connection related to
competition between the rate of nucleation and growth to
modify the particle size and shape. Initially, the mixing of pre-
cursors leads to nucleation, followed by the growth of
nanoparticles until the super-saturation dwindles. Further-
more, the high rate of growth as compared to nucleation cause
coarsening and aggregation of particles. Studies show that
aggregation into 3D morphology depends on the surface
chemistry of the particles resulting in random arrangement
or oriented attachments of 1D or 2D nanoparticles. Addition-
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ally, the creation of porous clusters of nanoparticles occurs due
to their random aggregation, while epitaxial attachment of
nanoparticles leads to the fabrication of secondary growth of
particles with novel morphologies (Sun et al., 2006).

In our study, the nucleation of ZnO occurred through pre-
cipitation, involving the slow reaction between metal salt with
hydroxide ions. The growth of stunted and pointed rod-like
1D structures was under gone coarsening, which involved tai-
loring of larger crystals that expanded to adapt petal like shape
and joined to look like a jasmine flower upon oriented aggre-
gation. The chemical potential of a nanoparticle has already
been confirmed to increase with decreasing particle size
(Chen et al., 2014).

3.6.4.2. Release of Zn*? ion in the cytoplasm of bacteria. The
major factor proposed for the antibacterial mechanisms for
ZnO NFs is the release of Zn "2 ions in an aqueous medium
containing ZnO NFs and E. coli based on the dissolution
behavior. ZnO has a tendency to get slowly dissolved in water
producing free Zn>* ions. The dissolution tends to occur more
easily in the presence of a large surface area of nanoparticles
owing to boosted surface reactivity (Sirelkhatim et al., 2015).
In previous reports, Zn>" ions have been extensively and suc-
cessfully investigated for intensification of the antibacterial
activity of ZnO (Li et al., 2011).

The released Zn "2 ions have a significant role in the inhibi-
tion of active transportation through the cell membrane, dis-
ruption of enzymatic systems in addition to disturbance in
the metabolism of proteins. However, the engineered nanos-
tructures exhibit modification in their bactericidal activity by
controlling the rate of dissolution based on surface composi-
tion and morphology. In our study, supposedly, the laminated
morphology and small size of rods enhanced the rate of release
of Zn"? jons in the medium containing ZnO NFs @cotton.
According to numerous studies, the 7Zn "2 ions released into
the growth medium are responsible for size-dependent nan-
otoxicity and the extent of dissolution of ZnO NFs into
Zn*? ions (Xia et al., 2008).

3.6.4.3. ROS generation by ZnO NFs @cotton. The mecha-
nisms involved in antibacterial activity have been attempted
to be investigated using TiO,@ textile. The TiO, nanostruc-
tures were found to produce reactive oxygen species (ROS)
such as superoxide radical anion, hydroxyl radicals, and a pos-
itive hole (Yang et al., 2004). These ROS are capable of inter-
acting with the cell wall and then the cell membrane of bacteria
which eventually leads to cell death. (Bozzi et al., 2005). The
ROS can also decompose the oil, dirt, and organic matter
hence imparting self-cleaning properties to textiles.

3.7. Durability of ZnO NFs@ cotton

The ZnO NFs @ cotton loaded with 58 pg was washed 20
times and antibacterial efficiency against E. coli was deter-
mined after every 5 washes. The antibacterial efficiency was
observed to be maintained for 15 washes and after that, it
gradually decreased. However, the total decrease in efficiency
of ZnO NFs @ cotton after 20 cycles was only 5% (Fig. 14).
This effect renders the nano-finished cotton reusable even after
15 washing cycles retaining its antibacterial activity against E.
Coli. Considering the previous studies Li and colleagues inves-
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Fig. 14 The durability and reusability of ZnO NFs @ Cotton as
an antibacterial agent.
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tigated the durability of the antibacterial activity of function-
alized cotton fabric loaded with nano-ZnO to sweat. The
durability of the anti-bacterial activity of the finished cotton
fabric in acidic, alkaline, and salt-based artificial sweat solu-
tions was evaluated. The results have shown better salt and
alkaline resistance than acid resistance for the treated fabrics
(Li et al., 2007). In another study, Xu and Cai et al., have
grown ZnO nano-rod on cotton fabric samples through the
dip-pad-cure process, which exhibited washing stability (Xu
and Cai 2008).

4. Conclusion

The previously synthesized powdered, ZnO NFs have been utilized to
prepare functionalized cotton. The nano-finished cotton was examined
to have a dense covering of positively charged ZnO NFs in the form of
flowers and unassembled rod-shaped petals. The optical properties
delineated the band gap energy and radiation harvesting capability
of ZnO NFs under UV and artificial sunlight D65. The surface-
adhered ZnO NFs exhibited a suitable bandgap of 2.9 eV to act as
an active semiconductor both in UV light and visible portion of solar
radiations. The high photocatalytic activity of ZnO NFs can be attrib-
uted to the presence of oxygen vacancies as crystal defects causing the
magnificent ROS generation. The antibacterial activity of the fabri-
cated samples has been determined by modified Bread’s Smear method
against E. coli. The prepared samples with different concentrations of
ZnO NFs loaded onto the surface of cotton were irradiated under UV
light and D65 artificial sunlight in a range of time intervals i.e. 15, 30,
and 45 min and 60, 120, and 180 min respectively. The bactericidal
activity was determined by a decrease in CFUs and a % reduction in
the number of bacterial cells by calculating microscopic factor. The
results obtained indicated that 42 pg of ZnO NFs were efficient enough
to mortify 100% of E. coli in 30 min under UV light. While 93.3% R
for 58 pg of ZnO NFs could be obtained in 45 min under D65 light. It
can be concluded that upon irradiating to high energy UV light, the
antibacterial activity of ZnO NFs was elevated due to a higher concen-
tration of ROS produced as compared to artificial sunlight. Still
increasing the load of ZnO NFs onto the surface of cotton, increased
their efficiency regarding the mortification of E. coli in D65 light. The
higher surface charge and greater contact area based on surface rough-
ness accelerated the bactericidal process under UV light and artificial
sunlight. The washing durability of the nano-finished ZnO NFs @ cot-
ton was magnificent as high bactericidal activity was maintained even
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after 20 washing cycles. The nano-finished cotton has exhibited high
prospects to be used as a medical textile and antibacterial self-
cleaning fabric.
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