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Darliane CS Souza a, Suélen M Amorim b, Rafael D Cadamuro c, Gislaine Fongaro c, 
Rosely A Peralta b, Rosane M Peralta d, Gianluca Li Puma e, Regina FPM Moreira a,* 

a Laboratory of Energy and Environmental Processes, Department of Chemical Engineering and Food Engineering, Federal University of Santa Catarina, 88040-900, 
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A B S T R A C T   

Antiviral hydrophobic cellulose-based cotton or non-woven fabrics containing mesoporous TiO2 particles were 
developed for potential use in healthcare and in other contaminated environments. Hydrosols made with the sol- 
gel method using two different amounts of the Ti precursor were applied to cotton and non-woven fabrics and 
their virucidal effect on Murine Coronavirus (MHV-3) and Human Adenovirus (HAdV-5) was evaluated under 
indoor light irradiation. The results show 90% reduction of HAdV-5 and up to 99% of MHV-3 in non-woven 
fabric, and 90% reduction of MHV-3 and no reduction of HAdV-5 in cotton fabric. The antiviral activity was 
related to the properties of the TiO2 powders and coatings characterized by BET surface area, DRX, DLS, FTIR, 
DRS, SEM, TEM and water contact angle. The hydrophobic characteristic of the treated fabrics and the high 
surface area of the TiO2 particles favor interaction with the virus, especially MHV-3. These results demonstrate 
that non-woven fabric and cotton, coated with TiO2, can be highly effective in preventing contamination with 
MHV-3 and HAdV-5 viruses, particularly for applications in healthcare indoor environments.   

1. Introduction 

Nanoparticles are among the studied materials in the area of anti
microbial applications, having demonstrated a great potential for the 
disinfection/inactivation of harmful pathogens, including bacteria, vi
ruses, and fungi (Hamouda et al., 2021; Hosseini, Chin, Behzadinasab, 
Poon & Ducker, 2021; Park et al., 2014; Rodríguez-González, Obregón, 
Patrón-Soberano, Terashima & Fujishima, 2020; Uyguner Demirel, 
Birben & Bekbolet, 2018; Zan, Fa, Peng & Gong, 2007). Among different 
nanoparticles, TiO2 has demonstrated biocidal effect for numerous mi
croorganisms (Hosseini et al., 2021; Park et al., 2014; Rodrí
guez-González et al., 2020; Uyguner Demirel et al., 2018; Zan et al., 
2007) including gram-positive and gram-negative bacteria (Dicastillo, 
de, Correa, Martínez, Streitt & Galotto, 2020; Ibrahim et al., 2018; 
Ibrahim, Eid, El-Aziz, Abou Elmaaty & Ramadan, 2017; N. A. Ibrahim, 
Eid, Khalil & Almetwally, 2018), various viral species and parasites 
(Rodríguez-González et al., 2020). 

The antiviral behavior of TiO2 nanoparticles is, however, less docu
mented than its antibacterial properties. In particular, the antiviral ac
tivity of TiO2 has been investigated against the influenza virus (H3N2) 
and against bacteriophages such as MS2, PRD1 or ɸX174 (Gerrity, Ryu, 
Crittenden & Abbaszadegan, 2008; Mazurkova et al., 2010; Syngouna & 
Chrysikopoulos, 2017). Increasing concerns about the spread of 
epidemic and pandemic viral diseases have drawn the attention towards 
the development of photocatalytic nanotechnologies particularly for 
application in hospital settings. Recently, Khaiboullina, Uppal, Dha
barde, Subramanian and Verma (2020) reported that surfaces coated 
with titanium dioxide, a thin, nontoxic layer applied as paint, can 
enhance surface disinfection of human coronaviruses, under UV light. 
Similarly, Moon, Lee, Rok and Ha (2020) demonstrated that viral par
ticles of HuNoVs could efficiently be disinfected using Cu/TiO2-treated 
non-woven fabric under UVA-LED. 

Mechanistically, it has been reported that photocatalytic viral 
disinfection occurs through three possible steps: (1) particle shape 
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distortion, (2) protein oxidation, and (3) gene leakage or damage. In the 
first step, the adsorption of a virus on the photocatalytic surface could 
distort the virus’ shape (Li et al., 2016; Moon et al., 2020) causing the 
rupture of the viral capsid proteins, and possibly leading to gene efflux. 
In parallel, the oxidation of proteins by reactive oxygen species (ROS) 
(such as •OH, •O2 and HO•

2) produced by a TiO2 photocatalyst under 
light irradiation (N. A. Ibrahim, Aly, Eid & Fahmy, 2018; Khezerlou, 
Alizadeh-Sani, Azizi-Lalabadi & Ehsani, 2018; Y. Liu, Huang, Feng & Li, 
2021; Rodríguez-González et al., 2020) can also destroy the virus outer 
envelope and the capsid protein of the viruses, resulting in the release of 
its genetic materials (Kumar & Devi, 2011; Li et al., 2016; Moon et al., 
2020; Syngouna & Chrysikopoulos, 2017). Finally, viral inactivation can 
also result from induced toxicity by metal ions in metal-containing 
photocatalysts, such as Ag/TiO2, Cu-TiO2, Pt-WO3, C60-magnetite, 
Mn-TiO2, Co-TiO2, among others (Hosseini et al., 2021; Kumar & Devi, 
2011; Mohan, Hemalatha, Kopperi, Ranjith & Kumar, 2021). The gen
eral consensus is that virus inactivation depends on the characteristics of 
each microorganism (sizes, shapes, structures or compositions), expo
sure time and on the characteristics of the TiO2 particles, among other 
aspects (Khezerlou et al., 2018; Y. Liu et al., 2021; Rodríguez-González 
et al., 2020). Light irradiation is generally essential in photocatalysis to 
increase the rate of virus inactivation (Rodríguez-González et al., 2020). 
However, the germicidal effect has also been observed under darkness 
(Erdem, Metzler, Cha & Huang, 2015; Syngouna & Chrysikopoulos, 
2017). Despite the suggested mechanisms has been related to the wet
ting property of nanoparticles (Liu, John, Yeung & Si, 2007) and/or the 
adsorptive properties of these (De Pasquale et al., 2020; Liu et al., 2021) 
the underlying mechanism has not been thoroughly elucidated (Syn
gouna & Chrysikopoulos, 2017). 

