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characterization of Fe–ZnO
cellulose-based nanofiber mats with self-sterilizing
photocatalytic activity to enhance antibacterial
applications under visible light†

Kithmini Ranathunga,‡a Piumika Yapa, ‡a Imalka Munaweera, *a

M. M. Weerasekera b and Chanaka Sandaruwan cd

Bacterial infections and antibiotic resistance have posed a severe threat to public health in recent years. One

emerging and promising approach to this issue is the photocatalytic sterilization of nanohybrids. By utilizing

ZnO photocatalytic sterilization, the drawbacks of conventional antibacterial treatments can be efficiently

addressed. This study examines the enhanced photocatalytic sterilizing effectiveness of Fe-doped ZnO

nanoparticles (Fe–ZnO nanohybrids) incorporated into polymer membranes that are active in visible light.

Using the co-precipitation procedure, Fe–ZnO nanohybrids (FexZn100−xO) have been generated using

a range of dopant ratios (x = 0, 3, 5, 7, and 10) and characterized. The ability to scavenge free radicals was

assessed and the IC50 value was calculated using the DPPH test at different catalytic concentrations. PXRD

patterns showed a hexagonal wurtzite structure, which indicated that the particle size of the nanohybrid

decreased as the dopant concentration rose. It was demonstrated by UV-vis diffuse reflectance

experiments that the band gap of the nanohybrid decreased (redshifted) with Fe doping. The photocatalytic

activity under sunlight increased steadily to 87% after Fe was added as a dopant. The Fe 5%–ZnO

nanohybrid exhibited the lowest IC50 value of 81.44 mg mL−1 compared to ZnO, indicating the highest

radical scavenging activity and the best antimicrobial activity. The Fe 5%–ZnO nanohybrid, which is proven

to have the best photocatalytic sterilization activity, was then incorporated into a cellulose acetate polymer

membrane by electrospinning. Disc diffusion assay confirmed the highest antimicrobial activity of the Fe

5%–ZnO nanohybrid incorporated electrospun membrane against Staphylococcus aureus (ATCC 25923),

Streptococcus pneumoniae (ATCC 49619), Escherichia coli (ATCC 25922), Pseudomonas aeruginosa (ATCC

27853), and Candida albicans (ATCC 10231) under visible light. As a result, Fe 5%–ZnO nanofiber

membranes have the potential to be employed as self-sterilizing materials in healthcare settings.
1 Introduction

Nanotechnology has transformed numerous disciplines across
a wide range of elds in recent decades. Its nanoscale size
enables it to have better features, which have helped it reach
several important milestones in biomedical applications. Nano-
particle-based materials show exceptional properties when
utilized as medicinal agents, particularly for conditions that do
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not respond well to conventional treatments.1–3 Sterilization is
the process of permanently inactivating or eliminating all live
microorganisms and their spores.4 Self-sterilizing materials
possess a distinctive ability to reduce the quantity of interacting
microorganisms by causing redox stress and destroying the
microorganisms by photothermal or photocatalytic mecha-
nisms.5 To maintain public health standards, there is currently
a demand for sustainable polymeric materials with an antibac-
terial capability for biomedical applications such as personal
protection equipment (PPE), medical gowns, bedclothes, and
other medical textiles that are utilized in hospitals.6,7

Despite their extensive use, conventional sterilization
procedures like UV irradiation, ozonation, and chlorination
have a number of drawbacks, including photo corrosion, low
visible light utilization, and the formation of carcinogenic
byproducts.8–10 The biomedical eld has expanded its bound-
aries with the introduction of the photocatalytic sterilization
procedure, a developing approach that uses a light source to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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accelerate the sterilization process. Once light radiation is
captured by the photocatalyst, photoinduced electrons and
holes are produced, and these particles move to the surface of
the catalysts.11,12 Superoxide radicals are produced when
adsorbed oxygen interacts with electrons. Furthermore, adsor-
bed water molecules or surface hydroxyl groups absorb holes,
resulting in the formation of reactive oxygen species (ROS)
known as hydroxyl radicals (OHc). The hydroxyl radical is the
most potent oxidant capable of inactivating bacteria. As a result,
ROS fuel the photocatalytic sterilization process.13–15

ROS reduces microbial cells' antioxidant-dependent defense
system by oxidizing lipids and organelles such as proteins and
DNA. Most microorganisms produce an acidic environment in
their host cells, thus catalysts breakdown in biological uids as
a result of this increased acidity. The increasing acidity then
enhances the production of hydroxyl groups. This causes
bacterial cells to run out of glutathione and produce more
reactive oxygen species (ROS), which have a number of negative
impacts on the microbial cells.16,17

In terms of microbiological illnesses, numerous examples of
contamination and pollution have occurred around the world in
recent years, posing a major threat to human health. As is
generally known, the number of bacterial strains demonstrating
antibiotic resistance is increasing annually, and some of these
types are extremely difficult to eliminate.18 Since the beginning
of the twentieth century, pathogens have consistently suc-
ceeded to avoid the effects of antimicrobial medications.19,20

According to the information provided above, photocatalytic
sterilization has sparked signicant interest since it offers
a promising way for removing pathogenic germs. Furthermore,
successful photocatalytic sterilization requires the discovery of
a novel photocatalyst with excellent absorption across a wide
range of wavelengths as well as surface durability.

Advances have beenmade in the production of antimicrobial
photocatalysts, including natural compounds, antibiotics, and
nanoparticles, for sterilization purposes.21–25 The discovery of
metal nanoparticles and their potential for therapeutic appli-
cations ushered in a new chapter of biomedicine.26 Scientists
from all over the world have been astounded by the powerful
antibacterial qualities they have demonstrated against a variety
of microorganisms. In response to the multiple issues that have
emerged, the scientic arena has refocused its efforts on the
hunt for novel antimicrobial compounds.27,28

Zinc oxide (ZnO) is a non-hazardous and thermodynamically
stable inorganic metal oxide.29 However, it is less effective in
visible light because to its huge band gap energy (Eg = 3.37 eV)
and high exciton binding energy (60 mV). Thus, high-energy UV
radiation is required to start the photocatalytic sterilization
process. When sunlight is used as an energy source, pure ZnO
demonstrates inadequate photocatalytic properties since
sunlight only contains 2–3% UV radiation and 47% visible light,
making it low energetic and renewable.30 Its absorption spec-
trum must thus be signicantly broadened from ultraviolet to
visible light. Several notable changes to ZnO have been estab-
lished, including the doping of metal or nonmetal and the
generation of heterojunction semiconductors.31 Doping is the
process of introducing foreign components into a pure
© 2024 The Author(s). Published by the Royal Society of Chemistry
substance in order to modify its new properties. Dopants create
a new band between the valence and conduction bands,
reducing the band gap signicantly. The remarkable link
between the structural, optical, and magnetic properties of ZnO
doped with Cr, Mn, and Fe has generated renewed interest. It is
critical to select acceptable ionic radii for dopants. Fe3+ has an
ionic radius of 64 pm, and Zn2+ has an ionic radius of 74 pm.
Doping with varied Fe3+ concentrations improve electron hole
pair separation while also decreasing average particle size.32–34

