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Abstract: Chemical modification of cotton-rich fabrics with TiO2 nanoparticles results in photoactive
self-cleaning textiles, which can provide, under UV or solar radiation, complete oxidation of low-
molecular compounds, degradation of supramolecular structures, and inactivation of microorganisms
due to the photocatalytic effect. In this paper, we describe, based on the example of influenza A
(H1N1) virus, a photoinduced antiviral effect of cotton fabric functionalized with nanocrystalline
TiO2. Fast inactivation of influenza virus occurs on the irradiated surface of photoactive fabric due to
adsorption and photocatalytic degradation. The TiO2 component in the prepared fabric increases
the adsorption effect compared to initial cotton due to a high specific area of TiO2 nanocrystallites.
Long-term irradiation leads to destruction of all virion structures to the point of RNA molecules.
In contrast to pristine cotton, no virus RNA is detected using the polymerase chain reaction (PCR)
technique after long-term irradiation of photoactive fabric. The results of this study underline
the potential of photoactive self-cleaning fabrics for application in air purification systems and
personal protective clothes to provide permanent protection of people against harmful chemical and
biological pollutants.

Keywords: TiO2 photocatalyst; self-cleaning textile; photoactive cotton; influenza virus; antiviral
properties; RNA degradation

1. Introduction

Self-cleaning materials and coatings for elements of urban infrastructure, exterior and
interior of buildings, and special products are actively used to provide permanent protec-
tion of people against harmful chemical and biological pollutants in social places [1–3].
Recently, the worldwide pandemic due to COVID-19 (SARS-CoV-2 coronavirus) has un-
derlined the need for improving and expanding these technologies to reduce the spread of
dangerous diseases.

Self-cleaning fabrics prepared by functionalization of natural [4,5] and synthetic [6]
fibers using various modifiers comprise an important portion of self-cleaning materials
and can be used as textiles to produce personal protection clothes or as fabric filters for air
purification systems [1,7]. Cotton is the most used textile substrate for modification due to
the extended surface of cotton fibers resulting in better adhesion of modifiers.
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Silver and copper nanoparticles are well-known modifiers that provide antibacterial
properties for fabrics [8,9]. Graphene oxide [10], chitosan and its derivatives [11], qua-
ternary ammonium compounds [12], and triclosan [13] can also be used for this purpose.
Another type of modifier is semiconducting photocatalysts: for instance, TiO2, ZnO, WO3,
and their composites [3,14,15]. Photoinduced self-cleaning and antimicrobial properties
are observed for fabrics modified with photocatalysts, especially with TiO2 of anatase
structure because it is the most active and stable photocatalyst for oxidative degradation
in oxygen-contained medium [16]. In addition to photocatalytic degradation for environ-
mental protection, TiO2 is commonly used in other photocatalytic processes, including
photocatalytic hydrogen production [17,18], CO2 reduction [19,20], and photoelectrochemi-
cal conversion [17,21,22]. The preparation technique strongly affects the properties of TiO2
and its photocatalytic activity [23,24]. Typically, high values of activity are achieved in the
case of nanocrystalline form of TiO2 due to a short distance for diffusion of photogenerated
charge carriers from volume to the surface of TiO2 nanocrystallites, as well as an extended
surface with a high number of sites available for adsorption of molecules and interfacial
charge transfer [25]. Nanocrystalline TiO2 can be anchored on the external surface of
nonporous and porous supports (e.g., glasses [26], adsorbents [27,28], polymeric fibers [29],
and fabrics [7,30]) to prepare composites with enhanced properties or functional materials.

Fabrics functionalized with nanocrystalline photocatalysts can completely decompose
low-molecular compounds due to formation of reactive oxygen species under correspond-
ing radiation. In the case of TiO2, OH-radicals are regarded as the main species that
provides oxidation reactions. Degradation of formaldehyde [31], acetone [32], phenol [33],
and gaseous ammonia [34] over photoactive fabrics was previously investigated and de-
scribed. High-molecular organic compounds can also be degraded on the irradiated surface
of functionalized fabrics. The conventional method to evaluate the activity of photoactive
fabrics is discoloration of spots under radiation. Organic dyes [35], coffee [36], wine [35,37],
juice [38], make-up, and sweat [39] were used for this purpose. The activity is typically
measured as a change in color of material compared to the reference sample without
the photocatalyst. Complete discoloration of spots can be achieved on the surface of
photoactive fabrics after long-term irradiation.