The material used to support TiO2 can significantly contribute to 
promoting the interaction between viruses and particles. Cellulose- 
based fabrics such as cotton and non-woven fabrics have been widely 
studied for the application of titanium dioxide hydrosols, resulting in 
fabrics with photocatalytic and self-cleaning properties (Ahmad, Kan & 
Yao, 2019; Ibrahim et al., 2017; N. A. Ibrahim et al., 2018, 2018, 2018; 
Moon et al., 2020; Rashid, Simoncic & Tomsic, 2021; Tan, Gao, Guo, 
Guo & Long, 2013; Wang, Dong, Li, Li & Bian, 2018). Properties such as 
porosity, flexibility and layered surface structure contribute to the 
incorporation of nanoparticles in its structure, providing new functional 
properties (Ahmad et al., 2019). 

In this study, two different virus strains were used to evaluate the 
inactivation effect caused by fabrics coated with TiO2: the human 
adenovirus type 5 (HAdV-5) which has an icosahedral capsid formed by 
proteins (Alonso-Padilla et al., 2016), and the murine coronavirus three 
viral proteins, and the genome packaged in a helical nucleocapsid sur
rounded by a host-derived lipid bilayer (Belouzard, Millet, Licitra & 
Whittaker, 2012). These viruses are representative targets to ensure 
virucidal activity of materials (International Organization for Stan
dardization, 2019). Non-enveloped viruses (such as adenoviruses, nor
oviruses, human enteroviruses, among others) are generally more 
resistant to disinfectants and antiseptics and ultraviolet radiation than 
enveloped viruses (Metcalf, Melnick & Estes, 1995; Rabenau, Stein
mann, Rapp, Schwebke & Eggers, 2014). Moreover, human adenovirus 
is currently being explored as vaccine vectors for coronavirus disease 
(COVID-19) (Person et al., 2021), and murine coronavirus represents a 
suitable model for study coronavirus virulence factors, multiorgan 
involvement and antiviral immunity (Grabherr, Ludewig & Pikor, 
2021). 

The photocatalytic virucidal effect of high surface area mesoporous 
TiO2 immobilized on textile fabrics (cellulose-based cotton and poly
propylene non-woven fabrics, commonly used in hospital settings) was 
investigated. The inactivation of Murine Coronavirus (MHV-3) and 
Human Adenovirus (HAdV-5) was determined under typical indoor 
irradiation encountered in healthcare indoor environments and ac
cording to the ISO 18,184:2019 standard test method for virucidal ac
tivity. The virucidal effects of the coatings were correlated to the 

physical and chemical properties of the TiO2 coatings to gain a deeper 
understanding of the impact of catalyst properties on the inactivation of 
MHV-3 and HAdV-5 in coated fabrics. 

2. Experimental 

2.1. Materials 

Cellulose-based cotton (166 ± 5 g m− 2) and polypropylene non- 
woven (40 ± 4 g m− 2) fabrics were purchase from a local market in 
Santa Catarina (Brazil). Titanium butoxide was provided by Sigma – 
Aldrich (97%). The acetic acid (99.5%) and ethanol (99.8%) were ob
tained from Lafan (Brazil) and Neon (Brazil), respectively. The fabrics 
and reagents were used without prior treatment/purification. 

2.2. Synthesis of TiO2 hydrosol and textile treatments 

The titanium dioxide hydrosol synthesis were conducted as proposed 
by Wang et al. (2018). Initially, 5.54 mL of titanium butoxide [Ti(OBu)4] 
and 2.46 mL of ethanol were added to a beaker and stirred for 1 h (so
lution 1). Subsequently, 5.72 mL of acetic acid and 36.14 mL of deion
ized water (solution 2) were added to another beaker and the pH was 
measured (pH ~ 1.96). Solution 1 was added dropwise to solution 2 and 
agitated for 3 h. The resulting hydrosol solution (TiO2 hydrosol-S1, 
solids concentration 33.02 mg L− 1) was stored at room temperature 
for 10 days. Further, another TiO2 hydrosol sample (TiO2 hydrosol-S2, 
solids concentration 17.28 mg L− 1) was prepared using the same pro
cedure but half the amount of [Ti(OBu)4], i.e. 2.77 mL. Translucent 
yellowish-white colloidal hydrosols were obtained. After the prepara
tion of the hydrosols, pristine cotton and polypropylene non-woven 
fabrics (2 × 2 cm) were then submerged for 5 min into the TiO2 hy
drosols, and subsequently, the impregnated fabrics were cured in an 
oven at a temperature of 100 ◦C for approximately 12 h. The amount of 
TiO2 per square centimeter loaded on each fabric sample was calculated 
by mass balance. Untreated fabric samples (without TiO2 deposition) 
were also subjected to the same protocol and further used in the pho
tocatalytic tests, as controls. The fabric samples were designated as 
shown in Table 1. 

