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Purpose: Synthesis and characterization of silver (Ag)/titanium dioxide (TiO2) nanocomposite (ATA) to investigate its antiviral 
activity against the H1N1 influenza virus and antiviral mechanisms.
Materials and Methods: A water-dispersible ATA was prepared by a photocatalytic reduction process from AgNO3 and TiO2. The 
characterization of ATA was performed by ultraviolet-visible spectroscopy, X-ray diffraction, high-resolution transmission electron 
microscopy and energy-dispersive X-ray spectroscopy. The antiviral activities and the antiviral mechanism of ATA were investigated 
in detail by light microscopy, transmission electron microscopy and biological techniques such as cell cytotoxicity, 50% tissue culture 
infectious dose detection, western blot and reverse transcription-polymerase chain reaction.
Results: These results showed the successful synthesis of ATA nanocomposite with uniform particle size and distribution. It 
demonstrated the highly efficient antiviral activity of ATA in a dose- and time-dependent manner, as indicated by the reduction of 
viral titer and the reduction of cytopathic effects caused by viral infection. In the presence of ATA, the structure of the H1N1 influenza 
virus is directly destroyed and even disintegrated, with the damaged surface membrane proteins and fuzzy contour. It reduces the 
infection efficiency of influenza by suppressing the activity and expression of hemagglutinin and neuraminidase. The results of 
mechanistic studies suggested that ATA nanocomposite primarily interferes with virus attachment to viral receptors on the cell surface.
Conclusion: Our study suggests that ATA may be a good antiviral candidate against the influenza virus. Compared with AgNPs 
alone, our synthesized ATA nanocomposites can achieve similar viral inactivation rates using only a much smaller concentration of 
AgNPs, greatly reducing the amount of AgNPs and their potential side effects. It has great practical value for attaching ATA to the 
high-efficiency particulate air network in the air purifier, which can kill the virus attached to it and limit its spread.
Keywords: silver, titanium dioxide, nanocomposites, antivirus, H1N1 influenza virus

Introduction
Influenza pandemics remain a serious public health problem worldwide. It is a major cause of seasonal epidemics and 
occasional pandemics that cause significant morbidity and mortality in both animals and humans due to its highly 
contagious and rapid transmission.1 According to the World Health Organization, there are about one billion cases of 
seasonal influenza each year, including 3–5 million cases of severe illness. And it causes between 290,000 and 650,000 
respiratory deaths each year.2
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The H1N1 influenza virus was first isolated from pigs in the 1930s by researchers in the United States. Subsequently, 
pork producers and veterinarians identified it as the cause of swine influenza infections worldwide.3 The H1N1 influenza 
virus is an enveloped, negative-strand RNA virus with a segmented genome. It synthesizes and transports its components 
by using the machinery of the host cell.4 Its virion is typically 80 to 120 nm in diameter and its genome contains eight 
segmented regions, encoding a total of 11 different proteins. The H1N1 influenza virus possesses two surface glycopro-
teins, hemagglutinin (HA) and neuraminidase (NA), which are determinants of virus infectivity, transmissibility, 
pathogenicity, host specificity, and major antigenicity. HA triggers erythrocyte aggregation by binding to sialic acid 
and facilitates viral attachment to infected cells, thereby enabling endocytosis.5 NA is essential for virus budding, 
cleaving sialic acid receptors and promoting virus spread to neighboring cells.6

The antiviral drugs to treat and prevent H1N1 influenza virus infections were produced quickly. However, the effect of 
suppressing virus infection was only short-term because the virus is constantly mutating. Drug-resistant H1N1 strains emerged as 
a result of long-term use of the drugs.7 Nowadays, it is only possible to master the dynamics of regular influenza virus mutation 
and to breed the new epidemic strain in time to produce a vaccine with a specific preventive effect.8 Therefore, it is important to 
develop new antiviral strategies to combat wild-type and mutant influenza A virus infections.

