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ABSTRACT: The COVID-19 pandemic has clearly shown the importance of
developments in fabrication of advanced protective equipment. This study
investigates the potential of using multifunctional electrospun poly(methyl
methacrylate) (PMMA) nanofibers decorated with ZnO nanorods and Ag
nanoparticles (PMMA/ZnO—Ag NFs) in protective mats. Herein, the
PMMA/ZnO—Ag NFs with an average diameter of 450 nm were simply
prepared on a nonwoven fabric by directly electrospinning from solutions
containing PMMA, ZnO nanorods, and Ag nanoparticles. The novel material
showed high performance with four functionalities (i) antibacterial agent for
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inhibition of corona and influenza viruses, (iii) photocatalyst for degradation
of organic pollutants, enabling a self-cleaning protective mat, and (iv) reusable
surface-enhanced Raman scattering substrate for quantitative analysis of trace
pollutants on the nanofiber. This multi-functional material has high potential
for use in protective clothing applications by providing passive and active protection pathways together with sensing capabilities.

KEYWORDS: protective clothing, electrospun nanofibers, ZnO nanorods, silver nanoparticles, photocatalytic degradation, antiviral activity,
antibacterial activity, SERS

1. INTRODUCTION Metals and their compounds have been recently demon-
strated to be efficient against a wide range of pathogens
including viruses, bacteria, and fungus. Among metal species,
Zn can exert antiviral and antibacterial activities against
pathogens that cause disease in humans. In view of the
emerging COVID-19 pandemic caused by the novel

Multi-functional materials with antiviral, antibacterial, photo-
catalytic, and sensing properties are of great interest for
applications in health care settings. A particularly important
application of such materials is in personal protective

equipment. Especially in pandemic situations, where it is coronavirus, SARS-CoV-2, the study of Zn with potential
difficult to access protective equipment, it is vital to use antiviral effects is of particular and urgent interest.” The
functional mats that can keep viral contamination to a antiviral mechanism of action of Zn is usually defined as
minimum and for which they can be used for a long time adhering to one of the following models: inhibition of virus
due to their self-cleaning ability. The 2019 coronovirus replication, reducing the activity of angiotensin-converting
outbreak (COVID-19) has clearly shown the need for enzyme 2 (ACE2), conditional upregulation of IFN-a
substantial developments in personal protective equipment. (interferon a), inhibition of nuclear factor-kappa B (NF-xB)
An ideal protective mat should be self-cleanable, provide with an immunologic role, acting as a cofactor for numerous
resistance against bacteria and virus infections, and at the same viral proteins, preventing the entry of the virus from the cell
time should allow for direct investigation of the pollutant

molecules. Multi-functional materials with antiviral, antibacte- Received: August 30, 2020

rial, photocatalytic, and surface-enhanced Raman scattering Accepted: January 15, 2021

(SERS) activities can enable such functionalities, provided that Published: January 25, 2021

they are seamlessly integrated into conventional textiles

without loss of their inherently advantageous properties such

as porous structure, flexibility, and light weight.' ™
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membrane, reduction of the risk of bacterial coinfection by
improving direct antibacterial effects against Streptococcus
pneumoniae. However, additional clinical studies and extensive
experimental data are needed in this area.” In fact, ZnO and
Ag are extensively used in antibacterial studies. Although the
antibacterial activity of a single ZnO nanomaterial is relatively
weak, modifying ZnO with metals can produce very strong
antibacterial activity.7 Moreover, it was shown that Ag
inactivates both Gram-positive and Gram-negative bacteria.
Nevertheless, it is more effective against Gram (—) bacteria.
This difference can be attributed to larger peptidoglycan
content in the cell membrane of Gram (+) bacteria.® Recently,
the ZnO/Ag hybrid nanocomposite has been reported to
exhibit significant antibacterial activity against various micro-
organisms.” The mechanism of their antimicrobial activity is
represented by the induction of release of reactive oxygen
species (ROS), disturbance of the function of proteins and
DNA, and disruption of the bacterial cell membrane.'”""

The COVID-19 pandemic has clearly shown the importance
of protective materials with advanced capabilities. The studies
for the production of multifunctional mats have gained
increasing attention for protective clothing applications. The
photocatalytic degradation of organic pollutants, viruses, and
bacteria on photocatalytic active surfaces such as TiO,, ZnO,
ZnS, and Bi,WOq is an effective way of self-cleaning of
materials modified with these particles under light."*~'* As a
result of the modification of the protective mats with
photocatalytic active particles, the ability to self-clean under
light is an important alternative for repeated use of protective
clothing.

A highly critical but missing capability is direct sensing of
molecules deposited on the protective mats. This kind of
sensing can enable monitoring the degree of contamination of
the environment and also inform about the health status of the
individual. A powerful, rapid, and label-free technique for
analysis of molecules is Raman spectroscopy. The weak
inelastic scattering of light from a low concentration of
molecules is a practical barrier toward its use for probing mats.
SERS overcomes this challenge by using plasmonic nano-
particles that boost the signal several orders of magnitude.
Therefore, protective mats should be decorated with plasmonic
nanoparticles for electromagnetic enhancement of the signals
from the molecules. Based on the previous research on direct
detection of viruses via Raman spectroscopy, it may even be
possible to perform dia%nosis of COVID-19 simply by
analyzing protective mats.'” ™"

In this study, we report a practical method to prepare
multifunctional mats for modification of protective clothing by
direct electrospinning of NFs decorated with ZnO nanorods
and Ag nanoparticles. The fabrication is performed in one-step
by electrospinning of poly(methyl methacrylate) (PMMA)
solutions containing ZnO nanorods and Ag nanoparticles. The
structural, antiviral, antibacterial, and photocatalytic properties
and SERS performance of the PMMA/ZnO—Ag NF mats have
been investigated. The results showed that the multifunctional
material has antiviral, antibacterial, self-cleaning properties and
SERS activity, and it may have the potential to be used in
protective clothing applications.