Owing to its three-dimensional porous framework, highly
effective expanse of surface, and adaptability in operation, the
electrospun nanober has been believed to be the best possible
candidate to immobilize the photocatalyst on an appropriate
solid inert substrate that possesses the envisioned morpholog-
ical structure.35 A simple, well-developed technique called
electrospinning uses electrostatic forces to fabricate ultrathin
bers with nanoscale dimensions. Electrospinning produces
membranes with a larger surface area to volume ratio than
membranes made using other techniques. Furthermore, due to
their brous structure, which makes it more difficult to detach
the powdered catalysts from the reaction mixture, the electro-
spun nanober membrane ensures that the photocatalysts are
reusable. Consequently, an efficient way to address the catalyst
recovery issue would be to develop electrospun nanober
incorporated with photocatalyst.36,37

Considering the recent published research, Qi et al. has
developedMn, Co, Ni, and Cu doped ZnO and has proved that Cu
doped ZnO nanoparticles possess the best antimicrobial activity
among other nanohybrids, especially against E. coli.38 Moreover,
Guo et al. also developed Ta doped ZnO nanoparticles and have
proved that it has an antibacterial activity against many Gram-
positive and Gram-negative bacteria.39 Permyakova et al. have
developed ZnO-modied polycaprolactone nanobers (PCL-ZnO)
by treating the nanober surface with plasma in a gaseous
mixture of Ar/CO2/C2H4 followed by the deposition of ZnO
nanoparticles with both antibacterial and antifungal activity.40

Similarly, Sekar et al. have studied a prominent bactericidal
activity of nanobers and was detected with the increase in Fe-
doped ZnO nanoparticles (NPs) concentration against Gram-
positive Staphylococcus aureus and Gram-negative Escherichia
coli.41 With those successful stories, the purpose of this research
was to create and evaluate visible light active Fe–ZnO nano-
particles combined into an electrospun membrane with the
potential to be employed as a self-sterilizing material. Fe–ZnO
nanohybrids (FexZn100−xO) were synthesized using the co-
precipitation process and used as a photocatalyst. The synthesis
technique was resumed with different dopant ratios (x= 0, 3, 5, 7,
and 10) and characterized. ZnO is a well-proven photocatalyst that
has antibacterial properties. The photocatalytic activity of the
nanoparticles was determined using a methylene blue dye
degradation test. The ability to scavenge free radicals was evalu-
ated using the DPPH assay at various catalytic concentrations, and
an IC50 value was derived. The synthesized Fe–ZnO nanohybrids
were then electrospun into a suitable polymer membrane. Fig. 1
depicts an illustration that describes the research outline.

Finally, the antibacterial activity of the produced membrane
was evaluated, demonstrating that this novel electrospun
RSC Adv., 2024, 14, 18536–18552 | 18537
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Fig. 1 An illustration of the research overview.
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membrane with Fe–ZnO nanohybrids can be exploited as
a possible self-sterilizing photocatalytic membrane in biomed-
ical applications. It is a low-cost, biodegradable, and environ-
mentally friendly solution for recovering, reusing, and recycling
photocatalyst. Furthermore, using visible light for photo-
catalysis ensures the free use of complex photocatalytic tech-
nology in this circumstance. To our knowledge, this is the rst
work to focus on the self-sterilizing photocatalytic characteris-
tics of cellulose acetate based polymeric Fe–ZnO nanober
membranes.

2 Materials and methods
2.1 Materials and reagents

All reagents, metal precursors, and other chemicals, including
zinc acetate dihydrate, ferric chloride, sodium hydroxide
(NaOH), polyethyleneglycol 6000 (PEG6000), methylene blue, 2,2
diphenyl-1-picrylhydrazyl (DPPH), methanol, ascorbic acid,
acetone, dimethylformamide, cellulose acetate, sodium chlo-
ride (NaCl), barium chloride (BaCl2), and sulfuric acid (H2SO4)
were obtained from Sigma Aldrich, USA. Chemicals, media, and
other materials for microbiology research, such as nutritional
agar, Muller Hinton agar, Muller Hinton broth agar, bacterio-
logical agar, blood agar, and antibiotic powders were obtained
from HiMedia in India. All compounds used were in analytical
grade. ATCC strains of Staphylococcus aureus (ATCC 25923),
Streptococcus pneumoniae (ATCC 49619), Escherichia coli (ATCC
25922), Pseudomonas aeruginosa (ATCC 27853), and Candida
albicans (ATCC 10231) were obtained from the Department of
Microbiology, University of Sri Jayewardenepura, Sri Lanka.

2.2 Synthesis and characterization of ZnO and Fe–ZnO
nanoparticles

Exactly, 3.38 g of zinc acetate dihydrate was dissolved in 50 mL
of deionized water. PEG6000 was added to that solution followed
by the dropwise addition of 2 M NaOH. The reaction mixture
18538 | RSC Adv., 2024, 14, 18536–18552
was stirred for 2 hours, and the resultant gel was centrifuged
and washed with deionized water three times. The resultant
precipitate was then oven dried at 100 °C for 12 hours. The oven
dried product was calcined at 450 °C for 2 hours to obtain zinc
oxide nanoparticles. To obtain the ne powder of ZnO nano-
particles, the calcined ZnO nanoparticles were further ground
using mortar and pestle.42

Zinc acetate dihydrate solution was prepared by dissolving
4.278 g of zinc acetate in 50 mL of deionized water. A ferric
chloride solution was prepared by mixing 0.1655 g of ferric
chloride in 30 mL of deionized water. Both solutions were
mixed at once. PEG6000 was added to that solution followed by
the dropwise addition of 2 M NaOH. The reaction mixture was
stirred for 2 hours, the resultant gel was centrifuged and
washed with deionized water three times. The precipitates were
collected, and oven dried at 100 °C for 12 hours. The oven dried
product was calcinated at 450 °C for 2 hours to obtain Fe 5%–

ZnO nanohybrid. The aforementioned procedure was followed
to obtain Fe 3%–ZnO, Fe 7%–ZnO and Fe 10%–ZnO nano-
hybrids using 0.0993 g, 0.2317 g, and 0.3310 g ferric chloride,
respectively.43,44

The crystalline structures of synthesized nanohybrids were
investigated by powder X-ray diffraction (PXRD) analysis
(Rigaku smart lab, 3 kW sealed X-ray tube, CBO optics, D/teX
Ultra 250 silicon strip detector) within the range of 7–80 two
theta degrees. In order to study the functional groups, present
in the compound along with the inter molecular interactions,
the synthesized nanohybrids were subjected to Fourier trans-
form infrared (FTIR) analysis – KBr pellet method (Bruker
Vertex 80 instrument) within the range (400 to 4000 cm−1). The
optical band gaps of synthesized nanohybrids were evaluated by
UV-vis diffuse reectance (PerkinElmer instrument, UV Express
– version 4.1.3) within the range of 300 to 800 nm. The
morphological characteristics of synthesized nanohybrids were
studied by scanning electron microscopy (SEM) imaging (ZEISS
model, mode of secondary electron, at an accelerating voltage of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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10 kV). To analyze the elemental composition of samples, X-ray
photoelectron spectroscopic (XPS) analysis (Thermo Scientic
TM ESCALAB Xi+ apparatus) was carried out.45