Nanotechnology is an emerging field of applied science. Compared to larger materials, nano-sized materials are popular due to 
their high ratio of surface area to volume.9 “Nanomedicine” is the application of nanotechnology for medical purposes, defined as 
the use of nanomaterials to diagnose, monitor, control, prevent and treat disease.10 This includes rapid pathogen detection and 
biomolecular sensing,11,12 as well as nanoparticle-based cancer therapies. Over the past few decades, a great deal of effort has been 
made by many researchers to study the antimicrobial properties of metal nanoparticles, and some success has been achieved.13–15 

Their application is being further extended to developing antiviral agents to inhibit various viruses.16 Due to the advantages of 
high yield, good solubility and high stability, silver nanoparticles (AgNPs) have shown good activity against bacteria and fungi, 
and are also increasingly used as antiviral agents for the treatment of viral diseases, such as human immunodeficiency virus-1, 
hepatitis B virus, herpes simplex virus type 1, monkeypox virus, Tacaribe virus, also including influenza virus.17–19 AgNPs can 
inhibit coronaviruses by binding to viral envelope glycoproteins and can inhibit viral penetration into host cells or inhibit the 
activities of NA and HA.18,20 Recent findings have shown that AgNPs have high antiviral activity against the H1N1 influenza 
A virus, reducing viral titer and inhibiting viral cytopathic effect (CPE).18

Titanium dioxide (TiO2) as a photocatalytic material is well known in environmental purification, carbon dioxide decom-
position, and bacterial inactivation.21 Nano-TiO2 exhibits antibacterial activity due to the formation of reactive oxygen species 
(ROS) under UV light irradiation.22 So far, photocatalytic nanomaterials including TiO2 have been reported to be effective against 
a variety of viruses, such as human adenovirus GB, influenza A and B viruses, hepatitis B virus, avian influenza virus (A/H5N2) 
and norovirus.23,24 Shiraki et al designed an air purifier for use in indoor environments that rapidly killed the influenza virus (A/ 
PR/8/1934 (H1N1)) with TiO2-coated aluminum plates and black lights mounted on a UV-led array downstream of the high- 
efficiency particulate air (HEPA) filter.25 The photocatalytic activity of TiO2 nanoparticles can be enhanced by metallic doping.26 

The antibacterial or antivirus efficiency of TiO2 was also greatly enhanced by the incorporation of nanometals even in the absence 
of light.27 Therefore, synergistic antimicrobial effect is a promising strategy for the development of improved antivirus materials.

When AgNPs were doped with TiO2 to form nanocomposites, their cytotoxic effects on microorganisms, viruses, and cancer 
cells were enhanced due to the synergistic effect between AgNPs and nano-TiO2 particles. The Ag/TiO2 (ATA) nanocomposites 
can effectively eliminate bacteria belonging to both Gram-positive and negative groups.27 Its strong antibacterial activity is mainly 
attributed to the synergistic effect of silver ions and ROS. Besides antibacterial properties, the ATA nanocomposites also serve as 
an important antiviral agent, exhibiting antiviral activity against coronavirus, SARS-coronavirus 2, HSV-1, H1N1, and enter-
ovirus 71.27 Basically, the ATA nanocomposites suppress the replication of viruses when in contact with them, preventing cellular 
respiration and ultimately leading to the death of the virus. Moongraksathum et al synthesized a series of multifunctional ATA 
nanocomposites with varying silver contents through the peroxysol-gel method and investigated their effective inhibitory activity 
against influenza A H1N1 virus and enterovirus 71.28 It eliminates nearly 100% of the pathogens. Similar to the mechanism 
against bacteria, the authors suggest that the antiviral effect of ATA nanocomposites may also be generated by the synergistic 
action of ROS produced on the surface of TiO2 and silver ions. However, due to a lack of data, the exact mechanism of the antiviral 
activity of ATA nanocomposites against the H1N1 influenza virus requires further in-depth investigation.
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The main objective of this study is to prepare ATA nanocomposites by photocatalytic reduction method based on 
synergistic effect, and its morphology and physical characteristics were characterized by ultraviolet-visible (UV-vis), 
X-ray diffraction (XRD), scanning electron microscopy (SEM), high-resolution transmission electron microscopy (HR- 
TEM) and energy-dispersive X-ray spectroscopy (EDX). The effects of ATA on influenza virus titer, CPE caused by the 
influenza virus, virus structure, HA and NA protein activity and expression, the effects on eight genomes were studied 
in vitro to evaluate its antiviral activity against influenza virus and its antiviral mechanism. This work provides insights 
for a better understanding of the antiviral mechanism of ATA nanocomposites and its application to air purification 
systems providing important strategies for preventing the early stages of influenza virus transmission.