2. EXPERIMENTAL SECTION

2.1. Synthesis of ZnO Nanorods. ZnO nanorods were
synthesized by using the hydrothermal method. First, 2 g of ZnCl,
(Merck, Darmstadt, Germany) was dissolved by being sonicated in
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distilled water (S0 mL) and stirred for further 10 min. Thereafter, S g
of sodium hydroxide (NaOH), purchased from Sigma-Aldrich (St.
Louis, MO, USA), was added to the solution. After mixing for 10 min,
the solutions were transferred into a Teflon-lined stainless-steel
autoclave with a capacity of 100 mL. The hydrothermal synthesis was
performed at 180 °C for 12 h in an oven. The obtained white
products were separated from the solution by centrifugation and then
washed with distilled water and ethanol several times. It was dried at
50 °C in an oven.

2.2. Fabrication of PMMA/ZnO—Ag Nanofibers. To prepare
PMMA/ZnO—Ag NFs, ZnO nanorods (10 wt %) were first dispersed
in 4 mL of N,N-dimethylformamide (DMF) (Sigma-Aldrich, St.
Louis, MO, USA). Thereafter, Triton X-100 (Sigma-Aldrich) (5 wt
%) as surfactant was added to prevent agglomeration and
precipitation of the nanorods. The mixture was exposed to sequential
ultrasonication for 20 min to disperse the ZnO nanoparticles. After
obtaining a homogeneous mixture, PMMA (M,, = 996,000 g/mol, 6
wt %) was mixed with the ZnO solution using a magnetic stirrer
(1000 rpm). The solution was maintained under stirring for 3 h until
the polymer was completely dissolved in DMF. Finally, different
concentrations of silver nitrate (AgNO;, >99.5%, Sigma-Aldrich)
(0.5, 1, 3, S wt %) was added to the solution containing PMMA and
ZnO nanorods in DMF. Afterward, the solution was kept under
stirring overnight until its color turned to dark brown.

Fabrication of PMMA/ZnO—Ag NFs on mats was carried out by
using a commercial electrospinning unit (Holmarc HO-NFES-040).
The obtained solution was transferred into a 5 mL syringe having an
18 g metallic needle and the syringe was positioned horizontally
against a grounded aluminum collector (7S mm in diameter and 200
mm in length) covered with the mat. During the electrospinning
process, the following parameters were used: needle to collector
distance of 15 cm, applied voltage of 13 kV, and flow rate of 0.5 mL/
h. When the solution reached the tip of the needle, NFs were
electrospun on the rotating collector (600 rpm).

2.3. Antimicrobial Activity Assays. The antimicrobial activity of
the PMMA/ZnO—Ag NF mat was determined by the agar disc
diffusion method. Bacterial strains Escherichia coli (E. coli) (ATCC
25922) and Staphylococcus aureus (S. aureus) (ATCC 25923) are
examples of Gram-negative and Gram-positive class of bacteria,
respectively, and were used for the antibacterial activity assessment.
The bacteria were cultured overnight at 37 °C in Muller—Hinton
medium (Bio-Rad). The inocula of bacteria were prepared from 24 h
broth cultures, and suspensions were adjusted to 0.5 McFarland.
Suspensions of the tested microorganisms (100 L of 107 cells/mL)
were spread over the surface of Petri dishes. PMMA/ZnO—Ag NFs
on the mat were attached to filter paper discs of 6.0 mm diameter and
placed on the inoculated agar plates. An empty disk was used as a
negative control. The microorganisms were incubated at 37 °C for 24
h. A clear zone of inhibition observed after the incubation period was
measured using a scale. All the assessments were performed in
duplicate.

2.4. Antiviral Activity Assays. 2.4.1. Cell Culture and Virus
Propagation. The Madin—Darby bovine kidney epithelial (MDBK)
cell line was used for virus cultivation and antiviral activity studies.
The cells were cultured at 37 °C in 5% CO, in Dulbecco’s modified
Eagle’s medium (DMEM, Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% fetal bovine serum (Hyclone), penicillin,
streptomycin, and neomycin (Biological Industries). Two types of
viruses were selected as a model for respiratory infections: bovine
coronavirus (BCoV), an enveloped positive-sense single-stranded
RNA virus, and bovine parainfluenza virus-3 (BPIV3), an enveloped
negative sense single-stranded virus. Viruses were cultivated in the
MDBK cell line and the TCIDy, (Tissue Culture Infectious Dose S0)
virus titer was determined and stored in —80 °C until use.