In addition to degradation of chemical compounds, the photoactive component
of self-cleaning fabrics can lead to degradation of membranes and cell walls of vari-
ous microorganisms (e.g., protozoa, bacteria, endospores, fungi, and algae), resulting
in their death [3,40]. Many researchers focus on development of materials to kill bac-
teria efficiently [41]. The antibacterial properties of photoactive fabrics were typically
tested using Gram-negative bacteria Escherichia coli [38,42] and Gram-positive bacteria
Staphylococcus aureus [43] based on the AATCC test method 100. Other types of bacteria
(e.g., Micrococcus luteus [44], Pseudomonas fluorescens [45], and Klebsiella pneumoniae [46])
were less common. Under irradiation, faster inactivation of bacteria typically occurs on
the surface of photoactive fabrics compared to the initial textile substrates. Although
the details regarding the mechanism of bacterium degradation are still under discussion,
the main pathways are well described in the literature [47]. Fungi can also be degraded
over photoactive fabrics. Candida albicans [43] and Aspergius niger [48] fungi were used
to evaluate the antifungal activity of textile materials. Typically, degradation of fungi is
substantially slower compared to degradation of bacteria due to fungi having a thicker cell
wall [49].

Concerning viruses, which exhibit an increased impact on human health and safety
nowadays, investigation of these types of biological contaminants on surfaces of photoac-
tive textile materials has received less attention. At the same time, TiO2-based photo-
catalysts are known to be able to inactivate viruses under UV irradiation. For instance,
influenza A virus was inactivated in an aqueous suspension of TiO2 [50] on the surface
of glass covered with a thin film of TiO2 [51,52], composite [53], and functionalized cot-
ton [54,55]. Virus inactivation was evident using the 50% tissue culture infective dose
(TCID50) method [56,57] or plaque assay method [58,59]. Sodium dodecyl sulfate poly-
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acrylamide gel electrophoresis (SDS-PAGE) was used to confirm the degradation of viral
proteins [56]. Destruction of virus structures during photocatalytic treatment was also
confirmed by the polymer chain reaction (PCR) technique followed by electrophoresis
using agarose gel [54]. Therefore, irradiated photocatalyst promotes destruction of virions
due to formation of reactive oxygen species.

Photoinduced antiviral activity of TiO2 was also demonstrated for other viruses
(e.g., herpes simplex virus [60], feline calicivirus [58], murine norovirus [61], rotavirus [62],
and astrovirus [62]) and bacteriophages (e.g., MS2 [61,63], T4 [64], Qβ [64,65], and f2 [66]).
All these viral contaminants were inactivated under long-term irradiation. These studies
allow us to assume a similar effect for self-cleaning fabrics functionalized with nanocrys-
talline TiO2. The main questions are related to evaluation of the time required for complete
inactivation of viruses and the products of their degradation. It was our motivation to
perform this study.

In this study, we aimed to investigate inactivation and further degradation of in-
fluenza A virus on the irradiated surface of highly active and stable photocatalytic tex-
tile material prepared via modification of cotton fabric using the impregnating com-
pound based on titanium (IV) isopropoxide precursor and nanocrystalline TiO2. Influenza
virus was selected due to this RNA-based enveloped virus causing annual seasonal epi-
demics or even pandemics [67]. We also believe that the results of this study would
be helpful for further investigation of other dangerous RNA-based enveloped viruses
(e.g., SARS-CoV-2 coronavirus).

2. Results and Discussion

In this study, cotton fabric was functionalized with nanocrystalline TiO2 to prepare
a photoactive textile material. The photocatalytic ability of the prepared material was
evaluated in degradation of acetone vapor and influenza A virus under UV-A irradiation.

2.1. Characteristics of Photoactive Fabric

The preparation technique using an alcohol solution of titanium isopropoxide with
addition of nanocrystalline TiO2 resulted in deposition and fixation of TiO2 particles on
the surface of cotton fibers. The total content of Ti measured using the ICP-MS method in
the prepared material after the washing procedure was 0.87 wt.%, which corresponds to
a high value. This value was achieved due to using titanium isopropoxide as a binding
agent, which formed, after hydrolysis, an amorphous matrix and provided adhesion of
TiO2 nanoparticles to the cotton surface. The SEM micrographs in Figure 1a,b illustrate a
change in the morphology of cotton fibers after functionalization, when evenly distributed
TiO2 particles can be found on the smooth external surface of cotton fibers. Because the
material was used after washing in an automated washing machine, only strongly attached
TiO2 particles remained on the surface of cotton fibers, and no aggregation of these particles
was detected during SEM analysis, even at a high accelerating voltage. Figure 1c,d shows a
local structure of these particles. They are agglomerates with sizes up to 1 µm consisting of
aggregated TiO2 nanoparticles.