2.3 Evaluation of the photocatalytic activity of nanohybrids

The photocatalytic activity of pure ZnO and Fe–ZnO nanohybrids
was determined by observing the degradation of a methylene
blue dye solution. About 2 mg of methylene blue was taken into
a 500 mL volumetric ask and it was topped up with distilled
water. Then 15 mL of prepared methylene blue solution and
20 mg of catalyst were mixed, and the samples were kept in the
dark for 1 hour to reach the adsorption desorption equilibrium.
A photodegradation experiment was carried out under sunlight
(intensity 45–75 kLux) and under visible light lamp (50 W LED)
while continuously stirring the solutions using magnetic stirrer
for 1 hour. Aer every 15 minutes time interval, aliquots (5 mL)
were extracted and centrifuged. To measure the photocatalytic
degradation over time, UV-vis spectra were taken in the range of
300–800 nm and themonitoring wavelength ofmethylene blue at
663 nm was used.46

2.4 Evaluation of the antimicrobial activity of synthesized
nanohybrid powders followed by the photocatalytic activation

ZnO and Fe–ZnO nanohybrids were tested against the ATCC
cultures of Gram-positive bacteria; Staphylococcus aureus (ATCC
25923), Streptococcus pneumoniae (ATCC 49619), Gram-negative
bacteria; Escherichia coli (ATCC 25922), Pseudomonas aeruginosa
(ATCC 27853) and fungi; Candida albicans (ATCC 10231). These
microorganisms are predominant pathogenic microbes which
can be commonly observed in humans. Commercially available
antibiotics; erythromycin (100 mg) was used as the positive
control for Gram-positive bacteria. Gentamycin (100 mg) was
used for Gram-negative bacteria and uconazole (100 mg) was
used for Candida albicans.

The prepared media (Muller Hinton Agar for S. aureus, E. coli
and P. aeruginosa, blood agar for S. pneumoniae and Sabouraud
Dextrose Agar for C. albicans) and tips of the micropipette were
sterilized in an autoclave at 121 °C (15 bar pressure) for 15
minutes. Other glass ware was sterilized in a hot air oven at 160 °C
for 2 hours. A quantity of 25mL ofMuller Hinton agar was poured
into each disposable Petri dish and allowed to solidify. Then
suspensions of all the selected microorganisms were prepared,
which were adjusted with their concentrations to, 0.5McFarland's
standard (108 CFU mL−1) and then followed by a serial dilution
until the nal concentration reached to 10−4 CFU mL−1. Aer-
wards, 3 mL of each suspension were placed in centrifuge tubes.
These tubes were labelled as; positive control (standard antibiotic
100 mg), negative control (microbial suspension), Fe–ZnO nano-
hybrids in sunlight, normal light, lamp, and dark.

Then the tube which was labeled as ZnO. Fe in sunlight,
normal light, lamp, and dark were exposed to sunlight, normal
light, lamp (50W warm white LED with wavelength range of 400
to 700 nm) and dark for 2 hours aer adding Fe (5%)–ZnO
nanohybrid to it. All these tubes were coupled with a negative
control and a positive control before the exposure. Then 100 mL
from each tube were pipetted out and cultured on the solidied
© 2024 The Author(s). Published by the Royal Society of Chemistry
agar plates. All the agar plates were incubated for 24 hours at
37 °C. Finally, the colony count was counted by the quadrant
method. The percentage reduction in microbial growth was
calculated using the formula below.47–49

Percentage bacterial growth reductionð%Þ ¼
CFU

mL
Negative control� CFU

mL
Sample

CFU

mL
Negative control

� 100%

The best formulation for Fe–ZnO nanohybrid was chosen
based on the antibacterial activity of synthesized nanohybrid
powders, that were subsequently photocatalytically activated.
2.5 Determination of radical scavenging activity and IC50

values of ZnO and Fe 5%–ZnO nanohybrids by DPPH assay

The free radical scavenging activity of nanohybrids were
measured using the 2,2 diphenyl-1-picrylhydrazyl (DPPH) assay
method and the IC50 value was calculated. Exactly 1 mL of 100
mM DPPH prepared in methanol was added to 1 mL of nano-
hybrid solution prepared at different concentrations by
dispersing it in distilled water. Ascorbic acid (0.1 M) was used as
the standard. Absorbance was recorded at 517 nm and DPPH
scavenging activity was calculated with the following equation.

DPPH scavenging activity ¼ A0 � A1

A0

� 100%

where A0 and A1 are absorbance of DPPH and sample
respectively.50,51
2.6 Fabrication and characterization of nanohybrids
incorporated electrospun cellulose acetate (CA) nanobers

For the preparation of polymer solution about 600 mg of
cellulose acetate (100 kDa) was taken into a glass vial and then
acetone: DMF were added in a 2 : 1 v/v ratio, which means 4 mL
of acetone and 2 mL of DMF were mixed in the glass vial. It was
then stirred for 1 hour at ambient room temperature and
humidity and 180 mg of Fe 5%–ZnO nanohybrid was added to
the mixture in order to fabricate the 30% (w/w) loaded CA
nanober mat. Then the solution was stirred for about 6 hours
to ensure the homogeneous dispersion of the nanohybrid in the
polymer solution. Then the solution was sonicated for about 30
minutes. Aerwards, the solution was loaded into a syringe
attached to a blunt end needle. Then an aluminium foil was
spread on the ground collector to collect bers. The solution
was electrospinning using 16 kV voltage, a 13 cm tip to collector
distance, and a 1.5 mL h−1

ow rate to produce the CA nano-
ber mat, ZnO nanoparticles incorporated the CA mat and Fe
5%–ZnO nanohybrid incorporated the CA nanober mat52 using
SKE EF100 electrospinning system with a static collector plate at
ambient room temperature and humidity.

The crystalline structures of synthesized nanobers were
studied by PXRD analysis within the range of 7–80 two theta
degrees. In order to analyze the functional groups, FTIR analysis
was carried out in ATR mode within the range of 525–
RSC Adv., 2024, 14, 18536–18552 | 18539
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4000 cm−1. The morphological characteristics of nanober
membranes were studied using SEM imaging. The content of Fe
in the Fe 5%–ZnO nanohybrid incorporated electrospun
membrane was analyzed using the AAS analysis. A manual
digestion method by an acid mixture was performed prior to
this analysis. A square shaped sample of 100 cm2 was taken
from the electrospun CA membrane. Then 1 cm2 sample from
middle and each corner of the 100 cm2 portion of the mat were
taken and added to boiling tubes separately and three samples
from each corner and middle were taken to triplicate the
experiment. In a fume hood a mixture of conc. HCl and conc.
HNO3 in a ratio of 3 : 1 was added to the sample and then the
mixture was boiled gently over a water bath at 95 °C for 4–5
hours until the sample had completely dissolved. These solu-
tions were subjected to AAS analysis.53
2.7 Evaluation of the photocatalytic activity and
determination of free radical scavenging activity of ZnO
nanoparticles and Fe 5%–ZnO nanohybrid incorporated CA
electrospun nanober membranes

The photocatalytic activity of ZnO incorporated cellulose acetate
ber mat and Fe 5%–ZnO nanohybrid incorporated CA ber
mats were determined by analyzing the degradation of a methy-
lene blue dye solution. A 1 cm2 portion of themat was taken from
each sample and mixed with 15 mL of prepared methylene blue
(MB) solution separately. The samples were kept in the dark for 1
hour to reach the adsorption desorption equilibrium prior to the
analysis. Then the photodegradation experiment was carried out
under normal light and a visible light lamp (50 W LED) while
continuously stirring the MB solutions using magnetic stirrer for
1 hour. Aer every 15 minutes time interval, MB aliquots (5 mL)
were extracted and centrifuged. To measure the photocatalytic
degradation over time, UV-vis spectra of MB samples were taken
in the range of 300–800 nm and the peak at 663 nm wavelength
of methylene blue was considered for the analysis.54

In order to determine the free radical scavenging activity of
the fabricated nanober membranes, DPPH test was carried
out. A 0.5 cm2 portion of a membrane was taken to a test tube,
and 1 mL of distilled water and 1 mL of DPPH were added. The
mixture was shaken well, and aer 30 minutes, absorbance was
measured at 517 nm. The percentage of DPPH degradation was
calculated with the following equation. The analysis was trip-
licated using separate portions of the ber membranes.