2.4.2. Evaluation of Antiviral Activity. The antiviral activity test
was carried out by modifying from a previously reported method."*
Cells were seeded into 96-well plates at a density of approximately 10*
cells per well in 100 L of culture medium and incubated at 37 °C
and 5% CO, for 24 h. The sample was prepared by cutting mats with
electrospun PMMA/ZnO—Ag NFs in a size of 10 X 10 mm?. The

https://dx.doi.org/10.1021/acsami.0c15606
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Figure 1. Fabrication steps of PMMA/ZnO—Ag NFs (a—d): (a) synthesis of ZnO nanorods by the hydrothermal method and SEM image of ZnO
nanorods, (b) preparation of the electrospinning solution by mixing PMMA and ZnO nanorods with the solution of Ag NPs synthesized by in situ
reduction of AgNO; in the presence of DMF, (c) fabrication of PMMA/ZnO—Ag NFs on a mat by electrospinning and integration of NF mats to
use protective clothes, (d) schematic illustration of a protective clothing containing PMMA/ZnO—Ag NF mats, and (e—g) multifunctional

properties of the fabricated of PMMA/ZnO—Ag NF mats.

concentration of NFs on the mat was 2 mg/cmz. The calculated
concentrations of ZnO nanorods and Ag NPs in NFs were 1 mg and
0.3 mg per area (1 cm?), respectively. Samples with the NF layer were
filled in a sterile centrifuge tube, and 100 uL of each virus with 1 X
10® TCID;,/0.1 titer was added on. Each sample with virus solutions
was incubated for 1 and 24 h at 24 °C. At the end of the incubation
periods, 900 uL of DMEM was added to each sample and sample-
virus dilutions were prepared from 107% to 107". Before inoculation of
the cells, they were gently washed 2 times with PBS and 100 uL
dilutions were added in quadruplet wells of the confluent monolayer
of MDBK cells (10* cells/well) in a flat-bottomed 96-well microtiter
plate and further incubated for 24 h. The same procedure was
repeated for the untreated sample (mat without nanofibers) as a
control group. Each well was examined for the presence of a
cytopathic effect using an inverted optical microscope. Tests were
repeated 3 times. The TCKIDjs, values of viruses were calculated by
the Spearman Karber method.'®

The antiviral activity of PMMA/ZnO—Ag NFs was evaluated by
the following equation

M, = log(Vy) — log(Vo) (1)
where M, represents antibacterial activity, V}, represents TCKIDs,
titer of the control sample, and V. is the TCKIDj, titer of the sample.
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2.5. Photocatalytic Degradation and Self-Cleaning Studies.
The photocatalytic properties of the prepared PMMA/ZnO—Ag NFs
were studied using methylene blue (MB) and 4-nitrophenol as probe
molecules. The weight of NFs on the mat surface was about 250 mg
for all different NFs. For this purpose, PMMA/ZnO—Ag NFs (100 X
100 mm) were immersed in a glass beaker with a volume capacity of
400 mL filled with 250 mL of aqueous solution of MB or 4-
nitrophenol at a concentration of 10 mg-L™". The degradation of the
probe molecules was performed by exposure to a UV irradiation
source of 380 nm wavelength with a power of 400 W. The reaction
solution (approximately ~1.0 mL) was pipetted into a quartz cell and
its absorption spectrum was measured every 20 min by using a UV—
visible spectrophotometer. Analysis was carried out at 400 nm for 4-
nitrophenol and 664 nm for MB, respectively.

The photocatalytic efficiency of PMMA/ZnO—Ag NFs was also
studied by degradation of trimetrophim as a colorless probe
contaminant and analysis was carried out by using a high-performance
liquid chromatography diode array detection system (HPLC-DAD).
A Cyg chromatography column (S mm, 150 X 4.6 mm, Silur, USEM
Research and Development Company, Turkey) was used for
trimetrophim analysis in HPLC.

The percentage of the degradation ratio was calculated according to
the following equations

https://dx.doi.org/10.1021/acsami.0c15606
ACS Appl. Mater. Interfaces 2021, 13, 5678—5690
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Figure 2. Morphology and diameter analysis of NF mats. SEM and STEM images of (a,d) PMMA/Ag, (b,e) PMMA/ZnO, and (c,f) PMMA/
ZnO—Ag NF mats. Histogram of diameter distribution and average diameter of (g) PMMA/Ag, (h) PMMA/ZnO, and (i) PMMA/ZnO—Ag NF
mats.

. Ay — Ay water at room temperature.'® The Raman spectrometer system was
degradation 9% = ——— figured with a laser line of 532 nm. Th f the | 01
A, ) configured with a laser line o nm. The power of the laser was 0.
mW. A fine-focusing S0X microscope objective (N.A. = 0.85) with a
where A is the initial concentrations of the probe molecules and A, is laser spot of 2 ym was used for the measurements. The Raman
the concentration of the probe molecules after ““t” min. intensity mapping was performed at an integration time of 0.05 s on
an area of 40 X 40 ym”* with a step size of 0.5 ym. Raman mappings
Tl G _ Kt were generated based on the peak of MB at 1625 cm™. A baseline
. - 3) correction was performed for each spectrum. The detection limit of
the substrate was determined using a 2 uL droplet of MB with a
Equation 3 represents the pseudo-first-order chemical kinetics concentration that ranged from 107 to 107 M. The analytical
reaction where k (min™") is the reaction rate constant which was enha1n7cement factor (AEF) of the MB was calculated by the following
calculated from the slope of the regression line (C,/C,) as a function eq s
of irradiation time t. Thereby, C, and C, represent the concentration I C
of probing molecules at the initial stage and the adsorption AEF = SERS o “RM
equilibrium concentration after being irradiated at an irradiation v Csgrs (%)

time ¢ (min), respectively.'”
(min), resp 4 where the intensity of the Raman signal (Ipy) was obtained on a non-