The XRD method was used to check the crystal phase of attached TiO2. Figure 2a
shows the XRD patterns of the initial cotton fabric and prepared material. Pristine cotton
exhibited a typical XRD pattern with four main peaks at 14.9◦, 16.5◦, 22.7◦, and 34.1◦. Based
on literature data [68], these peaks can be attributed to the (1–10), (110), (200), and (004)
diffraction planes of cellulose Iβ, respectively. Attachment of TiO2 after functionalization
of the cotton fabric led to the appearance of additional peaks and a simultaneous decrease
in the intensity of peaks attributed to cellulose because Ti has a higher atomic weight than
C, H, and O. According to JCPDS card No. 21-1272, a marked peak at 25.3◦ and other peaks
at 37.8◦, 48.0◦, 53.9◦, and 55.1◦ in the XRD pattern of the photoactive fabric correspond
to anatase TiO2 and can be attributed to the (101), (004), (200), (105), and (211) diffraction
planes of anatase, respectively [69,70]. This confirms the crystal structure of anatase for
the TiO2 particles attached to the cotton fibers. An averaged size of TiO2 crystallites
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estimated using the Scherrer equation was 12 nm, which is close to the value for the
starting TiO2 source (i.e., TiO2 Hombikat UV 100) and confirms the nanocrystalline form of
attached TiO2.
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Figure 1. SEM images of initial cotton (a) and cotton functionalized with nanocrystalline TiO2 (b,c);
TEM cross-view image of cotton fiber with attached TiO2 particles (d).

Figure 2. XRD patterns (a), X-ray photoelectron spectra (b), and UV-Vis absorbance spectra
(c) of pristine cotton fabric and prepared photoactive fabric. The inset in (c) shows correspond-
ing Tauc plots.

XPS analysis also confirmed the presence of titanium on the surface of functionalized
fabric. A binding energy of 458.6 eV for the Ti2p3/2 peak in Ti2p photoelectron spectral
region (Figure 2b) indicates the charge state of +4 for titanium in the case of photoactive
fabric, which agrees with the results of the XRD analysis.

Functionalization of the cotton fabric led to a change in its optical properties. In
contrast to the initial cotton, strong absorption of light in the UV region was observed for
the TiO2-modified fabric (Figure 2c). This absorption is due to the interband excitation
of electrons in TiO2 nanocrystallites attached to the surface of cotton fibers. Estimation
of the optical band gap for photoactive fabric using the Tauc method (see the inset in
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Figure 2c) provided a value of 3.22 eV, which corresponds well to the bang gap of starting
anatase TiO2 Hombikat UV 100 powder (3.20 eV) and other anatase photocatalysts [25].
Therefore, generation of charge carriers (i.e., electron and hole) can occur in photoac-
tive fabric under radiation with wavelengths shorter than 385 nm. The photogenerated
charge carriers can further interact with electron donors or acceptors and form on the
surface of TiO2 nanocrystallites’ reactive oxygen species, which are able to decompose
organic contaminants.

All the characterization methods confirm the presence of TiO2 in the prepared material.
As the photocatalytically active nanocrystalline TiO2 was used in the impregnating com-
pound during synthesis, the prepared material is expected to exhibit high photocatalytic
activity under UV radiation. To check this activity and to evaluate its ability for degradation
of contaminants, it was tested regarding oxidation of acetone vapor in the continuous flow
setup. Similar to powdered TiO2 photocatalysts [71], the prepared photoactive fabric is
able to completely oxidize acetone vapor under UV-A radiation. Carbon oxides and water
were the final oxidation products, and no formation of gaseous organic intermediates was
detected during the test. At a radiation power of 9.7 mW·cm−2, the steady-state rate of
CO2 formation during the oxidation of acetone was 0.74 ± 0.4 µmol·min−1, which corre-
sponds to high photocatalytic activity. To provide a reference for other researchers, we
also tested under the same conditions TiO2 P25 from Evonik Ind. (Germany), which is a
well-known and commonly used photocatalyst for oxidation reactions. The steady-state
rate of CO2 formation over a layer of TiO2 P25 (ca. 30 mg·cm−2) was 1.24 µmol·min−1.
This result indicates that the prepared photoactive fabric has high photocatalytic activity in
the degradation of organic compounds, which is comparable to the activity of powdered
photocatalysts. The material also had high stability under long-term irradiation because a
similar level of activity was observed for a long time during the tests.

In addition to low-molecular organic compounds, the prepared material was able
to decompose the supramolecular structures and microorganisms. The sections below
describe the results on inactivation and degradation of influenza A virus on the irradiated
surface of the prepared photoactive fabric.

2.2. Inactivation of Influenza Virus

The effects of time and irradiation with UV light on the infectivity of influenza virus
deposited on the surface of cotton and photoactive fabrics were investigated using the
TCID50 method.