The physical and chemical properties of the TiO2 coated onto the 
fabric were obtained after drying TiO2 hydrosols in an oven at a tem
perature of 105 ◦C for 24 h to obtain white colored TiO2 powders 
denoted TiO2-S1 and TiO2-S2. 

2.3. Testing and characterization of TiO2 particles and TiO2 coated 
fabrics 

The crystalline structure of the sample was evaluated by X-Ray 
diffraction (XRD) analysis using a MiniFlex600 DRX apparatus (Rigaku, 
Japan), at a scanning speed of 10 ◦ min− 1 with step size of 0.05 ◦ The 
crystallite sizes, based on the average of all the peaks of the XRD stan
dards, were calculated using the Scherrer’ equation: 

D =
Kλ

βcosθ
(1)  

where D is the size of the crystallites, K is the Scherrer constant (0.9), λ is 

Table 1 
Treated and untreated fabric samples used to measure virucidal activity.  

Fabric Impregnation TiO2 loading, mg cm− 2 

Untreated cotton (white) none 0.0 
Non-woven fabric (NWF) none 0.0 
TiO2-S1-cotton TiO2 hydrosol-S1 1.40 
TiO2-S1-NWF TiO2 hydrosol-S1 1.07 
TiO2-S2-cotton TiO2 hydrosol-S2 1.03 
TiO2-S2-NWF TiO2 hydrosol-S2 1.04  
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the wavelength of the radiation used (0.15406 nm), β is the full width at 
half maximum (FWHM) of selected peak and θ is the Bragg’s angle of 
diffraction for the peak. 

The optical properties of the samples were evaluated using the data 
from the diffuse reflectance spectroscopy (DRS) obtained in a UV/Vis/ 
NIR Lambda 750 spectrometer (PerkinElmer, USA), equipped with a 60 
mm integrating sphere. The reflection (R) data were converted to ab
sorption through the Kubelka–Munk function, F(R) (Tan et al., 2013). 

F(R) =
(1 − R)2

2R
(2)  

Infrared spectra were obtained using a Fourier transform infrared (FTIR) 
spectrophotometer (model Cary 660 Series, Agilent, USA). The samples 
were analyzed directly with the crystal (ZnSe, 45◦) by attenuated total 
reflection (ATR), averaging 10 scans in the range of 4000–550 cm− 1 at a 
resolution of 4 cm− 1. The Brunauer–Emmett–Teller (BET) surface area, 
Barrett–Joyner–Halenda (BJH) pore volume and pore size distributions 
of the samples were determined via N2 adsorption–desorption isotherm 
measurement at 77 K after degassing at 300 ◦C for 2 h. The isotherms 
were obtained in a Autosorb-1 gas sorption analyzer (Quantachrome 
Instrument, USA). The particle size distribution was obtained by the 
dynamic light scattering (DLS) technique using a Zetasizer Nanosizer 
particle size analyser (Malvern Instruments, UK). Before analysis, TiO2 
samples (TiO2-S1 and TiO2-S2) were dispersed in distilled water (0.1 mg 
mL− 1) using an ultrasound bath for 1 h. The morphology and micro
structures of TiO2 powdered were characterized by Scanning Electron 
Microscopy-FEG using a FEG-SCIOS (FEI, USA) and by Transmission 
Electronic Microscopy using a JEM-1011 (JEOL, Japan) equipment. 

The surfaces of treated and untreated fabrics were analyzed by 
scanning electron microscopy (SEM) using a JEOL JSM-6390LV micro
scope (JEOL, Japan). The contact angle between liquid and solid sur
faces of the treated fabrics was conducted with a Goniometer model 250 
(Ramé-Hart Instrument, USA). Measurements were performed in tripli
cate and the angles were determined by the mean of the values obtained. 
In these analyses, drops of 3 µL of deionized water at room temperature 
were deposited over each fabric sample. 

2.4. Virucidal activity 

Coated and uncoated fabrics were previously evaluated for their 
cytotoxic characteristics. For this, mouse fibroblast cells (L929, ATCC® 
CCL-1) were maintained in a minimal essential medium (MEM; Thermo 
Fisher Scientific, Poland) supplemented with 10% heat-inactivated fetal 
bovine serum (FBS; Thermo Fisher Scientific, Poland), then sown on 
plates (96-well format plates, 2.5 × 104 cells/well) maintained for 24 h 
at 37 ◦C in an atmosphere containing 5% CO2. Tissues were washed with 
5 mL of 1% phosphate-buffered saline and the eluate was added to the 
cell culture for 48 h. 

The virucidal activity of the materials and fabrics were assessed ac
cording to the ISO 18,184:2019 and standard method for determination 
of antiviral activity of textile products (International Organization for 
Standardization, 2019). Information about the light indoor irradiation is 
supplied in the Supplementary Information (Figure S1). This method 
measures the concentration of 105 plaque-forming units (PFU) of human 
adenovirus type 5 (HAdV-5) and murine coronavirus MHV-3 strain 
(MHV-3), previously propagated in cell lines A549 (human lung carci
noma - CL185) and L929 (murine fibroblasts - CCL-1), respectively. 