DPPH scavenging activity ¼ A0 � A1

A0

� 100%

where A0 and A1 are absorbance of DPPH and sample
respectively.
2.8 Evaluation of the antimicrobial activity of ZnO
nanoparticles and Fe 5%–ZnO nanohybrid incorporated
electrospun CA membranes

The disc diffusion method was conducted to observe the anti-
bacterial activity of the ZnO and Fe 5%–ZnO nanohybrid incor-
porated electrospun polymer membranes. ZnO and Fe 5%–ZnO
nanohybrid incorporated electrospun membranes were tested
18540 | RSC Adv., 2024, 14, 18536–18552
against the ATCC cultures of Gram-positive bacteria; Staphylo-
coccus aureus (ATCC 25923), Streptococcus pneumoniae (ATCC
49619), Gram-negative bacteria; Escherichia coli (ATCC 25922),
Pseudomonas aeruginosa (ATCC 27853), and fungi Candida albi-
cans (ATCC 10231). These microorganisms are pathogenic
microbes which cause infections in humans. Commercially
available antibiotic discs of erythromycin (15 mg) were used as the
positive control for Gram-positive bacteria. Gentamycin (10 mg)
was used for Gram negative bacteria, and uconazole (15 mg) was
used for Candida albicans. Cellulose acetate electrospun
membrane was used as the negative control. The diameter of the
discs that were used for the assays was 6 mm.55,56

As mentioned in the Section 2.4, the media was prepared,
autoclaved, bacterial suspensions were prepared and cultured
in prepared plates. The excess microbial suspension was then
carefully removed by using a micropipette. The bacterial
suspensions were prepared by using fresh cultures of the
aforementioned bacteria. Discs were placed on the surface of
the solidied agar by using sterile forceps, and then all the
plates were incubated for 24 hours at 37 °C. Aerwards, the
zone of inhibition for each well was measured (Netillin Zone
Reader, USA). All the procedures were triplicated and conducted
according to the CLSI guidelines.45,46,57
3 Results and discussion

The synthesis technique of the photocatalytic nanomaterial in
this study is primarily concerned with simplicity, cost-
effectiveness, and biocompatibility, while also improving self-
sterilization activity. For this aim, photocatalytic ZnO and Fe–
ZnO nanohybrids were synthesized utilizing the co-
precipitation approach, which is cost-effective, easily repro-
ducible, easy, and gives a greater yield while preserving
outstanding purity. Additionally, it yields materials with
a controlled particle dimensions,58,59 uniform dispersion,
expansion, and adjustability in comparison to alternative
synthesis methods. The ZnO photocatalyst is modied by
doping the substance with Fe3+. The photocatalytic investiga-
tion then explores the optimal doping ratio by using methylene
blue degradation to examine the most effective photocatalyst
under visible light conditions. Fe 5%–ZnO nanohybrid exhibi-
ted the best photocatalytic activity accordingly, and then they
were incorporated into a biopolymer matrix (cellulose acetate)
by using the technique of electrospinning. The Fe 5%–ZnO
nanohybrid incorporated electrospun membrane was then
proven for its antimicrobial activity. Hence, the nal product of
this research is a biodegradable, affordable, biocompatible,
accessible, and effective photocatalyst incorporated polymer
membrane, which was proven for its self-sterilization properties
and possesses the ability to readily be used in health care
settings.
3.1 Characterization of the synthesized ZnO and Fe–ZnO
nanohybrids

Initially, structural and morphological characterization were
performed in order to conrm the successful synthesis of ZnO
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) PXRD spectra of synthesized nanohybrids; (b) FTIR spectra of synthesized nanohybrids; (i) ZnO, (ii) Fe 3%–ZnO, (iii) Fe 5%–ZnO, (iv) Fe
7%–ZnO and (v) Fe 10%–ZnO; (c) binding energy differences of; (c-(i)) O 1s state, (c-(ii)) Zn 2p3/2 state, (c-(iii)) Zn 2p1/2 state, (1) ZnO, (2) Fe 3%–
ZnO, (3) Fe 5%–ZnO, (4) Fe 7%–ZnO and (5) Fe 10%–ZnO; (c-(iv)) binding energy differences of Fe; (1) Fe 3%–ZnO, (2) Fe 5%–ZnO, (3) Fe 7%–ZnO
and (4) Fe 10%–ZnO; (d-(i)) SEM image of ZnO and (d-(ii)) SEM image of Fe 5%–ZnO.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 6
:4

7:
50

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and Fe–ZnO nanohybrids. The PXRD analysis was performed to
analyze the crystalline phases of each nanohybrid. The PXRD
patterns of pure ZnO and Fe–ZnO nanocrystalline samples with
different dopant ratios (x = 0, 0.03, 0.05, 0.07, and 0.10) are
shown in Fig. 2a. The observed diffraction peaks of samples
© 2024 The Author(s). Published by the Royal Society of Chemistry
have been compared with the JCPDS le no. 36-1451 of ZnO,
which conrms the wurtzite phase of ZnO that was present in all
the analyzed samples. Moreover, the sharp peaks denote the
crystalline nature of the prepared samples. The lattice planes of
(100), (002), (101), (102), (110), (103), (200), (112), (201), (004),
RSC Adv., 2024, 14, 18536–18552 | 18541
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and (202) in the X-ray diffractograms were identied, and these
peaks governed the ZnO crystalline phases. In the samples of
ZnO and Fe 5%–ZnO nanohybrid, no additional peak apart
from that corresponding to ZnO was detected. In the samples of
Fe 3%–ZnO nanohybrid and Fe 7%–ZnO nanohybrid, additional
peaks were observed which is corresponding to secondary
phases of ZnFe2O4.60 These peaks which are responsible for
impurities are denoted by an asterisk (*) in the Fig. 2a. The
concentration of the dopant can signicantly affect the crys-
talline structures of the nanomaterials. At lower concentrations,
the dopant atoms may incorporate into the ZnO lattice less
uniformly, leading to formation of impurity phases. At higher
concentrations, clustering or segregation of dopant atoms may
occur, resulting impurity phases.61

The ndings of the PXRD study revealed that the values of
lattice constants (a and c) and average crystalline size dropped
as the Fe doping percentage increased. These differences in
lattice parameters could be attributed to the substitutional
replacement of Fe3+ ions in place of Zn2+ ionic sites in the ZnO
matrix, resulting in a minor mist due to the varying ionic
radius of Fe3+ ions versus Zn2+ ions. This was also supported by
reducing the unit cell volume of ZnO from 47.62 (A°)3 to 47.43 (A
°)3 while increasing the Fe content from 0% to 10%. Table 1
displays the crystalline size and lattice characteristics of pure
ZnO nanoparticles and Fe–ZnO nanohybrids29