Figure 3 shows the kinetic plots of infectivity for each material with and without
UV irradiation. After deposition of virus suspension on the surface of both cotton and
photoactive fabrics (i.e., time point of 0 min), its titer was substantially decreased compared
to the initial value (i.e., inoculum) due to adsorption of virus particles into fabrics. This
effect is due to a high adsorption ability of used cotton substrate, which had an area density
of 350 g·m−2. At the same time, a decrease in the concentration of total protein in the initial
virus suspension from 10 to 0.2 mg·mL−1 led to an increase in the initial adsorption of
virus particles because lower values of virus titer were detected in this case (Figure 3c,
0 min). This occurred due to the fact that, at lower concentrations, protein molecules from
allantoic fluid (mainly albumin) competed less with virus particles for adsorption sites,
and a higher number of virus particles were strongly adsorbed on the surface of materials.
Under these conditions, the TiO2 component in the prepared photoactive fabric increased
the adsorption effect compared to the initial cotton due to a high specific area of attached
TiO2 nanocrystallites (Figure 3c).
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Figure 3. Dependence of virus titer on incubation time of contaminated cotton and photoactive fabrics
without (a) and with (b,c) UV irradiation. Concentration of total protein in inoculum corresponds to
10 and 0.2 mg·mL−1 for (a,b) and (c), respectively.

It is also important to note that a much higher adsorption effect for the studied
materials was observed in the case of E. coli bacteria, when ca. 90% of the cells from the
initial suspension were adsorbed on the surface of cotton or photoactive fabrics after 15 min
(see Figure S1 in the Supplementary Materials). These data indicate strong adsorption
capacity of cotton-rich materials and show that they are a good substrate for accumulation
of viruses and bacteria. Nanocrystalline TiO2 used as a modifier for functionalization of
cotton-rich fabrics can substantially increase the adsorption capacity of the materials.

Figure 3a shows that long-term incubation of contaminated cotton and photoactive
fabrics without UV irradiation had no strong effect on the infectivity of the deposited virus
because, for both materials, a similar level of virus titer was detected for 40 min. These data
confirm the stability of the influenza virus under the mentioned conditions.

Irradiation of both materials with UV-A light led to a monotonic decrease in the virus
titer (Figure 3b). In the case of cotton fabric, the rate of inactivation gradually decreased
during irradiation, while, for the photoactive fabric, a linear decrease in virus titer was
observed at the mentioned period. As will be discussed below, small differences between
cotton and photoactive fabrics under irradiation for the first 10 to 20 min are related to a
stabilization effect by protein, which had a high concentration in this case. After 40 min of
irradiation, the value of virus titer for the photoactive fabric was 25 times lower than the
corresponding value for the initial cotton.

UV radiation of A region is known to have a lower impact on the stability and
infectivity of the virus compared to UV radiation of B and C regions [61,72]. Heating of
textile samples occurred under continuous irradiation with UV-LED, and, probably, it
was one of the reasons for the decrease in the infectivity of the virus deposited on the
irradiated surface of the cotton fabric (Figure 3b). In the case of the photoactive fabric, the
rate of inactivation under UV was higher than for the initial cotton due to photocatalytic
degradation of the virus particles using reactive oxygen species formed on the irradiated
TiO2 particles. Oxidation of the external proteins, destruction of the capsid and envelope,
and decomposition of the internal molecules can occur during TiO2-mediated photocatalytic
degradation of virus particles [72]. These pathways are responsible for inactivation of a
virus and for the decrease in its infectivity.

Long-term irradiation with UV-A light led to complete inactivation of the influenza
virus on the surface of the studied materials. In the case of photoactive fabric, the limit of
detection was reached after 100 min of irradiation (Figure S2). For the cotton fabric, the
measured value of virus titer at the same period was 101.6 = 40 TCID50 0.1 mL−1, and extra
time was required for complete inactivation of the virus in this case. Therefore, the cotton
fabric functionalized with nanocrystalline TiO2 results in faster inactivation of influenza A
virus compared to the initial cotton.

It is important to note that the effect of UV-A light on inactivation of influenza virus
on the surface of photoactive and cotton fabrics depends on the composition of the initial
virus suspension. Based on our experience, the total concentration of proteins in the nasal
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secretions of people is varied in a broad range, typically 0.2 to 8 mg·mL−1. Therefore, in
addition to the experiments described above with the virus suspension initially containing
10 mg·mL−1 of total protein, which could affect the stabilization of the virus, we also
conducted the experiments with its low concentration to investigate the effect of compo-
sition on the kinetics of inactivation. A decrease in the concentration of protein from 10
to 0.2 mg·mL−1 led to an increase in the initial adsorption of the virus on the surface of
materials, as described above, and to a substantial increase in the rate of virus inactivation
(Figure 3c). For these conditions, the limit of detection in the case of photoactive fabric was
reached for less than 20 min of irradiation, while, for the initial cotton virus, the particles
were infectious even after 40 min. TiO2-mediated photocatalytic oxidation is driven by
photogenerated reactive oxygen species (mainly OH-radicals) and has no strong specificity
to the type of contaminants, including chemical compounds and biological objects [41].
As a result, all organic matter can be degraded by reactive oxygen species formed on the
irradiated surface of TiO2 particles. At a lower concentration of protein, a higher number of
photogenerated active species interact directly with virus particles, and faster inactivation
of the virus occurs compared to the virus suspension containing a great deal of organic mat-
ter. It should be noted that, in the case of a low concentration of protein, the influenza virus
itself was less stable because a higher rate of its inactivation was observed on the surface
of the initial cotton under these conditions compared to the virus suspension containing
10 mg·mL−1 of protein.