Tests were performed with 30 min viral exposure against the tested 
surfaces at 25 ◦C under indoor light irradiation. Similar control experi
ments were performed in the absence of light irradiation by exposing the 
samples to the viruses inside a dark chamber. Both impregnated and 
pristine fabrics were used. After 5–7 days of in vitro infection with the 
respective viruses tested, the amount of PFU was quantified and the viral 
reduction was expressed in percent reduction (%) (International Orga
nization for Standardization, 2019). Triplicate experiments were 

performed for all trials. 
To assess the absence of viral replication, in addition to the cell 

culture test, assays based on detection of the viral genome after 5–7 days 
of infection in cell culture were performed. This test was carried out to 
verify whether or not there was entry and exposure of the viral genome 
in permissive cells, as well as whether these genomes were replicated. In 
summary, after 5–7 days of incubation the cells with HAdV-5 and MHV- 
3 fluids after exposure to tissues with and without TiO2, were washed 3 
times with PBS 1X and subjected to extraction of genetic material (DNA 
/ RNA). The extraction of viral nucleic acid was performed with the 
commercial mini kit RTP DNA / RNA Virus® II (Invitek), according to 
the manufacturer’s instructions. A reverse transcriptase (RT) reaction 
was performed to generate cDNA from mRNA, using an RT enzyme and 
primers (Sensiscript RT Kit - QIAGEN®). Real-time quantitative PCR 
(qPCR) was performed as described by Hernroth, Conden-Hanson, 
Rehnstan-Holm, Girones and Allard (2002) and Besselsen, Wagner and 
Loganbill (2003), for HAdV-2 and MHV-3, respectively. The limit of 
quantification is ten copy gene (CG) per cm3. 

All amplifications were performed in a StepOne Plus® Real-Time 
PCR system (AppliedBiosystems). Each sample was analyzed in tripli
cate. Ultrapure water was used as a non-template control for each assay. 

3. Results and discussion 

3.1. Characterization of pristine TiO2 particles and of the impregnated 
and pristine fabrics 

The crystalline structure of the TiO2 powders obtained from hydro
sols (TiO2-S1 and TiO2-S2) was evaluated by X-ray diffraction (Fig. 1). 
The crystal phase of all samples coincides with the standard data for 
anatase -TiO2 (TiO2 - JCPDS 01–078–2486) without impurities (Klee
busch et al., 2018). The values of crystallite sizes of TiO2-S1 and TiO2-S2 
were similar and below the 10-nanometer range (Table 2). 

The particle size distribution of TiO2-S1 was non uniform and ranged 
from 50 to 1700 nm with a maximum peak at 142 nm, a second peak 
with a maximum at 532 nm (Fig. 2(a)) and average particle size of 284 
nm (Table 2). In contrast, TiO2-S2 had a uniform particle size distribu
tion (Fig. 2(b)) but in the range of 300 – 1000 nm and a maximum peak 
at 255 nm, with the average particle size of 263 nm (Table 2). The 
samples have size distributions in the characteristic range of micro
metric particles, that is, 100 nm – 100 µm, indicating that TiO2 nano
particles formed aggregates in the aqueous dispersion. 

The scanning electron microscopy (SEM-FEG) of powdered TiO2-S1 
and TiO2-S2 analysis showed the preparation of spherical-shape TiO2 
nanoparticles (Figure S2). The transmission scanning microscopy (TEM) 
images exhibited aggregated nanoparticles while the selected area 
diffraction (SAED) patterns endorsed the polycrystalline nature 
(Figure S2). Particle dimensions obtained from TEM images were 9.7 ±

Fig. 1. Diffractograms of (a) TiO2-S1 and (b) TiO2-S2 samples.  
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5.0 nm and 6.5 ± 2.1 nm for TiO2-S1 and TiO2-S2, respectively. As 
largely known, the particle size increases with increasing precursor 
concentration due to enhanced coagulation and sintering, resulting from 

the large concentration of TiO2 nuclei generated at high Ti precursor 
concentrations (Nyamukamba, Okoh, Mungondori, Taziwa & Zinya, 
2018). Moreover, a more uniform particle size distribution was observed 
for powdered TiO2-S2 than TiO2-S1. The particles size calculated from 
TEM micrographs were slightly different from the average crystallite 
size obtained from XRD pattern (Table 2), although these were within 
the experimental deviation. 

The optical properties of the uncoated and coated fabrics (cotton and 
NWF) and TiO2 powders were evaluated by diffuse reflectance spec
troscopy (Fig. 3 and Figure S3). The uncoated fabrics (cotton and NWF) 
did not show a significant photoresponse, Fig. 3. Conversely, in coated 
fabrics, reported remarkable absorption in the UV range (λ < 400 nm). 
The TiO2-S1-cotton and TiO2-S2-cotton curves were integrated in the 
range below 400 nm, and the areas were 693 and 757, respectively. For 
the TiO2-S1-NWF and TiO2-S2-NWF curves, the areas were 284 and 329, 
respectively. According to the areas and intensities in the TiO2 absorp
tion range, the photoresponse of tissues impregnated with TiO2 
hydrosol-S2 was greater than that presented by tissues impregnated with 
TiO2 hydrosol-S1, and gravimetric measurements showed that the 
amounts of TiO2 in the coated fabrics were very similar, Table 1. 
Therefore, the differences in the optical absorption was attributed to 
larger particle sizes of TiO2-S2 (Fig. 2), which results in lower scattering 
coefficients and higher K-M function values when they have the same 
absorption coefficient (Jiménez Reinosa, Leret, Álvarez-Docio, del 
Campo & Fernández, 2016; Tan et al., 2013). 