In2 = Kt ,, = 0.693 (4) SERS substrate (pure PMMA NFs on fabric) with the concentration
of analyte solution (Cgy) under non-SERS condition, and the
where t,, is the half time; it is defined as the time required for the intensity of SERS signal (Igzgs) was obtained on the SERS substrate
initial concentration of the analyte to be reduced to one-half of its with the concentration of analyte solution (Cgprg) under SERS
initial concentration value. condition. SERS was also measured by applying 4-nitrophenol at a
2.6. SERS Measurements. An Alpha M" Raman spectrometer concentration of 1 mM per cm? on the mat surface.
(confocal micro-Raman microscope, Witec, Germany) was used to 2.7. Characterization. The surface morphology of the as-
observe the SERS spectra of MB as a model organic probe molecule. prepared NFs was acquired by using a scanning electron microscope
The probe molecule was dissolved in water and drop-cast on PMMA/ (Zeiss EVO LS10) at 25 kV and field emission scanning electron
ZnO—Ag NFs with a volume of 2 yL and at a concentration of 1 mM. microscope in STEM mode (Zeiss Gemini 5S00) at 1 kV. For SEM
The SERS measurements were performed following evaporation of imaging, NF mats were sputter-coated (Quorum 1S0R-ES) with a Au
5681 https://dx.doi.org/10.1021/acsami.0c15606
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Figure 3. XRD, Raman, FT-IR, and XPS characterizations of fabricated PMMA NFs and their nanocomposites at concentrations of 6, 10, and 3%
wt for PMMA NFs, ZnO nanorods, and Ag nanoparticles, respectively. (a) XRD patterns of pristine PMMA NFs, PMMA/ZnO NFs, and PMMA/
ZnO—Ag NFs, (b) Raman spectra of pure ZnO nanorods and PMMA/ZnO and PMMA/ZnO—Ag NFs, (c) FT-IR studies of pristine PMMA NFs,
PMMA/ZnO NFs, PMMA/Ag NFs, and PMMA/ZnO—Ag NFs, (d) survey XPS spectrum of PMMA/ZnO and PMMA/ ZnO—Ag NFs, high-
resolution regional XPS spectra of (e) Ag 3d, (f) Zn 2p, and (g) O 1s for PMMA/ZnO—Ag.

layer for 120 s. Diameter distribution of NFs and statistical data were
analyzed via Image]. This process was carried out by examining
randomly chosen 100 individual NFs taken from at least three SEM
images of three different regions. The wettability character of NF mats
was evaluated from high-speed camera images of an contact angle
meter (Attension, Theta Lite). Static contact angle measurements
were taken in different time intervals after placement of water droplets
with a volume of 4 uL. Phase analysis, chemical composition, and
molecular bond characteristics of the obtained PMMA, PMMA/Ag,
PMMA/ZnO, and PMMA/ZnO—Ag NFs were characterized by using
an X-ray diffractometer (Bruker AXS D8), energy-dispersive X-ray
spectrometer (Bruker), and Fourier transform infrared spectrometer
(PerkinElmer 400), respectively. Crystallinity and phase analyses were
carried out using XRD (at 26 = 10—90°), Cu Ko radiation (1 = 1.540

5682

A) at a scanning rate of 0.1 step s™'. To analyze bond characteristics,
FT-IR measurements were performed over a range of 4000—400 cm™"
by ATR mode. UV—visible spectroscopy (PerkinElmer Lambda 25)
was performed in the wavelength range of 350—800 nm to monitor
the photocatalytic degradation. The surface chemical composition of
NFs was studied via X-ray photoelectron spectroscopy (XPS, Specs-
Flex) using an XRmS0 (UXC1000) source exciting radiation
(1486.71 eV). All the binding energies were calibrated to the C 1s
peak at 285.4 eV.

3. RESULTS AND DISCUSSION

This study proposes fabrication of multifunctional PMMA/
ZnO—Ag NFs on mats for protective clothing applications.

https://dx.doi.org/10.1021/acsami.0c15606
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Figure 1 presents the key steps of fabrication and the
antibacterial, antiviral, self-cleaning, and sensing properties of
the materials. First, a solution containing PMMA, ZnO
nanorods, and Ag NPs was prepared. This solution was
referred to as PMMA/ZnO—Ag. ZnO nanorods were
synthesized using a hydrothermal method (Figure la) and
Ag NPs were synthesized by the direct reduction of AgNOj; in
DMF. PMMA/ZnO—Ag electrospinning solutions were
obtained after dissolution of PMMA and addition of ZnO
nanorods to the Ag—DMF solution (Figure 1b). At the second
step, the solution was electrospun on a mat (Figure 1c), which
was later placed on the inner side of a fabric (Figure 1d).
Multi-functional PMMA/ZnO—Ag NF mats were then studied
through antimicrobial and antiviral test procedures (Figure
le), photodegradation studies (Figure 1f), and SERS measure-
ments (Figure 1g).

3.1. Structural Properties of Multi-Functional NF
Mats. In this study, PMMA/ZnO—Ag NFs were electrospun
on a mat. AgNPs were in situ synthesized by the reduction of
AgNO; in DMF. The reducing mechanism of Ag* ions in DMF
for the formation of AgNPs is known from previous
studies."”"”™*" For the case of hybrid nanocomposites
containing ZnO nanorods, powders of ZnO nanorods were
added to the PMMA solution. Additionally, Triton X-100 was
used to prevent the agglomeration of ZnO particles. Uniform
NFs without any beads were observed in all samples (Figure
2). The surface of PMMA NFs encrusted with AgNPs was
relatively smooth and has a more homogeneous structure than
NFs with ZnO nanorods. Synthesized AgNPs can be observed
within the PMMA NF body and on ZnO nanorods (Figure
2d,f). One may notice that the surface of the NFs becomes
rough by the incorporation of ZnO nanorods. This increase in
the roughness suggests that ZnO nanorods were aligned not
only inside the PMMA NFs but also on the surface of the fibers
(Figure 2e,f). Such alignment of ZnO with other types of
nanorods inside the NF body is probably due to magnetic and
mechanic stimulation during electrospinnin§ and such
behavior has been reported in various studies.”” *° For all
samples, the distribution of the fiber diameter was analyzed
(Figure 2g—i). The incorporation of Ag and ZnO NPs to the
polymer solution broadened the distribution of the diameter
and increased the fiber diameter. The average diameter and
standard deviation for PMMA/Ag, PMMA/ZnO, and PMMA/
ZnO—Ag NF mats were 371 + 100, 457 + 116, and 510 +
122, respectively. The observed diameter differences of NPs,
especially for ZnO rod containing them, were interpreted as
the result of the raised polymer solution viscosity and favorably
reducing the ion mobility and whipping instability during
electrospinning.