The formation of the ZnO structure in the synthesized
nanohybrids were further supported by FTIR analysis, as shown
in Fig. 2b. The functional groups, peak positions, and relevant
peak shis of the nanohybrids were identied with FTIR anal-
ysis. The metal–oxygen bonds usually appear in the ngerprint
region, and they are clearly shown in the spectrum as evidence
of successful doping of Fe into the ZnO matrix. The broad band
that appears around 3425 cm−1 is related to the O–H stretching
vibration of adsorbed water molecules. The weak band that
appears around 2360 cm−1 is mainly due to CO adsorption on
the surface from the CO2 in the atmosphere. The band located
around 1635 cm−1 is due to the H–O–H bending vibration of
water in ZnO. The peak at 1547 cm−1 is assigned to the C–H
bending mode. The peak around 1384 cm−1 is due to the C]O
asymmetric stretching vibration of residual carboxylate on the
surface. The band, which is located around 1121 cm−1 is due to
the C–O single bond stretching mode. Bands with an intensity
of medium to weak, at 839 cm−1 to 669 cm−1 are assigned to
vibrational frequencies due to the changes in microstructural
features caused by the doping of Fe into the ZnO lattice.
Table 1 Average crystallite size and lattice parameters of pure ZnO nan

Compound
Average crystallite
size (nm)

Unit cell

a = b

Pure ZnO np 26.21 3.25
Fe 3%–ZnO nanohybrid 36.84 3.25
Fe 5%–ZnO nanohybrid 32.03 3.25
Fe 7%–ZnO nanohybrid 31.80 3.24
Fe 10%–ZnO nanohybrid 30.63 3.25

18542 | RSC Adv., 2024, 14, 18536–18552
The peak that is located around 565 cm−1 to 660 cm−1 is due
to the Fe–O stretchingmode. The band that is presented around
468 cm−1 can be assigned to the Zn–O stretching mode, which
also conrms the formation of the ZnO wurtzite structure,53 and
that band has shied to the right slightly by causing a red shi,
as a result of the incorporation of Fe3+ into ZnO lattice.62,63

XPS analysis was carried out to further identify the chemical
composition, oxidation sate, and electronic conguration of the
pure ZnO and Fe–ZnO nanohybrids, as depicted in Fig. 2c(i–iv).
The peaks with a high intensity that is observed at 1022.28 eV
and 1042.32 eV binding energies, respectively, correspond to Zn
2p3/2 and Zn 2p1/2 states (Fig. 2c(ii and iii)). The observed
binding energies of these peaks are different from the elemental
binding energy values and close to the standard binding energy
values of ‘Zn’ in ZnO. This indicates that zinc is present in +2
chemical states in the analyzed samples.64

The binding energies of Zn 2p3/2 are located at 1022.28,
1021.40, 1022.10, 1021.85, and 1022.02 eV for 0%, 3%, 5%, 7%,
and 10% Fe–ZnO samples, respectively. The binding energy of
central Zn 2p3/2 shows asymmetrical behavior for Fe–ZnO
samples. In the Zn 2p spectra of Fe–ZnO in Fig. 2c(ii and iii), two
Zn 2p bands have been shied slightly, denoting that Fe has
been successfully doped into the ZnO matrix.

The O 1s peak observed at 531.16 eV is due to lattice oxygen
bonded with Zn atoms (Fig. 2c(i)). The binding energies of O 1s
are located at 531.16, 530.38, 530.97, 530.67, and 530.92 eV for
0%, 3%, 5%, 7%, and 10% Fe–ZnO samples, respectively. The
broad nature of the peak could be due to various coordination
of oxygen in the lms. As reported in the literature, the O 1s
peak can be tted into three Gaussian peaks having different
binding energy positions. Among these three peaks, the peak on
the lower binding energy side is attributed to the O2− ions in the
wurtzite structure of hexagonal ZnO. Fig. 2c(iv) shows the
binding energy differences of Fe 2p1/2 and 2p3/2 states in 3%,
5%, 7% and 10% Fe–ZnO samples. The intensity of the peaks
grew as the proportion of Fe doped into the ZnO matrix
increased. Furthermore, the binding energies of Fe 2p1/2 and
2p3/2 states increased as the doping fraction was raised.65,66

The optical band gap energy (Eg) of the Fe–ZnO samples was
then determined using UV-vis diffuse reectance spectroscopy.
The optical band gap energy of a material can be determined by
measuring the absorption corresponding to the transition from
the valence band to the conduction band. The graphs of (F(R)
hn)2 versus hn for pure ZnO nanoparticles and Fe–ZnO nano-
hybrids were recorded. The band gaps of each sample were
oparticles and Fe–ZnO nanohybrids

parameters (Å) Unit cell parameters (Å)

Volume (Å)3c

5.21 47.62
5.20 47.55
5.21 47.59
5.19 46.33
5.19 47.43

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Band gap energies of pure ZnO nanoparticles and Fe doped
ZnO nanohybrid

Compound name
Band gap energy
(eV)

Wavelength
(nm)

ZnO np 3.37 368
Fe 3%–ZnO nanohybrid 3.29 377
Fe 5%–ZnO nanohybrid 3.09 402
Fe 7%–ZnO nanohybrid 3.27 379
Fe 10%–ZnO nanohybrid 3.87 320
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determined by extrapolating the linear portion of the plot to the
(F(R)hn)2 = 0 axis (ESI File 01†). The direct band gap of undoped
ZnO is found to be 3.37 eV. It almost matches the band gap
value of ZnO reported in the literature.67 When doping Fe3+ into
the ZnO lattice, the band gap values have decreased. Estimated
band gap values for all samples show a red shi with respect to
the pure ZnO sample, except for Fe 10%–ZnO, which exhibits
a blue shi. It is reported that the cause of red-shi in the band
gap values may be due to strong sp–d exchange interactions.68

These exchange interactions arise between the band electrons
of ZnO and the localized d electrons of Fe atoms when Fe ions
Fig. 3 Photocatalytic studies of nanohybrids under (a) under dark; (b) un
5%–ZnO, (4) Fe 7%–ZnO, (5) Fe 10%–ZnO.

© 2024 The Author(s). Published by the Royal Society of Chemistry
substitute some of the Zn ions in ZnO. When the dopant level
was raised from 0 to 5%, the band gap energy was reduced from
3.37 eV to 3.09 eV. The band gap values obtained for each
sample are in Table 2.68

Aer revealing that the Fe 5%–ZnO nanohybrid exhibit the
lowest band gap energy, themorphological characteristics of ZnO
and Fe 5%–ZnO nanohybrid were studied by SEM, as shown in
Fig. 2d(i and ii). The morphology of the samples has changed
from nanospheres to nanoowers with the doping of Fe because
the dopant atoms might affect the particle size and can change
crystal growth directions in various directions. In ZnO, usually the
c axis conveys the greatest growth rate, but upon the addition of
dopant, it generates a thermodynamic barrier that slows down
both the nucleation and the growth rate in primary nuclei. The
concentration and rate of OH− ions also affected the morphology
because they were directed to anisotropic crystal growth.69,70
3.2 Evaluation of the photocatalytic activity of the
synthesized nanohybrids

The photocatalytic activity of synthesized nanohybrids were eval-
uated by the degradation of Methylene Blue (MB) dye under
different lighting conditions as illustrated by Fig. 3a–c. The
der visible light lamp; (c) under sunlight; (1) ZnO, (2) Fe 3%–ZnO, (3) Fe

RSC Adv., 2024, 14, 18536–18552 | 18543
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degradation of MB dye by the photocatalysts was monitored
through the reduction of characteristic absorption peak height (ESI
Fig. S2–S4†). The percentage of degradation ofMBdye is dened as
the measure of degradation efficiency of the photocatalyst.