The DRS curves (Fig. 3 and Figure S3) also showed cutting wave
lengths for samples TiO2-S1, TiO2-S2, TiO2-S1-cotton, TiO2-S2-cotton, 
TiO2-S1-NWF and TiO2-S2- NWF equal to 380, 377, 368, 357, 401 and 
402 nm, respectively. This different values indicated that the absorption 
of TiO2 varied when this was impregnated in the fabrics due to the 
interaction between the particles and the substrate (Kisch & Weiß, 2002; 
Tan et al., 2013; Zhang et al., 2020). Moreover, all DRS curves of the 
impregnated fabrics showed a slight tail wavelength larger than 400 nm, 
which was attributed to the presence of defects or surface impurities 

Table 2 
Specific surface area (SBET), average pore diameter, pore volume and average particle size for TiO2 samples.  

Sample Crystallite size (nm) Band gap energy (eV) SBET (m2 g− 1) Average pore size (Å) Pore volume (cm3 g− 1) Average aggregated particle size (nm)** 

TiO2-S1 7.0 ± 1.3 3.16 293.1 43.87 0.3292 284 
TiO2-S2 9.0 ± 1.0 3.17 342.4 37.29 0.3221 263 
Uncoated cotton * * << 1 * 0.010 * 
Uncoated NWF * * 0.9 938 0.021 * 
TiO2-S1 cotton * * 10 60 0.020 * 
TiO2-S1 NWF * * 51 44 0.057 * 
TiO2-S2-cotton * * 9 29 0.006 * 
TiO2-S2 -NWF * * 110 40 0.111 * 

* Not measured. 
** Obtained by the dynamic light scattering (DLS) technique in aqueous dispersion. 

Fig. 2. Particle size distribution of (a) TiO2-S1 and (b) TiO2-S2 dispersed in 
distilled water. [TiO2] = 0.1 mg mL− 1. 

Fig. 3. Diffuse reflectance spectra UV–visible curves (a) for untreated cotton, TiO2-S1-cotton and TiO2-S2-cotton and (b) for non-woven fabric, TiO2-S1-NWF and 
TiO2-S2-NWF. 
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over the less crystallized TiO2 nanoparticles (Jiang, Long, Wu & Cai, 
2011). 

Additionally, the band gap energies of TiO2-S1 (3.16 eV) and TiO2-S2 
(3.17 eV), Figure S3, were close to the value assigned for the indirect 
band gap of the anatase phase (3.20 eV) (Lin et al., 2006; López & 
Gómez, 2012). It is worth mentioning that the indoor light used to 
evaluate de virucidal effect of coated fabrics presented a very small 
amount of irradiation at wavelength λ < 400 nm (Figure S1), and could 
lead to poor photoactivation of the TiO2 particles (Rodríguez-González 
et al., 2020). 

The FTIR spectra obtained for both synthesized TiO2 samples (TiO2- 
S1 and TiO2-S2), Figure S4, were very similar and presented the same 
absorption bands at 3384, 2920, 1625, 1527, 1427, 790, 663 and 484 
cm− 1. The broad band centered on 3384 cm− 1 and another band at 1630 
cm− 1 was assigned to the vibrations of the O‒H stretch and OH bend, 
respectively, demonstrating the presence of water physically attached to 
the surface of the samples (Z. Wang et al., 2020). Additionally, charac
teristic peaks of the O–Ti–O and Ti‒O‒Ti bonds occurred around 790, 
663 and 484 cm− 1. The bands observed at 1427 and 1527 cm− 1 were 
related to ‒COO‒ antisymmetric and symmetric stretching, respectively 
(Z. Wang et al., 2020). These bands were assigned to the carboxyl groups 
present on the surface of the TiO2 samples provenient from the acetic 
acid used in the synthesis of hydrosol (Liao, Lien & Lin, 2001). The small 
peaks centered on 2930 and 2850 cm− 1 were attributed to the asym
metric stretching vibrations of aliphatic C‒H, confirming the existence 
of organic species adsorbed on the surface of TiO2 particles, such as 
residues of acetic acid originating from the synthesis method. These 
results indicated that the surface of TiO2 obtained from hydrosol pre
sented functional important groups such as –OH and –COOH, which 
facilitated the retention of the particles within the fibers of the fabrics. 
Although the TiO2 particles showed traces of adsorbed residual organic 
species, the virucidal effect caused by these was below the detection 
limit both under indoor illumination and dark conditions as shown in 
Section 3.2. 

Chemical surface modification of the cotton and NWF fabrics by 
coating with TiO2 hydrosol S1 and S2 was studied by FTIR-ATR analysis, 
Fig. 4. Pristine cotton, Fig. 4(a), presented a spectra characteristic of 
cellulose (Ahmad et al., 2019; Nam et al., 2016; Tudu, Sinhamahapatra 
& Kumar, 2020): 3600–3000 cm− 1 (O–H stretching vibration of 
H-bonded hydroxyl groups); 1641 cm− 1 (O–H stretching vibration of 
adsorbed water); 2901 cm− 1 (C–H asymmetric stretching of alkyl chain); 
1426 cm− 1 (C–H bending); 1311 cm− 1 (C–H wagging); 1160 and 1101 
cm− 1 (asymmetric bridge C–O–C); 1026 cm− 1 (C–O stretch) and 896 
cm− 1 (asymmetric stretching of C1–O–C4 of cellulose) (Ahmad et al., 
2019). The spectra of TiO2-coated cotton presented the same bands of 
uncoated cotton and more two new peaks at 1535 cm− 1 and 791 cm− 1. 
These peaks related to the ‒COO‒ symmetric stretching and O–Ti–O 
bonds (see the TiO2 FTIR spectra in Figure S4) indicated the attachment 
of TiO2 on the cotton fabric surface. 