The wetting properties of NF mats were evaluated by water
contact angle measurements. As shown in Figure S1, while the
PMMA NF mat exhibits a hydrophobic character with a water
contact angle of about 120°, contact angles of PMMA/ZnO
and PMMA/ZnO—Ag mats are immeasurable due to their
highly hydrophilic behavior, where water droplets are adsorbed
by mats completely in seconds.

The fabricated nanocomposite mats were analyzed by XRD,
Raman, and FT-IR as presented in Figure 2. For revealing the
crystalline and phase structures of the prepared nano-
composites, XRD patterns were measured and are shown in
Figure 3a. No specific peaks have been observed for pure
PMMA NFs, as expected from the amorphous polymer
structure. Specifically, the 10 characteristic peaks at 260 =
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31.8, 34.5, 36.3, 47.6, 56.7, 62.9, 66.5, 68.0, 69.2, and 77.0° are
attributed to crystal planes (101), (002), (101), (102), (110),
(103), (200), (112), (201), and (202), respectively, which is
indexed to the hexagonal wurtzite phase of ZnO (JCPDS card
no. 36-1451) in PMMA/ZnO and PMMA/ZnO—-Ag NF
mats.”” ">’ The strong and narrow diffraction peaks in the
pattern imply that the ZnO nanorods were of a high degree of
crystallinity. Furthermore, the intensity shown for the (100)
plane is higher than that of the (101) plane; this observation is
a result of the rod-like structure of ZnO particles.””** SEM
images of ZnO given in Figure S2 further support this
observation. Additional diffraction peaks for PMMA/ZnO—Ag
NF mats correspond to 26 and crystalline planes of the cubic
Ag crystal structure (JCPDS card no. 04-0783) of values
38.2°(111), 44.3°(200), 64.3°(220), and 77.5°(331). Except
for ZnO and Ag, no other characteristic peaks have been
observed in the XRD pattern that confirms the high purity of
synthesized PMMA NF composites. The average crystallite
sizes (D) of the Ag NPs and ZnO nanorods were evaluated
using the Debye—Scherrer eq 6

092
p cos O

(6)

In this equation,31 4, 6, and f are the wavelengths of X-ray
radiation, Bragg’s angle of the peaks, and the angular width of
peaks at fwhm, respectively. The average crystal size of the
ZnO nanorods was calculated as 23.39 nm.*” The average
crystallite size was 17.14 nm for Ag NPs. The absence of any
additional peaks and shifts in the position of peaks suggest that
Ag was not incorporated into the lattice of ZnO but was only
present on the surface of ZnO.”

In Figure 3b, Raman spectra of the PMMA/ZnO—Ag NF
mat and PMMA/ZnO and ZnO nanorods were observed. The
vibration bands ascribed to ZnO nanoparticles were at 100
cm ™" (low-wavenumber optical phonon E2 mode), 330 cm™
(second-order spectrum of ZnO), 380 cm™ (A1(T) optical
phonon mode), 407 cm™' (E1(T) optical phonon mode), and
438 cm™' (E2 optical phonon band).”* Additionally, the
characteristic Raman band of PMMA occurred at 818 cm™'
(the strong polarized band of PMMA) and 1456 cm™" [§(a-
CH;) and §(0O—CH,)], and the region in the range 2900—
3000 cm™ [v(a-CH;) and v(O—CH,)] in the Raman spectra
of the PMMA mats was decorated with ZnO nanorods.” To
grasp additional evidence for the presence of Ag and ZnO
nanorods in PMMA NFs, elemental analysis of the PMMA/
ZnO—Ag NF mat was carried out by EDX mapping (Figure
S3). In Figure 3¢, FT-IR spectra of the PMMA/ZnO—Ag NF
mat and PMMA/ZnO and ZnO nanorods are shown. The
bands at around 1000 and 1150 cm™' are the specific
absorption vibration peaks for PMMA. The two bands at
2950 and 2980 cm™' can be assigned to the —CH,— and
—CH, stretching vibrations, respectively. The band at around
680 cm™ is the specific absorption vibration peak for ZnO
nanorods and after modification of the PMMA with AgNPs
and ZnO nanorods, important changes are seen in the peak
intensities.