The following is the mechanism involved in the photo-
catalytic degradation of ZnO. First, the MB dye is adsorbed onto
the ZnO nanostructures' catalytic surface. Then, when exposed
to light from a lamp or sunshine, it causes excitons to form in
ZnO. Aer reacting with the oxygen adsorbed on ZnO, the
photogenerated electrons present in the conduction band of
ZnO produce superoxide anion radicals (O2

−c). Similar to this,
when hydroxyl groups on the surface react with the holes made
in ZnO's valence band, extremely reactive hydroxyl radicals
(OHc) are produced. Reactive radicals may also be produced by
the dissociation of water molecules brought on by these pho-
togenerated holes. When extremely reactive hydroxyl and
superoxide radicals react with the MB dye adsorbed on ZnO, it
degrades/decolorizes.

Fig. 3c shows the photocatalytic degradation of MB under
sunlight. For a one-hour time period, Fe 5%–ZnO nanohybrid
shows the highest degradation, and it was found to be 87% and
for ZnO under sunlight (intensity 45–75 kLux), photocatalytic
degradation was found to be 27%, and hence Fe 5%–ZnO
nanohybrid shows a more promising efficiency in photo-
catalytic degradation than undoped ZnO. Also, Fe 3%–ZnO
nanohybrid, and Fe 7%–ZnO nanohybrid showed higher pho-
tocatalytic degradation than undoped ZnO, which was found to
be 42.9% and 44.82%, respectively. The reason for enhancing
the photocatalytic activity of Fe 5%–ZnO nanohybrid, Fe 3%–

ZnO nanohybrid and Fe 7%–ZnO nanohybrid the is broadening
of the absorbed wavelength range of light with the enhanced
photogenerated charge separation.71
3.3 Evaluation of IC50 value of the synthesized nanohybrids
by DPPH assay

The free radical scavenging activity of ZnO particles in the pres-
ence of DPPHc in the methanolic solution could be described by
the generally accepted mechanism of semiconductor based
photocatalysis. The mechanism involved the transformation of
DPPHc into DDPH upon the donation of electrons on the oxygen
atoms to the odd electrons of the nitrogen atoms, resulting in the
formation of stable DPPH molecules.

IC50 is the concentration at which 50% of the total DPPH free
radical is scavenged or neutralized and can be determined by
the linear regression method by plotting % inhibition against
the corresponding concentration, as shown in Fig. 4a and b.
Both ZnO and Fe 5%–ZnO nanohybrid show the radical scav-
enging activity and IC50 values were calculated as 106.6 mg mL−1

and 81.44 mg mL−1 for ZnO and Fe 5%–ZnO nanohybrid,
respectively. It was observed that the IC50 value of Fe 5%–ZnO
nanohybrid is less than that of ZnO. It happens because of the
higher generation of free radicals in Fe 5%–ZnO nanohybrid
due to its lower band gap energy. The lower value for IC50 is
responsible for a higher radical scavenging activity. Hence, Fe
5%–ZnO nanohybrid, which exhibit the lowest IC50 value,
possess the highest radical scavenging activity.72,73
18544 | RSC Adv., 2024, 14, 18536–18552
3.4 Evaluation of the antimicrobial activity of the
nanohybrids with the photocatalytic activation

Photocatalysis is an innovative green technique based on
advanced oxidation process that produces various reactive
substances, have gained greater attention for their promising
application as conventional antimicrobial agents.74 Photo-
catalysts are substances that alter the rate of a chemical reaction
when they are exposed to light with the proper wavelength.75

Here we have employed synthesized nanohybrids as the photo-
catalysts and they were evaluated for their photocatalytic activity
in different conditions; sunlight, normal light, lamp, and dark.

The antimicrobial studies of ZnO and Fe 5%–ZnO nano-
hybrid are shown in Fig. 4b. In all the samples, the highest
reduction rate was shown by samples which were kept under
sunlight. The highest percentage reduction of growth was
observed in S. aureus under sunlight. The second highest
reduction rate was shown by samples that were kept under
normal light, and the highest percentage reduction of growth
was observed in S. pneumoniae. For the samples that were kept
under a visible light lamp, there was no signicant reduction in
microbial growth except for E. coli.

Aer the characterization of synthesized nanohybrids, they
were subjected to electrospinning in order to fabricate a pho-
tocatalyst that incorporates polymer membrane, which can be
readily used as a self-sterilizing material. Considering the
aforementioned data, the Fe 5%–ZnO nanohybrid was
conrmed as the best photocatalyst among those synthesized
nanohybrids, and it was used to fabricate the electrospun
polymer membranes. ZnO incorporated electrospun
membranes and cellulose acetate electrospun membranes were
also fabricated and used as controls for comparative studies.76,77
3.5 Characterization of the fabricated ZnO nanoparticles
and Fe 5%–ZnO nanohybrid incorporated electrospun CA
membranes

XRD analysis was performed initially for cellulose acetate
polymer (CA), CA with ZnO, and CA with Fe 5%–ZnO nano-
hybrid loaded nanober Fig. 5a membranes, as shown in
Fig. 5b. The XRD patterns of all the samples exhibit the cellulose
acetate peaks concerning cellulose amorphous type. Moreover,
the incorporation of ZnO and Fe 5%–ZnO nanohybrid can be
identied by the sharp peaks in the range of two theta 20–80.
For fabricating Fe–ZnO nanober mats, Fe 5%–ZnO nanohybrid
were used since they showed the best photocatalytic activity, as
discussed above. The XRD patterns for lattice planes of (100),
(002), (101), (102), (110), (103), (112), and (201) were identied
as the predominant peaks in the Fe–ZnO incorporated CA
membranes that govern the ZnO and Fe2O3 crystalline phases.

Aerwards, the FTIR spectra of electrospun nanober
membranes were analyzed in ATRmode, as shown in Fig. 5c. The
O–H stretching peak appears to be weak in the 3400–3500 cm−1

range. The peak usually occurs around 2900 cm−1 due to C–H
stretching, which was not observed here. The vibration peak
around 1700 cm−1 is attributed to the C]O stretching vibration.