As expected, the uncoated NWF fabric, Fig. 4b, showed the charac
teristic peaks of polypropylene (Cabello-Alvarado et al., 2019; Cerkez, 
Worley, Broughton & Huang, 2013; Nam et al., 2016). In the range from 
3000 to 2800 cm− 1, the bands corresponded to the asymmetric and 
symmetric C‒H stretching vibration of methylene (CH2) and methyl 
(CH3) groups (Cabello-Alvarado et al., 2019). The peaks corresponding 
to bending of CH2 and CH3 bonds were localized at 1453 cm− 1 and 1376 
cm− 1, respectively (Cabello-Alvarado et al., 2019). Both coated NWF 
fabrics (Fig. 4(b)) presented a new band at 1530 cm− 1 related to ‒COO‒ 
symmetric stretching, an important functional group that can indicate 
the presence of TiO2 on the fabric surface. 

The surface area analysis of TiO2-S1 and TiO2-S2 particles 
(Figure S5) generated type IV adsorption/desorption isotherms with an 
H2 hysteresis loop, typical of mesoporous adsorbents according to the 
IUPAC classification (Burwell, 1977). The average pore size calculated 
by the BJH method (Table 2) was 43.87 and 37.29 nm for TiO2-S1 and 
TiO2-S2, respectively, which confirms the mesoporous characteristic of 
the TiO2 samples synthetized (Burwell, 1977). The specific surface areas 
of the TiO2-S1 and TiO2-S2 particles were 293.1 and 342.4 m2 g− 1, 
respectively (Table 2). The surface area increased and the pore size 
decreased due to the reduction of the particle size particles (Table 2) 
which was expected when a smaller amount of Ti precursor was used in 
the synthesis (Nyamukamba et al., 2018). When the hydrosols were 
deposited on the fabrics, the specific surface area of the coated materials 
(Figure S6) increased by one (cotton) to two (NWF) order of magnitude 
due to the presence of the high surface area TiO2 particles (Table 2). 

The hydrophilicity of the coated surface is important and affects the 
contact between TiO2 particles and viruses. Since TiO2 typically has a 
hemispherical-like morphology, the virulence effect by mechanical 
damage due to contact relates to the size of the particles that are able to 
cover or permeate the cell wall (Rodríguez-González et al., 2020). This 
characteristic was investigated since the structures of human adenovirus 
type 5 (HAdV-5) and the murine coronavirus MHV-3 strain (MHV-3) 
were significantly different. All coated fabrics were highly hydrophobic 
with contact angle values of 123.66◦, 122.32◦, 114.55◦ and 129.39◦ for 
TiO2-S1-cotton, TiO2-S2-cotton, TiO2-S1-NWF and TiO2-S2-NWF, 
respectively (Fig. 5) under indoor illumination. The contact angle is 
quite similar to that measured under dark conditions (Figure S7), being 
123.78◦, 121.87◦, 122.91◦ and 119.330◦, for TiO2-S1-cotton, TiO2-
S2-cotton, TiO2-S1-NWF and TiO2-S2-NWF, respectively. Fig. 5 and S7 
show no changes in the water drops shapes when the samples are under 
dark or indoor light conditions. These results indicate that the irradiated 
indoor light surfaces do not generate sufficient electron-hole pairs to 
increase the hydrophilicity of the coated fabrics, and the supplementary 
hydroxyl groups and oxygen vacancies were not produced under indoor 
light. 

3.2. Virucidal activity 

Cell integrity and cytotoxic effects were evaluated, as described in 
the experimental section. The samples showed no cytotoxic effect in the 

Fig. 4. FTIR-ATR absorbance spectra of coated and uncoated cotton (a) and 
non-woven (b) fabrics. 
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assays, keeping more than 50% as viable cells. The virucidal activity of 
the treated fabrics (Table 3) under indoor light show higher inactivation 
of MHV-3 in comparison with HAdV-5, while the uncoated fabrics 
showed no activity. One reason for these results can be attributed to the 
hydrophobic interactions that are involved in the adsorption of the vi
ruses on the surface of the coated fabrics, causing distortion of the viral 
shape (Li et al., 2016; Moon et al., 2020) and consequently inducing 
inactivation. This surface effect was especially important for the samples 
coated with TiO2-S2 since significant virucidal activity was also 
observed under dark conditions (Table 3). In fact, the HAdV-5 particles 
have an icosahedral capsid (~90 nm in diameter) formed by proteins 
(Alonso-Padilla et al., 2016), while MHV-3 are enveloped, spherical or 
pleiomorphic viruses, with typical sizes ranging from 80 to 120 nm 
(Belouzard et al., 2012). Differently than HAdV-5, the MHV-3 virus has 
an envelope that contains at least three viral proteins, and the genome is 
packaged into a helical nucleocapsid surrounded by a host-derived lipid 
bilayer. Therefore, it could be expected that the MHV-3 virus interacts at 
a greater range with hydrophobic surfaces than HAdV-5 causing a 
higher rate of effective viral deactivation. 