Therefore, functionalization of cotton fabric with nanocrystalline TiO2 results in pho-
toactive self-cleaning material, which can quickly adsorb influenza virus and inactivate
it under UV-A irradiation. A further question was related to the possibility for complete
decomposition of virus particles to prevent its accumulation into fabric.

2.3. Degradation of Influenza Virus

In addition to TCID50 analysis, which is conventional for studies on inactivation of
viruses, we employed the RT-qPCR technique to illustrate the decomposition of virus
particles on the surface of prepared photoactive fabric. RT-qPCR is a method based on
synthesis of the complementary DNA from the target RNA template followed by doubling
the target DNA fragment in each cycle of PCR. It enables precise detection of RNA in
fluids. Photocatalytic degradation of RNA molecules via oxidation of the nitrogen bases or
destruction of the RNA chain would affect the response during PCR analysis.

We also used influenza virus A/PR/8/34 (H1N1) for these experiments, but it was
suspended in a culture medium. According to the threshold cycle value Cq during PCR
tests, the concentration of the used virus suspension was similar to the concentration of
virus in nasopharyngeal swabs from infected patients.

The initial cotton and prepared photoactive fabric were contaminated with the culture
medium containing influenza A virus and irradiated with UV-A for several time periods,
followed by RT-qPCR analysis. Similar experiments without UV irradiation were also
performed to check the stability of the virus on the surface of materials. Figure 4a shows
the threshold cycle values Cq for the initial virus suspension and washouts from the textile
samples to illustrate the effects of the material and UV irradiation. Different behavior under
irradiation was observed for the initial cotton and prepared photoactive fabric. In contrast
to both materials without irradiation and irradiated cotton fabric, a trend for increasing Cq
value with increasing the time of UV irradiation was observed for the prepared photoactive
fabric only. As briefly described in the experimental section, a higher Cq value corresponds
to a lower concentration of virus RNA in the analyzed probe. After 3–6 h of irradiation,
the Cq value for photoactive fabric reached the detection limit that corresponded to the
level of response for the culture medium without virus (Figure 4a). This result indicates
that, in contrast to the initial cotton, destruction of all the RNA molecules occurred on the
surface of the photoactive fabric under long-term irradiation with UV-A light. The genetic
material of influenza virus (i.e., RNA molecules) is protected with a capsid and an envelope.
The destruction of RNA molecules caused by photocatalytic oxidation on the surface of
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TiO2-mediated fabric means that the degradation of the envelope lipid bilayer and matrix
protein layer of virions has occurred before that. Therefore, it confirms the mechanism of
photoinduced antiviral activity of cotton fabric functionalized with nanocrystalline TiO2
via the complete destruction of virion.

Figure 4. PCR data on threshold cycle values Cq (a) and normalized concentration of virus RNA
(b) for initial virus suspension and washouts from the textile samples.

The calculation technique, when the data for each time were normalized to the value
for initial virus suspension, was employed to illustrate a change in the concentration of viral
RNA molecules and to clearly discuss the effect of material and UV-A light (Figure 4b). A
decrease of two times in the concentration of viral RNA compared to the initial suspension
was observed for the time point of 0 min, which corresponds to the analysis of washouts
immediately after dropping the culture-medium-contained virus on the surface of materials.
This effect is due to fast and strong adsorption of virus particles on the surface of textile
materials, which prevents the washing out and detection of RNA molecules. It is similar
to the results on virus inactivation, when the virus titer was substantially decreased after
dropping the suspension on the materials (Figure 3).

Incubation of initial and photoactive cotton samples contaminated with virus for
30 min without irradiation resulted in a further decrease in the concentration of viral
RNA detected in washouts (up to 17 times). This decrease can also be caused by further
adsorption of virus particles on the material surface. As the used cotton substrate had a
high area density (i.e., 350 g·m−2), a long time for achievement of adsorption–desorption
equilibrium was required. Additionally, the TiO2 component in the prepared photoactive
fabric also increased the adsorption effect due to a high specific area of attached TiO2
nanocrystallites. As a confirmation of the statements made above, the Supplementary
Materials contain data on the adsorption kinetics of E. coli bacteria on the surface of cotton
and photoactive fabrics (Figure S1). Adsorption of E. coli monotonically increased during
incubation without irradiation until almost all the cells were adsorbed on the surface of
materials after 1 h.