The XPS analysis is carried out to investigate the surface
chemical composition of NF mats, and the corresponding
results are shown in Figure 3d—g. In the general survey spectra
of NF mats, there are only C, Zn, and O peaks in PMMA/ZnO
NFs. Additional Ag peaks are observed in PMMA/ZnO—Ag
NFs. The presence of C might be caused by PMMA and the
XPS instrument. The high-resolution spectrum of Ag, Zn, and
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Figure 4. Photocatalytic activity of PMMA NF mats. (a) UV—vis absorbance of aqueous MB solution pipetted on PMMA/ZnO—Ag NFs over a
time interval ranging from 0 to 300 min; ZnO and Ag NP concentration of 10 and 3% w/w, respectively. (b) Photocatalytic degradation (%) of MB
on pure PMMA, PMMA/Ag NF, PMMA/ZnO, and PMMA/ZnO—Ag NF mats. (c) Plot of photocatalytic activity of NF mats as a function of
time. (d) Half-life time of the photocatalytic degradation rate. The inset presents the pseudo-first-order reaction rate constant.
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O species obtained from the PMMA/ZnO—Ag NFs are shown
in Figure 3d—g, respectively. The binding energy of Zn 2p
peaks of 1044.2 and 1021.2 shown in Figure 3f are attributed
to Zn 2p, /, and Zn 2p;,, eV with an orbit separation of 23 eV.
These two peaks confirm that Zn** ions form in ZnO
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nanorods.’>*” As shown in Figure 3e, peaks of Ag 3ds), and Ag
3d;/, located at 367.1 and 373.1 eV with spin orbit separation
of 6 eV indicate that Ag embedded in PMMA NFs and on
ZnO nanorods are in the form of metallic silver (Ag’).

Furthermore, the binding energies of Ag 3d shift to the lower
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Figure 6. (a) SERS spectra of MB (1 mM) deposited on the PMMA/ZnO—Ag NF mat (blue line) and PMMA/ZnO NF mat (red line). (b) SERS
spectra of MB (1 mM) on PMMA/ZnO—Ag NF mats loaded with different concentrations (0.5, 1, 3, and 5%) of AgNPs, ordered from bottom to
top. (c) SERS spectra of 4-nitrophenol (1 mM) deposited on the PMMA/ZnO—Ag NF mat (blue line) and the PMMA/ZnO NF mat (red line).

binding energy compared with bare metallic Ag (368.2 and
374.2 eV for Ag 3ds/, and Ag 3d,,), respectively.”® In good
agreement with previous works, this lower energy shifting
(about 1.1 eV) of the Ag 3d region is attributed to the
interaction between Ag nanoparticles and ZnO nanorods,
which leads to the adjustment of their corresponding Fermi
levels to the same value.”~** In Figure 3g, the O 1s profile can
be fitted to two peaks at 530.5 and 532 eV. These peaks
indicate two different kinds of O species in ZnO. They can be
associated with the lattice oxygen (M—O) and chemisorbed O
of the surface hydroxyls (M—OH).* To check the release of
any nanoparticles and molecules from NF mats, we performed
releasing experiments with NFs incubated in water from 1 to 7
h and the UV—vis absorbance spectra of aqueous solution were
taken. Results given in Figure S4 show that no characteristic
peaks of Ag NPs, ZnO nanorods, and trace DMF molecules
were determined in a duration between 1 and 7 h.

3.2. Photocatalytic Performance of PMMA/ZnO—Ag
NFs. The photocatalytic activity of the fabricated NF mats of
pure PMMA, PMMA nanocomposite with presynthesized Ag
nanoparticles in DMF medium (PMMA/Ag), PMMA nano-
composite with ZnO rod-like nanoparticles synthesized by the
hydrothermal method (PMMA/ZnO), and PMMA nano-
composite with ZnO and Ag (PMMA/ZnO—Ag NFs) NPs
were evaluated using photodegradation of the MB solution, as
shown in Figure 4. PMMA NFs with ZnO and AgNPs
illustrated the highest photodegradation efficiency for MB. In
Figure 4a, the intensity of the characteristic absorbance peak
(664 cm) of MB was decreasing over the time interval of 0—
300 min. The findings demonstrated that after 300 min of
degradation, 91% of MB dye was degraded; however, for
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PMMA/ZnO and PMMA/Ag, these values were 75 and 44.5%,
respectively (Figure Sb). For pure PMMA, the degradation was
not noticeable (8.8%) and until the end of 300 min there was
no explicit photocatalytic activity. The plot of In(C,/C) as a
function of time (Figure 4c) for the as-prepared material was
represented as a linear regression with a slope equivalent to the
apparent pseudo-first-order rate constant k (min~') (Figure
4d) and the half-life time was also calculated using eq 4. It was
shown from calculations that the half-life time and rate
constant for PMMA/ZnO—Ag, PMMA/ZnO, and PMMA/Ag
were 115 min and 0.00599 min™", 160 min and 0.0043 min™",
380 min and 0.0018 min~', respectively. Results showed that
the incorporation of the PMMA body with both ZnO
nanorods and Ag NPs shows improved activity due to the
efficient charge separation of the ZnO—Ag composite relative
to pure ZnO and Ag. The synergetic activity of ZnO—Ag
structures on catalytic activity is well known.** When the
PMMA/ZnO—Ag NF mats are irradiated by UV light with a
photon energy higher than the band gap of ZnO (5.2 eV),
electrons (e”) transfer to the conduction band (CB) from the
valence band (VB), leaving the same amount of photo-
generated holes (h*) in the VB. The photoexcited electrons
can transfer from the ZnO nanorods to the CB of AgNPs (4.27
eV), which is narrower than CB of ZnO. Electrons
accumulated at Ag NPs or the CB of ZnO can be transferred
to oxygen molecules adsorbed on the surface to form free
oxygen radicals, such as *O*7, *HO,, and *OH, while the
photoinduced holes react with surface-bound water molecules
to produce *OH radicals. These radicals are strong oxidants for

. o 28,41,44—46
the mineralization of MB.2%*1#4~*
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Figure 7. (a) SERS spectra of different concentrations of MB (from 100 M to 1 nM) probed on the PMMA/ZnO—Ag NF mat. (b) SERS
intensity as a function of the concentration of MB. (c) SERS spectra of MB (2 uL, 1 mM) drop-cast on the PMMA/ZnO—Ag NF mat. The mat
was self-cleaned using UV-irradiation for 45 min before being reused for four cycles. (d) Variation of the SERS signal intensity at 1625 cm™" with

the increasing number of self-cleaning cycles.