Also, the peak around 1430 cm−1 was attributed to the –CH2-
deformation vibration that occurred. Further, the characteristic
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) DPPH free radical scavenging activity of ZnO nanoparticles; (b) DPPH free radical scavenging activity of Fe 5%–ZnO nanoparticles; (c)
percentage reduction of growth of different microorganisms in Fe 5%–ZnO nanohybrids kept under different conditions; (S= Sunlight,
N=Normal light, L = Lamp, D = Dark), (1) Fe 5%–ZnO S, (2) Fe 5%–ZnO N, (3) Fe 5%–ZnO L and (4) Fe 5%–ZnO D.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 6
:4

7:
50

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
peak at 1230 cm−1 was observed due to C–O carboxylate
stretching vibrations. The peak at around 1039 cm−1 was
observed due to the –C–OH stretching vibration. It is noted that
the presence of the absorption peaks at around 900 cm−1 could
be due to both –C–O stretching and –CH2 rocking vibrations. In
the ngerprint region, some peaks are observed in the range of
500–900 cm−1 which may be due to metal–O bonds. The peak
position shi and the change in intensity of the peaks denote
the incorporation of Fe–ZnO.78,79

The morphology of electrospun nanobers were analyzed by
SEM, as shown in Fig. 5d(i–iii). In CA nanober with ZnO and Fe
5%–ZnO nanohybrid, it can be seen that beads are formed along
with the ber that is normally considered to have defects. Also,
it can be observed that ber diameter has been reduced with the
incorporation of nanohybrids. The addition of metal doped
ZnO nanoparticles resulted in the accumulation of a higher
charge density on the surface of the ejected jet during electro-
spinning, and the overall charges carried by the electrospinning
© 2024 The Author(s). Published by the Royal Society of Chemistry
jet signicantly increased. As the charges carried by the jet
increased, higher elongation forces that could overcome the
self-repulsion were brought down to the jet under the electric
eld. Thus, as the charge density increased, the diameter of the
bers became smaller. The SEM images were then analyzed by
the soware ImageJ to obtain the mean diameter of the elec-
trospun bers and to investigate the distribution of ber
diameter (Fig. 5e(i–iii)). The mean diameters of the bers were
121 ± 4, 89 ± 4 and 96 ± 4 nm that belong to CA electrospun
membrane, the ZnO incorporated CA membrane, and Fe doped
5%-ZnO incorporated CA membrane, respectively.80

Then the fabricated mats were digested manually by
a mixture of acids (HCl and conc. HNO3 in a ratio of 3 : 1) in
order to investigate the incorporated quantities of Fe–ZnO into
the electrospun membranes.53 It provided evidence to conrm
the homogenous distribution of the incorporated nanohybrid
throughout the electrospun cellulose acetate mat. As depicted
in Fig. 5, Fig. 5f shows the places on the electrospun membrane
RSC Adv., 2024, 14, 18536–18552 | 18545
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Fig. 5 (a) A photograph of the Fe 5%–ZnO incorporated electrospun membrane; (b) XRD spectra of nanofibers; (i) CA mat. (ii) ZnO incorporated
CA mat, (iii) Fe 5%–ZnO incorporated CA mat; (c) FTIR spectra of nanofibers; (i) ZnO incorporated CA mat, (ii) Fe 5%–ZnO incorporated CA mat;
(d) SEM images of; (i) CA mat, (ii) ZnO incorporated CA mat, (iii) Fe 5%–ZnO incorporated CA mat; (e) distribution of fiber diameter; (i) CA mat, (ii)
ZnO incorporated CA mat and (iii) Fe 5%–ZnO incorporated CA mat; (f) content of Fe at each point in the electrospun CA membrane based on
AAS results; (g) photocatalytic degradation of ZnO incorporated cellulose acetate fiber mat under, (1) Dark, (2) Lamp, (3) Normal light and Fe 5%–
ZnO incorporated ZnO fiber mat under, (4) Dark, (5) Lamp and (6) Normal light.
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where the samples were taken for acid digestion. Then each
sample was analyzed by AAS analysis to investigate the quantity
of Fe in the electrospun membrane. Fig. 5f depicts the mean
18546 | RSC Adv., 2024, 14, 18536–18552
value of Fe content at each point based on AAS results. It can be
conrmed that the distribution of metal through the electro-
spun membrane is comparable in composition.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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The degradation of MB dye by the Fe 5%–ZnO incorporated
ber mat was monitored through the reduction of characteristic
absorption peak height (ESI Fig. S5†). Fig. 5g shows the photo-
catalytic degradation of ZnO incorporated cellulose acetate ber
mat and Fe 5%–ZnO incorporated ZnO ber mat under dark,
under visible light lamp, and under normal light. For 1 hour time
period, Fe 5%–ZnO incorporated ber mat kept under normal
light showed highest degradation and it was found to be 72%.
The degradation of ZnO ber mat kept under normal light was
found to be 24% and hence it can be determined that Fe 5%–ZnO
ber mat shows a promising photocatalytic activity compared to
that undoped ZnO ber mat. Under visible light lamp photo-
catalytic degradation of ZnO ber mat and Fe 5%–ZnO ber mat
was found to be 16% and 34% respectively. For the samples kept
under dark there was no distinguishable degradation found.
Photocatalytic activity of Fe 5%–ZnO incorporated electrospun
bermat shows signicant improvement. It clearly indicates that
the successful incorporation of Fe 5%–ZnO in the nanober mat
can enhance the photocatalytic performance of fabricated ber
mats under visible light.81

The mechanochemical properties of cellulose acetate based
electrospun membranes with nanomaterials were well studied by
many researchers and they have already proven its suitability as
a material with optimal mechanochemical properties for various
applications.82,83 Nauman et al. have described that various
parameters including crystalline size and concentration of the
Fig. 6 (a) DPPH degradation percentage of Fe 5%–ZnO fiber mat, ZnO fi

normal light, (2) dark (b) zone of inhibition of disc diffusion test of ZnO fi

ZnO fiber mat, (2) Fe 5%–ZnO fiber mat (c) disc diffusion inhibition zones
albicans; (+) positive control, (−) negative control, (1) ZnO incorporated

© 2024 The Author(s). Published by the Royal Society of Chemistry
incorporated material affect the mechanochemical properties of
electrospunmembranes.84 Incorporation ofmetallic nanoparticles,
organic molecules or crystalline structures into the electrospun
membrane enhance the mechanical strength of the nanober mat
as well as the thermal stability of the nanober mat.85

Aly et al. studied the mechanical properties of ZnO
nanoparticles/graphene oxide (GO) cellulose acetate (CA)
nanobers and reported the tensile strength 5.44 ± 0.81, 12.87
± 0.93, and 8.82 ± 1.2 MPa for ZnO@CA, GO@CA, and ZnO/
GO@CA respectively. Further, toughness increased from 23.29
± 1.4 MJ m−3, to 68.95 ± 4.5, and 57.75 ± 3.6 MJ m−3 for
ZnO@CA, GO@CA, and ZnO/GO@CA respectively86 further,
Ghosh et al. developed a zinc oxide cellulose acetate electrospun
mats for efficient wound healing and reported that the rein-
forcement of ZnO into CA increased the tensile strength and
young's modules of the nanobrous scaffold with the
increasement of ZnO concentration.87
3.6 Evaluation of radical scavenging activity of ZnO
nanoparticles and Fe 5%–ZnO nanohybrid incorporated
electrospun CA membranes by DPPH assay

As shown in Fig. 6a, the highest DPPH degradation value was
shown by Fe 5%–ZnO nanohybrid incorporated CA ber mat
under normal light, and it was found to be 50.62%. Due to the
lower band gap of Fe 5%–ZnO nanohybrid (Table 2), hydroxyl
ber mat and cellulose acetate fiber mat under normal light and dark; (1)
ber mat and Fe 5%–ZnO fiber mat using different microorganisms; (1)
of; (i) S. aureus (ii) S. pneumoniae (iii) E. coli (iv) P. aeruginosa and (v) C.
CA mat and (2) Fe doped (5%) ZnO incorporated CA mat.