Under longer incubation of initial and photoactive cotton samples contaminated with
virus without irradiation, a small increase in the concentration of viral RNA detected
in washouts was observed compared to the time point of 30 min. Probably, a partial
destruction of virus particles adsorbed on the surface of materials occurred, which resulted
in an extraction of additional RNA molecules in liquid medium.

UV-irradiated cotton fabric contaminated with virus had the same trend. No decrease
in the concentration of virus RNA was observed for the initial cotton under long-term
irradiation. As stated above, only UV-irradiated cotton fabric modified with nanocrystalline
TiO2 led to a monotonic decrease in the concentration of RNA molecules due to their
photocatalytic degradation. If compared to the initial virus suspension, the concentration of
RNA molecules was decreased by 700 times after 6 h of irradiation. As shown in Figure 4a,
the detection limit of the PCR technique for this system was achieved after this time.
Based on these data and the results of previous studies [56,73], it can be concluded that
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nanocrystalline TiO2 in the composition of photoactive material decomposes virus particles
under irradiation with UV-A light, with the destruction of the lipid bilayer of the envelope,
protein content, and genetic material of the virus (Figure 5). Long-term irradiation resulted
in the decomposition of RNA molecules to fragments, with the number of nucleotides
lower than 100 not to be detected using the PCR technique because the primers used for
amplification flanked a sequence of ca. 100 nucleotides. This behavior (i.e., degradation of
biological agent with gradual decomposition of all its structures to smallest fragments) is
similar to the complete oxidation of low-molecular organic compounds to carbon oxides
and water (i.e., mineralization).

Figure 5. Scheme of virus degradation on the irradiated surface of photoactive cotton fabric.

Therefore, the results discussed above show that functionalization of cotton fabric with
nanocrystalline TiO2 provides self-cleaning textile material with photoinduced antiviral
properties, which can quickly adsorb, inactivate, and completely decompose influenza
virus under UV-A irradiation.

Application of the visible-light-active TiO2 component in the proposed preparation
technique would extend the photoresponse of as-prepared material to the visible region
of the spectrum and also provide inactivation of virus contaminants under visible light.
For instance, TiO2 can be doped with nitrogen (TiO2-N), and the impurity energy levels
of nitrogen created in the band gap of TiO2 would lead to a decrease in the minimum
energy required for photoexcitation of electrons from 3.2 eV for pristine TiO2 to 2.3 eV for
formed TiO2-N, which corresponds to a shift in the absorption edge to the visible region
of the spectrum [74]. Similar to the data presented in Section 2.3 (Figure 4b), irradiation
of cotton-rich fabric, which was functionalized using TiO2-N with blue light (450 nm),
led to a monotonic decrease in the concentration of RNA molecules of influenza virus,
which also confirms the possibility to decompose virus particles under visible light (see
Figure S3 in Supplementary Materials). This short remark underlines the potential of
personal protective clothes made from photoactive self-cleaning fabrics for daily use to
provide permanent protection against viruses and other contaminants.

3. Materials and Methods
3.1. Preparation and Characterization of Photoactive Fabric

Bleached cotton fabric with an area density of 350 g·m−2 was used as a textile substrate
for modification with TiO2 to provide self-cleaning properties. Modification of cotton fabric
was performed via the impregnation method using titanium (IV) isopropoxide (Ti(OC3H7)4;
>98%; Acros Organics, Morris Plains, NJ, USA) precursor and photoactive nanocrystalline
TiO2 according to our previously published technique [75]. A commercial photocatalyst
TiO2 Hombikat UV 100 (100% anatase, ~10 nm crystallites) from Sachtleben Chemie GmbH
(Duisburg, Germany) was used as a photoactive component. Briefly, the textile samples
were obtained via impregnation of washed cotton pieces with a size of 9 × 9 cm2 using the
suspension of Ti(OC3H7)4 and milled TiO2 (10 g·L−1) in isopropyl alcohol (AO Reachem
Inc., Moscow, Russia) followed by treatment with water steam and drying in air at 110 ◦C.
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Then, a typical home washing procedure at 40 ◦C for 30 min was performed using an
automated washing machine to remove poorly attached TiO2 particles. Finally, the samples
were thoroughly rinsed with deionized water and dried in air at an increased temperature.