Furthermore, the photocatalytic degradation performance of
the PMMA/ZnO—Ag NF mat was evaluated by monitoring
the degradation rate of trimethoprim by using HPLC-DAD
(Figure S). Trimethoprim is an antibiotic commonly used for
the treatment of a broad range of bacterial infections, including
gastro, respiratory, and urinary infections in both human and
veterinary medicine."”*® However, it is highly water-soluble
and resistant to biodegradable processes, so it can easily leak
and accumulate in aquatic resources.”” Trimetrophim has been
detected in domestic and industrial wastewater.””" As with
other antibiotics, toxicologic concerns of trimetroprim
motivate the development of new catalytic materials and
systems. The results showed that the concentration of
trimetrophim (20 mg-mL™") and its characteristic peak
amplitude decreased with the increase of the irradiation time.
About 80% of the trimetrophim degraded at the end of 220
min. One-half of the initial concentration of trimethoprim was
destroyed throughout an interval not higher than 80 min.
Moreover, the kinetic plot shows that the calculated regression
values for the trimethoprim are close to unity, which proves
that the photocatalytic degradation reaction followed the
pseudo-first-order kinetics.

To demonstrate the concept of using NFs in protective
clothing applications, we investigated photocatalytic degrada-
tion of 4-nitrophenol, as a representative air pollutant.
Nitrophenols are among the most important and versatile
industrial organic compounds and are widely used in the
chemical industry and are listed as priority pollutants by the
U.S. Environmental Protection Agency (EPA) and World
Health Organization (WHO). Beside the aquatic environment,
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4-nitrophenol is also an air pollutant that exists in the
atmospheric environment.”>">> As the result given in Figure
SS, the concentration and characteristic peak amplitude of 4-
nitrophenol decreased by increasing the irradiation time.
About 52% of the 4-nitrophenol was degraded at the end of
300 min. One-half of the initial concentration of 4-nitrophenol
was destroyed in about 230 min.

3.3. SERS Performance of PMMA/ZnO—Ag NFs. The
nanostructured material with an Ag-rich composition offers a
highly suitable and flexible platform for SERS-based trace-level
quantitative detection. The SERS spectra of MB are shown in
Figure 6a. There is a substantial difference between the
intensity of signals measured using NF mats in the presence
and absence of AgNPs (Figure 6a). These results suggest that
AgNPs facilitate plasmonic hot spots that effectively concen-
trate electromagnetic fields at/near the metallic surfaces and
increase the signal amplitude by several orders of magni-
tude.*>*” To understand the effect of Ag NP concentration on
the SERS activity, the Raman spectrum was measured after a 1
mM MB analyte molecule was dropped on NF mats prepared
using different Ag loadings. As shown in Figure 6b, the highest
intensity of the SERS spectrum of MB was obtained after
utilizing of a NF with 1 wt %. Ag. The higher the concentration
of AgNPs (>1 wt %), for example, 3 and S wt %, the lower the
SERS signals detected. This result is probably due to the
aggregation of Ag nanostructures resembling bulk-like
behavior.”® The close-placement of Ag nanoparticles within
the NF at increased Ag loadings was further evidenced with
STEM images presented in Figure S6. To further demonstrate
the SERS performance of our platform, we studied an air
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Figure 8. Antibacterial activity of NF mats; (a) antibacterial activity of different types and different Ag concentrations of NF mats; (b) antibacterial

activity of different amounts of PMMA/ZnO-5% Ag NF mats.

pollutant, 4-nitrophenol, as a probe molecule. The results
presented in Figure 6¢ show Raman spectra of 4-nitrophenol
on the NF mat in the presence and absence of Ag NPs.

Regarding the SERS performance, it is critical to calculate
the limit of detection, which is an important figure of merit for
ultra-trace quantitative detection capability. Thus, SERS
activity was measured on PMMA/ZnO—Ag NFs using series
of MB concentrations that range from 100 yM to 1 nM. The
characteristic peak of MB at 1625 cm™" could be observed at a
concentration as low as 1 nM (Figure 7a). The calculation of
AEF is also considered as an important parameter for
evaluating the performance of SERS platforms. The calculated
AEF (eq 1) was 6.43 X 10° with Igzps (9 counts), Iy (14
counts), Cggrs (1 nM), and Cpy (1 mM). This value was
comparable considering previous studies." " A quantitative
analytical calibration curve was plotted in Figure 7b with a
coefficient of determination (R*) of 0.93.