RSC Adv., 2024, 14, 18536–18552 | 18547
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radical formation increased and as a result, the free radical
scavenging activity of Fe 5%–ZnO nanohybrid showed the
highest value. For ZnO incorporated cellulose acetate ber mat,
under normal light DPPH degradation was found to be 16.60%,
and for cellulose acetate ber mat, it was 6.01%.

These ndings highlight the importance of radical scav-
enging activity in antimicrobial mechanisms of nanomaterials.
The nanoparticles itself can be entered into the microbial cells
and cause structural deformations and also physiological
interruptions in the microbial cells. However, when it comes to
the nanoparticles incorporated nanober mats, the nano-
particles remain within the nanober matrix. Electrospun CA
membranes with a 25 cm2 (5 cm × 5 cm) Fe 5%–ZnO nano-
hybrid were placed for 24 hours in bacterial cultures (cultured
in nutrient broth agar) of S. aureus (Gram-positive bacteria), E.
coli (Gram-negative bacteria) and fungal cultures (cultured in
SDA broth agar) of C. albicans (fungi). The solutions were then
subjected to IC-PMS analysis to assess metal leaching from
electrospun membranes, however no such detections were
made. Moreover, several studies have shown that there is no
leaching out of nanoparticles from dense electrospun bers.82,83

According to Table 2, visible light governs the activation and
initiation of ROS from metallic nanoparticles that give rise to
antimicrobial potential, and these fabricated CA – mats have
visible light active ROS generation, which governs their self-
sterilizing ability. The radical scavenging activity is directly
proportionate to the antimicrobial activity. Reactive oxygen
species (ROS), which are generated by radical scavenging
activity, suppress the antioxidant-dependent defense mecha-
nism in microbial cells through lipid peroxidation and the
oxidation of organelles, including proteins and DNA. Because
most microorganisms generate an environment that is acidic in
their host cells, catalysts dissolve in biological uids as a result
of this increased acidity.88 The hydroxyl group synthesis in this
phenomenon is then enhanced by the increased acidity.86 This
will cause the bacterial cells to run out of glutathione and
produce more ROS, which have a variety of detrimental effects
on the microbial cells.89
3.7 Evaluation of antimicrobial activity of ZnO nanoparticles
and Fe 5%–ZnO nanohybrid incorporated electrospun CA
membranes by disc diffusion method

According to the reported results, both electrospun membranes
(ZnO incorporated membrane and Fe 5%–ZnO nanohybrid
incorporated membrane) showed an antimicrobial activity
against the tested microbes. The Fe 5%–ZnO nanohybrid
incorporated electrospun membrane showed the best antimi-
crobial activity against the tested microbes. When analyzing the
inhibition zones of the ZnO-incorporated electrospun mat, it
also showed a comparative inhibition zone, but it was less than
the Fe 5%–ZnO nanohybrid incorporated membrane. Fig. 6b
depicted the zones of inhibition in a graph, and Fig. 6c depicted
the graphical representation of zones of inhibition (disk diffu-
sion) of each nanohybrid against all the tested microbes.

Furthermore, the Fe 5%–ZnO nanohybrid incorporated
electrospun membrane showed greater antibacterial activity
18548 | RSC Adv., 2024, 14, 18536–18552
against the Gram-positive bacteria. This can be explained by the
differences in the structure of the cell walls of Gram positive
and Gram-negative bacteria. Gram-positive bacterial cell wall is
simple, and it lacks the complex outer membrane. Whereas
Gram-negative bacterial cell wall is complex and consist of four
layers including the outer membrane containing lipopolysac-
charides. Therefore, it is difficult to destroy the cell wall of
Gram-negative bacteria. The minimum values of the inhibition
zones among the tested bacteria were reported against Pseudo-
monas aeruginosa. It is considered a bacterium that is difficult to
destroy because of its own antibacterial resistance mechanisms.
The electrospun membranes showed promising antifungal
activity as well. Fe–ZnO incorporated electrospun membranes
showed a higher inhibition zone than ZnO incorporated elec-
trospun membranes. Hence, the developed Fe 5%–ZnO nano-
hybrid incorporated electrospun membranes showed potential
as an antimicrobial membrane that has both antibacterial and
antifungal activity90,91 under sunlight and normal light.

Considering the aforementioned data, it is well proven that
metal-doped nanoparticles can be used as effective photo-
catalysts, and they can act as promising self-sterilizing mate-
rials under sunlight and normal light. However, it is always
recommended to test clinical strains of the tested microor-
ganism as well as few more pathogenic bacteria to conrm the
above ndings. The technique of electrospinning facilitates the
embedding of these nanohybrids into a suitable polymer
membrane. According to recent published literature, photo-
catalytic self-sterilization nanomaterials are a blooming disci-
pline in nanotechnology and biomedicine. El-Moghazy and
colleagues assessed the potent electrostatic interactions among
anionic photosensitizers across a cationic nanosized cotton
ber surface in order to create photoinduced nano fabrics that,
when exposed to radiation, generate reactive oxygen species
(ROS) with a biocidal effect.92 Moreover, the invention of water-
repellent, TiO2-organic dye-based air lters by Heo et al., made
it possible to photochemically inactivate bioaerosols in the
presence of visible light.93

This research study will also fuse the interfaces of photo-
catalysis principles, nanotechnology, and microbiology in order
to ensure that these photocatalytic nanohybrids incorporate
electrospun membrane as an affordable, readily available,
biocompatible, and effective self-sterilizing material for health
care needs.94–96

4 Conclusion

In the present work, ZnO and Fe–ZnO nanohybrids were
successfully synthesized via the co-precipitation method. The
impact of varied Fe doping concentrations (0–10%) structural,
morphological, compositional, optical, and antioxidant proper-
ties of ZnO nanostructure were studies and discussed. It is found
from the PXRD data, that the crystalline parameters of the
nanohybrids deteriorated with the increase in Fe doping
concentration. This might be due to the substitution of Fe3+ ions
into the Zn2+ ions in the ZnO lattice in all the doped samples. The
SEM images exhibited a change in the morphology of ZnO from
spherical nanoparticles to nanoowers upon doping with Fe. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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FTIR investigation revealed the regular vibrational modes of Zn–
O and Fe–O. AAS, and XPS analysis further conrmed the pres-
ence of Fe in the ZnO lattice. It is determined that the redshi of
the band gap energy of ZnO upon doping Fe into the ZnO
nanoparticles. In the photodegradation test, it was found that the
Fe 5%–ZnO nanohybrid has the highest photocatalytic activity.
DPPH IC50 assay studies were performed to evaluate the free
radical scavenging capacities of ZnO and Fe 5%–ZnO nano-
hybrids. The incorporation of Fe 5%–ZnO nanohybrid into
cellulose acetate polymer matrix by electrospinning was denoted
by PXRD, FTIR, and SEM analysis. The higher loading of Fe 5%–

ZnO nanohybrid into polymer such as 30% w/w showed prom-
inent ZnO peaks in the PXRD pattern. The antimicrobial activity
of prepared nanoparticles and nanobers were evaluated under
sunlight and normal light by disc diffusion and spread plate
method, and it can be concluded that Fe 5%–ZnO nanober
membranes can be used as a potential self-sterilizing material in
healthcare settings.
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