Ti content in the prepared samples was measured by inductively coupled plasma-mass
spectrometry (ICP-MS) using an Agilent 7700 spectrometer (Agilent, Palo Alto, CA, USA).
The morphology of initial cotton and TiO2-modified photoactive fabric was studied by
scanning electron microscopy (SEM) using a JSM-6460 LV microscope (JEOL, Tokyo, Japan)
at 15–18 kV and by transmission electron microscopy (TEM) using a JEOL-2010 microscope
(JEOL) at 200 kV. The crystal phase of attached TiO2 was analyzed by XRD using a D8
Advance diffractometer (Bruker, Billerica, MA, USA) equipped with a CuKα radiation
source and a LynxEye position sensitive detector. Chemical state of titanium was studied
by X-ray photoelectron spectroscopy (XPS) using an ES300 spectrometer (Kratos Analytical,
Manchester, UK) equipped with a MgKα (hν = 1253.6 eV, 170 W) radiation source. The
spectrometer was calibrated using Au4f7/2 and Cu2p3/2 photoelectron lines of bulk gold
and copper foil with a binding energy (BE) of 84.0 and 932.7 eV, respectively. The UV–Vis
diffuse reflectance spectra for initial cotton fabric and prepared photoactive material were
recorded at room temperature using a Cary 300 UV–Vis spectrophotometer from Agilent
equipped with a DRA-30I diffuse reflectance accessory in the range of 300–700 nm with a
resolution of 1 nm. Special prepacked polytetrafluoroethylene from Agilent was used as a
reflectance standard. The diffuse reflectance spectra were recalculated to an absorbance
mode using the Kubelka-Munk function. Optical band gap was estimated using the Tauc
method based on the assumption of allowed indirect transitions.

To check the photocatalytic activity of prepared material in the degradation of organic
compounds, it was tested in the oxidation of acetone vapor under UV-A radiation in a
continuous-flow setup. This setup was previously used for the investigation of functional
properties of various TiO2-based photocatalysts, and the details can be found in our
previously published paper [76]. For the experiments, small pieces with an area of 9 cm2

were cut from the prepared material and placed into a photoreactor. A 10-W UV-light-
emitting diode (LED) was used for irradiation of the samples. According to measurements
using an ILT 950 spectroradiometer (International Light Technology, Peabody, MA, USA),
LED provided the radiation with a specific power of 9.7 mW·cm−2 and a maximum at
371 nm (i.e., UV-A region).

3.2. Analysis of Virus Inactivation Using TCID50 Technique

Influenza virus A/PR/8/34 (H1N1) from the virus collection of the Smorodintsev
Research Institute of Influenza (Saint-Petersburg, Russia) was selected for the investigation
of photoinduced antiviral activity of the prepared material. For these experiments, small
pieces with an area of 2 cm2 were cut from photoactive fabric, autoclaved at 121 ◦C for
40 min for sterilization, and placed in Petri dishes. Initial cotton fabric was used as a control
by the same method to evaluate the effect of functionalization. A 50-µL aliquot of virus
containing allantoic fluid with 10 mg·mL−1 of total protein measured using Quant-It Protein
Assay Kit or its suspension (1:50) in Dulbecco’s phosphate-buffered saline (DPBS; Biolot,
Saint-Petersburg, Russia) was dropped on each piece of photoactive material or cotton
fabric. The concentration of total protein in diluted virus suspension was 0.2 mg·mL−1.
Petri dishes with contaminated samples were covered with quartz glasses to prevent
evaporation of liquid and were irradiated using a 100-W UV-LED for 10, 20, 30, or 40 min
to analyze the kinetics of inactivation for each textile material. According to measurements
using an ILT 950 spectroradiometer), LED provided radiation with a specific power of
8.0 mW·cm−2 and a maximum at 367 nm (i.e., UV-A region). Similar experiments without
UV irradiation were also performed to check the stability of virus. After time mentioned
above, the samples were immersed into 2 mL of cold DPBS and vigorously shaken to rinse
out the virus from the surface of fabrics. The control point without irradiation (i.e., 0 min),
when the samples were immersed into 2 mL of cold DPBS immediately after dropping the
suspension of virus on their surface, was performed to check the effect of adsorption of
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virus on the textile substrate. At least three repeats were performed for each irradiation
time for both materials.

All washouts from the contaminated samples were stored on ice during the day of
experiment. The concentration of infectious virus was quantitated by TCID50 method using
MDCK cells (IRR #FR-58). Briefly, series of 10-fold dilutions of initial virus suspension
and washouts from the samples were made in AlphaMEM culture medium (Biolot) sup-
plemented with TPCK trypsin (2 µg mL−1; Sigma Aldrich, St. Louis, MO, USA), HEPES
(25 mM; Sigma Aldrich), and BSA (0.2%; Sigma Aldrich). Confluent MDCK cells in 96-well
plates (TPP) were washed twice with DPBS and inoculated with 0.1 mL of the prepared
dilutions. After incubation period (3 days at 37 ◦C, 5% CO2), the infected wells were
determined by hemagglutination [77]. The virus titer for all cases was calculated using the
Reed-Muench method [78].