“An important capability of our platform is self-cleaning
enabled by the photocatalytic activity of the materials. In an
effort to demonstrate the resuability of the fabricated mats,
PMMA/ZnO—Ag NFs were self-cleaned via the UV radiation
in an aqueous medium. After the self-cleaning process, SERS
measurement was repeated. This procedure was successively
repeated for four cycles. The results showed that our material
can be usable for four times by application of photocatalytic
cleaning process. As shown in Figure 7¢,d, the self-cleaning
process continued effectively until the fourth cycle, without
significant reduction in the SERS activity. These results
suggested repeated use of the mats and retainment of their
sensing capabilities.” (Section 3.3.) Future studies may further
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improve the durability using different fabrics, whose structure
has a strong effect on the stability of the deposited
nanomaterials.*’

3.4. Antimicrobial Activity of Electrospun PMMA/
ZnO—Ag NFs. The in vitro antimicrobial activity of PMMA/
ZnO—Ag NF mats was qualitatively assessed by the presence/
absence of inhibition zones. As a result, PMMA/ZnO—Ag NF
mats elucidated a promising antibacterial impact against both
E. coli and S. aureus with their respective diameter zones of
inhibition of 7—17 and 8.5—18.5 mm. Depending on the result
of the agar diffusion method, S. aureus was the most susceptible
microorganism, which was strongly inhibited by PMMA/
ZnO—Ag NFs and the inhibition zone was ~18.5 mm (Figure
8a). Also effect of the amount of PMMA/ZnO—Ag NFs on
antibacterial effect was evaluated. The results showed that the
antibacterial activity did not show a significant change with
varying amounts (S, 15, 30, and 45 mg) of the material. Within
the range of investigated conditions, the inhibition zone was 15
+ 2 and 17.5 + 1 mm against E. coli and S. aureus, respectively
(Figure 8b). This observation is likely a result of the surface
area of the NFs that comes into contact with bacteria
remaining the same. The possible antimicrobial mechanism of
PMMA/ZnO—Ag NFs is generation of ROS that affect the
bacterial membrane, causing intracellular components to leak
and damage to protein/DNA, leading to the death of the
bacteria.

3.5. Antiviral Activity of Electrospun PMMA/ZnO—Ag
NFs. The average TCKIDs, values of the test repeats were
evaluated for contact with coronavirus (BCV) and para-
influenzavirus (BPIV3) using a PMMA/ZnO—Ag NF mat. In
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the case of a control sample without NFs and nanomaterials,
no significant titer regression (V},) was observed for both
viruses (log 0.25 for 1 h and log 1.75 for 24 h). The observed
antiviral activities (M, = log V;, — log V.) of the NF against
BCV and BPIV3 were 3.75 and 1.75, respectively, for 1 h; 4.25
and 4, respectively, for 24 h (Table 1). After 1 h of contact of

Table 1. Values of Virus Titers and Evaluation of Antiviral
Activity of PMMA/ZnO—Ag NFs against BCoV and BPIV3

titration values of viruses” (log;, TCKIDg,/100 mL)

contact time

sample 1h 24 h
control (BCV) (log V3,) 7.75 6.25
control (BPIV3) (log V) 7.75 6.25
NF mat (BCV) (log V) 4.00 2.00
NF mat (BPIV3) (log V) 625 225

Antiviral Performance (M, = log V;, — log V)
NF mat (BCV) 3.75 425
NF mat (BPIV3) 1.50 4.00

“Average value of three test repeats.

the mat and BCV, the virus titer 3.75 log declined, while after
24 h the 4.25 log decreased. For Mat-BPIV3, the M, value was
observed as 1.5 log and 4 log, respectively.

One way to evaluate the antiviral activity of antiviral agents
is the logarithmic decrease value in the control titer (if 3.0 >
[M,] > 2.0, effective; if [M,] > 3.0, very effective) at the end of
the specified incubation period. NF mats showed excellent
antiviral performance against both the viruses in the long term
(24 h). For the short term (1 h), NF mats were ineffective
against the influenza virus, indicating that ZnO has a specific
effect on BCV. It is likely due to the specific interaction
properties of Zn®>' ions released from ZnO nanorods
embedded in NFs with corona viruses. Cell culture studies
have demonstrated that Zn** effectively inhibits activity of
enveloped positive strand RNA (RNA+) nidoviruses, which
includes major human and livestock corona viruses such SARS-
COV and also COVID-19.>*°"** Zn is a major ligand of
ACE2 spike. The inhibition mechanism of Zn** ions on
coronaviruses is briefly based on targeting the activity of viral
RNA-dependent RNA polymerase (RdRp), which is the core
enzyme of their multi-protein replication and transcription
complex.

4. CONCLUSIONS

In summary, this study has presented a multi-functional
material with strong potential for use in protective clothing
applications. The inherently flexible electrospun NF-based
platform was decorated with two types of semiconductor and
metallic nanoparticles to provide antibacterial, antiviral,
photocatalytic-mediated self-cleaning and SERS-based sensing
characteristics. The simple, entirely solution-processable, and
inexpensive fabrication approach could be readily adapted to
different applications. Besides the synergetic combination of
different properties, the presented platform displayed remark-
able performance in each of these characteristics. Probe
molecules could be detected via SERS at concentrations as low
as 1 nM and the recyclable photocatalytic degradation
efficiencies reached 90%. From the findings, the presented
material showed significant antibacterial activity against both E.
coli and S. aureus as a result of combined use of both ZnO and
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Ag nanostructures. Antiviral activity of the platform against the
coronavirus and the parainfluenza virus further highlights the
strong promise of these mats for protective clothing
applications. Altogether, our platform offers passive and active
strategies against infection with microbial agents. Antibacterial
and antiviral characteristics provide passive protection, and
photocatalytic degradation offers the ability to clean after
contamination with agents. SERS-based sensing opens up
possibilities for diagnosis and analysis of the contamination.
The nonwoven and flexible nature of electrospun NFs is
critically advantageous for integration of these materials into
mats. The findings and concepts presented in this study
motivate development of multi-functional material platforms
against pandemics such as the COVID-19.
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