The virucidal activity was more significant on the fabrics coated with 
TiO2-S2-NWF rather than TiO2-S1-NWF under dark conditions, and was 
similar under indoor illumination. Considering that both coatings pre
sented similar light absorption properties and band gaps, we attributed 
this to the concerted effect of the higher surface area of TiO2-S2-NWF 
than TiO2-S1-NWF (Table 2). Thus, the viruses may be inactivated by the 

rupture of its membrane caused by the distortion of the viral form when 
these were adsorbed on the surface of the photocatalyst (Kumar & Devi, 
2011; Mohan et al., 2021). Moreover, a catalyst with a high specific 
surface area allows a greater number of active sites, where viruses can be 
adsorbed, distorted and attacked by photogenerated ROS (Hajkova, 
Spatenka, Horsky, Horska & Kolouch, 2007; Ishiguro et al., 2011; Koi
zumi & Taya, 2002; Nakano et al., 2013), that developed an important 
effect under indoor illumination. 

Nakano et al. (2013) have reported that the virucidal activity of 
photocatalytic inactivation also depends on the viral envelop, since 
non-enveloped viruses are more resistant to inactivation than enveloped 
viruses (Beekes, Mielke, Pauli, Baier & Kurth, 2004; Jafry, Liga, Li & 
Barron, 2011). This could explain why MHV-3 virus was inactivated 
with a higher efficiency in comparison to HAdV-5. It is supposed that the 
photocatalytic action of TiO2 would promote peroxidation of phospho
lipid components of the enveloped membrane, causing damage mem
brane and further virus inactivation (Beekes et al., 2004; Rutala & 
Weber, 2008). The results pointed to a reduction in the viral genomes of 
HAdV-2 and MHV-3 in the fabrics (Fig. 6), indicating that there was 
indeed a reduction in viral replication, which could be mediated by 
genome degradation and/or protein degradation of the viral envelope. 

In untreated tissues, there was the detection of viral genomes within 
cells with viral entry and replication (Fig. 6). Although the attack to the 
viral genome by TiO2 - photocatalytic reactions has been proposed as the 
mechanism capable of inactivating pathogenic viruses (Tong et al., 
2021), inactivation could also be caused by damage of the outer viral 
proteins structure (Hajkova et al., 2007; Ishiguro et al., 2011; Koizumi & 
Taya, 2002) by reactive oxygen species produced during TiO2 photo
catalysis. Beside this, the photocatalytic activity also depends on the 
virus adsorption on the solid surface (Jafry et al., 2011), that would 
increase with the surface area of the photocatalyst. 

SEM images of uncoated and coated cotton and non-woven fabrics 
are presented in Figs. 7 and 8. In the images of pristine cellulose-based 
cotton (Fig. 7) the characteristic fibers of this material are evident 
(Ibrahim et al., 2017; P. Wang et al., 2018). A smooth film of TiO2 
particles was observed on the cotton fabrics with TiO2-S1 and TiO2-S2 
although the film presented several clusters (some highlighted by red 
circles) and cracks (some highlighted by red arrows). The presence of 
TiO2 promoted an increase in the surface area of the coated cotton fabric 
in the order of 10 times (10 m2 g− 1 for TiO2-S1-cotton and 9 m2 g− 1 for 
TiO2-S2-cotton) compared to untreated cotton (<< 1 m2 g− 1), Table 2. 

Similarly, an evenly distributed TiO2 film was observed over the 
NWF fibers (Fig. 8). The coating of polypropylene NWF with TiO2 par
ticles caused a more significant increase in the surface area of these 
fabric samples (51 m2 g− 1 for TiO2-S1-NWF; 110 m2 g− 1 for TiO2-S2- 
NWF and 0.9 m2 g− 1 for untreated NWF), Table 2. The images show that 
TiO2 particles were more homogeneously distributed over the fibers of 
NWF than over the cotton fibers, with less or almost no formation of 
agglomerates. This effect may have contributed to the greater increase in 
the surface area of the NWF coated with TiO2 in comparison to the 
coated cotton fabric. 

Fig. 5. Image of water droplets from tissue samples (a) TiO2-S1-cotton, (b) 
TiO2-S2-cotton, (c) TiO2-S1-NWF and (d) TiO2-S2-NWF. 

Table 3 
Virus reduction in textile surfaces treated with TiO2 (S1 and S2) under indoor light and under dark conditions.  

Samples HAdV-5 PFU/cm2 MHV-3 PFU/cm2 Indoor light Dark conditions 
HAdV-5 reduction (%) MHV-3 reduction (%) HAdV-5 reduction (%) MHV-3 reduction (%) 

TiO2-S1-Cotton 1.5 × 105 ± 1.1 × 101 1.5 × 104 ± 1.1 × 101 NR 97.69 ± 0.16 * * 
TiO2-S2-Cotton 1.4 × 105 ± 2.3 × 101 2.8 × 104 ± 2.3 × 101 NR 95.69 ± 0.34 * * 
TiO2-S1-NWF 1.1 × 104 ± 1.2 × 101 1.1 × 102 ± 1.2 × 101 90.83 ± 1.00 99.98 ± 0.19 NR NR 
TiO2-S2-NWF 1.1 × 104 ± 1.2 × 101 3.2 × 102 ± 1.2 × 101 90.83 ± 1.00 99.94 ± 0.19 90.00 ± 1.00 90.00 ± 1.00 
Untreated/       
Control Cotton 1.5 × 105 ± 2.0 × 101 6.5 × 105 ± 2.0 × 101 NR NR * * 
Untreated/       
Control NWF 1.2 × 105 ± 1.3 × 101 6.2 × 105 ± 1.3 × 101 NR NR * * 

NR: No reduction. 
* Not measured. 
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Although the amount of TiO2-S1 and TiO2-S2 particles deposited on 
the fabrics were similar (Table 1), the virucidal activities on NWF fabric 
were higher than those measured on cotton, due to more uniform dis
tribution of TiO2 particles on the NWF fabric solid surface, as shown in 
Figs. 7 and 8. These results implied that viral particles of HAdV-5 and 
MHV-3 could be efficiently inactivated using TiO2 under indoor light. 