3.3. Analysis of Virus Degradation Using PCR Technique

Degradation of RNA molecules of influenza A/PR/8/34 (H1N1) virus was inves-
tigated using a PCR technique. Small pieces with an area of 4 cm2 were cut from the
prepared photoactive material and initial cotton fabric, used as a control, and placed in
Petri dishes. A 150-µL aliquot of the culture medium containing virus was dropped on
each piece, and Petri dishes with contaminated samples were covered with quartz glasses
to prevent evaporation of liquid. One part of the dishes was irradiated using the UV–LED
method mentioned above for 30, 60, 180, or 360 min to analyze the degradation of viral
RNA using PCR. To analyze the effect of photoactive component on the degradation of
virus, the second part of the dishes was stored simultaneously without irradiation. After
time mentioned above, the samples were immersed into 2 mL of cold phosphate-buffered
saline (PBS; Biolot) and vigorously shaken to rinse out the biological substances. The
control point without irradiation (i.e., 0 min), when the samples were immersed in 2 mL of
cold PBS immediately after dropping the culture medium containing virus on their surface,
was performed to check the effect of adsorption of virus on the textile substrate. Then,
80-mL aliquots were sampled from all washouts, and an RNA extraction kit (Biolabmix,
Novosibirsk, Russia) was used to isolate RNA molecules in test probes. The concentration
of viral RNA in initial suspension and washouts from all the samples was analyzed by RT-
qPCR method using “Seasonal Influenza Real-time RT-PCR Panel Primer and Probe Sets”
(CDC, USA) in the reaction mix of HS-qPCR (2×) (Biolabmix). PCR tests were performed
using a Light Cycler 96 (Roche Diagnostics, Rotkreuz, Switzerland). After completion of
the reaction protocol, the threshold cycle value Cq was determined using Light Cycler
96 software (Roche Diagnostics, 1.1.0.1320 version) and used as a characteristic that corre-
lates to concentration of RNA.

For statistical analysis at each irradiation time, at least three pieces of photoactive
material and initial cotton fabric were tested independently to obtain an averaged Cq
value. The total error was estimated as a standard deviation. A relative reduction in RNA
concentration due to photocatalytic degradation was estimated using the 2−∆C′q method
according to the published techniques [79,80].

4. Conclusions

The photoactive fabric is prepared via impregnation of cotton in isopropyl alcohol
containing titanium isopropoxide as a binding agent and nanocrystalline TiO2 as a pho-
toactive component, followed by treatment of the material with water steam and drying at
an increased temperature in air. The as-prepared cotton fabric exhibits strong absorption of
UV light due to interband excitation of electrons in anatase TiO2 nanocrystallites attached
to cotton fibers and photocatalytic activity under corresponding radiation. Similar to the
reference TiO2 P25 photocatalyst, the photoactive fabric completely oxidizes acetone vapor
under UV irradiation to CO2 and water with a high rate, which indicates its high photo-
catalytic performance. In addition to low-molecular organic compounds, the prepared
material is able to decompose the supramolecular structures and microorganisms. The
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TCID50 method confirms the inactivation of the influenza virus during the irradiation of
the contaminated photoactive fabric with UV light of the A region. Virus adsorption and
the rate of its inactivation increase as the concentration of protein in the virus suspension
decreases due to lower competition between protein molecules and virus particles for
adsorption sites on the surface of the photocatalyst. Long-term irradiation (3–6 h) results in
the destruction of all virion structures to the point of RNA molecules, which are decom-
posed to fragments, with a number of nucleotides lower than 100 not to be detected using
the PCR technique.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal12111298/s1, Figure S1: Adsorption kinetics of E. coli cells on the surface of cotton and
photoactive fabrics; Figure S2: Dependence of virus titer on incubation time of contaminated cotton
and photoactive fabrics without and with UV irradiation. Concentration of proteins in inoculum
corresponds to 10 mg·mL−1; Figure S3: Relative reduction in the concentration of virus RNA during
the irradiation of photoactive and cotton-rich fabrics with blue light.
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cotton fabrics with corona/air RF plasma and colloidal TiO2 nanoparticles. Cellulose 2011, 18, 811–825. [CrossRef]

39. Meilert, K.; Laub, D.; Kiwi, J. Photocatalytic self-cleaning of modified cotton textiles by TiO2 clusters attached by chemical spacers.
J. Mol. Catal. A: Chem. 2005, 237, 101–108. [CrossRef]

40. Foster, H.A.; Ditta, I.B.; Varghese, S.; Steele, A. Photocatalytic disinfection using titanium dioxide: Spectrum and mechanism of
antimicrobial activity. Appl. Microbiol. Biotechnol. 2011, 90, 1847–1868. [CrossRef] [PubMed]
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