Although several polysaccharides such as chitosan (Modak, Jha & 

Kumar, 2021), an acid polysaccharide from Laminaria japonica (Yue 
et al., 2017), and polysaccharides from algae (Harden, Falshaw, Car
nachan, Kern & Prichard, 2009) have shown virucidal activity, 
cellulose-based fabric alone did not present virucidal activity (Table 3). 
However, cellulose can strongly attach TiO2 particles through the for
mation of intermolecular hydrogen bonding between the hydroxyl 
group of cellulose and the hydroxyl group in the TiO2 surface (Chai, 

Fig. 6. Genome quantification of HAdV-5 and MHV-3 post in vitro cell infection in textile surfaces treated with TiO2 (S1 and S2) under indoor light and conditions.  

Fig. 7. SEM analysis for uncoated and coated cotton fabric samples in different magnifications: a–c) Magnification 10,000 X; d–f) Magnification 5000 X; and g–i) 
Magnification 1000 X (Uncoated cotton, TiO2-S1-cotton and TiO2-S2-cotton, respectively). 
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Pang, Lim & Chong, 2021; Zong et al., 2021) even those produced using 
a hydrolysis-precipitation method (Zong et al., 2021), and the materials 
exhibited antibacterial properties. 

As largely known, TiO2 particles inactivate influenza virus (Nakano 
et al., 2012), human coronavirus (Tong et al., 2021), bovine coronavirus 
(Yoshizawa et al., 2020), human norovirus, murine norovirus (Park 
et al., 2016), SARS coronavirus (Han et al., 2004), and bacteriophage 
(Syngouna et al., 2017), among others. These effects may involve 
reactive oxygen species that can damage viral surface proteins, what in 
turn may impair of even abolish the adsorption of the viruses to host 
cells as well as to damage the viral genome, preventing the replication 
process. So, the attachment of TiO2 particles on cellulose fibers could be 
useful to produce virucidal fabrics. Hospital supplies made with 
non-woven fabric are usually disposable. However, hospital cotton items 
are usually washed and reused. In the latter case, the cotton fabric 
covered with TiO2 generally presents a low level of wash resistance due 
to the poor adhesion between the TiO2 particles and the fibers (Dast
jerdi, Montazer & Shahsavan, 2009; Wang et al., 2018). 

The virucidal activity was also performed after one cycle washing of 
TiO2-coated fabrics. The TiO2-treated cotton and TiO2-treated NWF 
were submerged in pure water under magnetic stirring for 1 h. After this, 
the samples were dried and submitted to virucidal tests, resulting in 
similar virus inactivation. 

The results in this study collectively reveal the photocatalytic inac
tivation mechanism of HAdV-5 and MHV-3 by TiO2 under standard in
door light irradiation. The high surface area of TiO2 and the 
hydrophobicity of coated fabrics could contribute to the antiviral 
properties. Proteins oxidation by ROS formed under indoor light irra
diation also contributes to virus inactivation, although the interaction of 

MHV-3 and HAdV-5 on TiO2-S2 coated fabrics would be enough for 
some virus inactivation. The hydrophobic characteristic of the treated 
fabrics and the high surface area of TiO2 particles favor interaction with 
the virus, mainly MHV-3. 

Although the sol-gel based TiO2 particles of large area have been 
applied for various biological applications (Amanulla et al., 2019; 
Chegeni, Pour & Dizaji, 2019; Dinesh, Suresh Yadav, Kannadasan & 
Rasool, 2017), a deeper study about cytotoxic effect should be per
formed to guarantee their potential impact on environmental health and 
safety (Rashid et al., 2021). 

4. Conclusions 

High surface area and mesoporous TiO2 particles were successfully 
prepared using the sol-gel method. The study found that non-woven 
fabric, coated with high surface area TiO2 particles, exhibited remark
able virucidal effects on both the human adenovirus type 5 (HAdV-5) 
and the murine coronavirus MHV-3 strain under indoor light and room 
temperature. Inactivation of the MHV-3 virus (a lipid bilayer enveloped 
virus) occurred more efficiently than that of the HAdV-5 virus. The 
virucidal effect increased as the surface area of the particles was 
increased and the average particle size was decreased. These observa
tions indicate that hydrophobic interactions with the TiO2 particles and/ 
or adsorption on the TiO2 immobilized particles are important for 
developing effective virucidal fabrics. The TiO2 hydrosol can, thus, be 
regarded as an effective photocatalytic agent for producing virucidal 
fabrics, with higher efficiency when applied on non-woven fabric than 
on cotton. Photocatalytic TiO2-based nanomaterials are nowadays 
restricted to research laboratories, but the results obtained in this work 

Fig. 8. SEM analysis for uncoated and coated polypropylene non-woven fabric samples in different magnifications: a–c) Magnification 10,000 X; D–f) Magnification 
5000 X; and g–i) Magnification 1000 X (Uncoated NWF, TiO2-S1-NWF and TiO2-S2-NWF, respectively). 
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are likely to represent a significant contribution to their industrial and 
operational application. 
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