Materials and Methods
Preparation and Structural Characterization of ATA Nanocomposite
The ATA nanocomposite colloidal suspension was prepared by a photocatalytic reduction process from AgNO3 (AR, 
Guangzhou Chemical Reagent Factory, Guangzhou, China, 0.226 g), TiO2 (nano-TDA-2#, average size of 10 nm, 
Shenzhen Bao Shun Mei Technology Co. Ltd., Shenzhen, China, 0.54 g) and glucose (AR, Guangzhou Chemical 
Reagent Factory, Guangzhou, China, 4.00 g) according to the previously reported method.29,30 Briefly, 1.00 g AgNO3 

was dissolved in 10 mL ddH2O to prepare a 10% AgNO3 solution. Subsequently, 4.00 g of glucose, 0.54 g of TiO2 and 
2.26 g of 10% AgNO3 solution were weighed and dissolved in 100 mL of ultrapure water respectively, and then 100 mL 
of ultrapure water was added and stirred evenly, giving a total volume of 400 mL. Finally, the aqueous solution of ATA 
was obtained by a high-pressure xenon lamp (CEL-HXUV300, Beijing Zhongjiao Jinyuan Technology Co. Ltd., Beijing, 
China,) under the specified conditions of 300W and 15A for 30 min. The initial concentration of the ATA nanocomposite 
colloidal suspension in water was 1.71 mg/mL (ie, 0.36 mg/mL of Ag and 1.35 mg/mL of TiO2). Before cell testing, 
samples were sterilized by eliminating bacteria through the 0.22 μm membrane filters.

The UV-vis absorption spectrum of the ATA colloid solution ranging from 200 to 800 nm was analyzed using a UV- 
vis spectrophotometer (UV-2550, Shimadzu, Japan). The surface morphology and particle sizes of the ATA nanoparticles 
were observed using SEM (S4800, Hitachi, Japan) and HR-TEM (Tecnai G20, FEI, USA) equipped with EDX devices 
with an accelerating voltage of 200 kV. A small amount of ATA colloid solution was added to the conductive adhesive to 
prepare an SEM sample, which was quickly dried and sprayed with gold for SEM observation. The TEM samples were 
prepared by placing a drop of a dilute colloidal dispersion of ATA on the surface of a 400-mesh copper grid coated with 
formvar and drying in a vacuum chamber for 1 h. Part of the solution was freeze-dried for further XRD (D8 Advance, 
Deutsche Bruker GmbH, German) testing of ATA. A Cu Ka radiation (40kv, 300mA) source is used for XRD detection 
with a scan speed of 12°/min and a scan angle range of 20°-80°.

Cells and Virus
The human influenza A virus (A/Puerto Rico/8/1934 (H1N1)) was kindly provided by the State Key Laboratory of Respiratory 
Disease, the First Affiliated Hospital of Guangzhou Medical University. The viruses were passed into 10-day-old embryonated 
chicken eggs. The virus-containing allantoic fluid was harvested and stored at −80°C until use. The infectivity of the influenza 
virus was tested in Madin-Darby canine kidney (MDCK, ATCC, NBL-2) cells purchased from the American Type Culture 
Collection. Dulbecco’s modified Eagle’s medium (DMEM, C11995500BT, Gbico, USA, 500 mL) supplemented with 10% 
fetal bovine serum (FBS, A5670701, Gbico, USA, 500 mL) was used for MDCK cell culture.

The 50% Tissue Culture Infectious Dose (TCID50) assay is a viral titration experiment that can be used to quantify 
virus titers by investigating the CPE of a virus on an inoculated host cell culture.31 Briefly, the MDCK cells growing 
overnight in the 96-well tissue culture plates were washed once with sterile Dulbecco’s phosphate-buffered saline 
(DPBS, C11995500BT, Gbico, USA, 500mL). The virus was ten-fold serial dilution and inoculated into MDCK cells 
at 37 °C and 5% CO2 for 2 h. After 2 h of uptake, the new DMEM culture medium containing 1.5 μg/mL TPCK trypsin 
(SIGMA, 4370285, USA) was replaced for further culture. The TCID50 was calculated using the Reed-Muench method 
based on the CPE after 48 or 72 hours.32
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Cytotoxicity Test
The cytotoxicity of ATA, Ag and TiO2 nanomaterials to the MDCK cells was measured by using the MTT assay 
(Solarbio, M1020, 500T, Beijing Suolaibao technology CO. LTD; Beijing, China). Briefly, the three nanomaterials were 
serially diluted two-fold and inoculated into the cells in the 96-well plates. After 2 days of cultivation, the solutions were 
replaced with 100 μL DMEM solution containing 10 μL of MTT solution for an additional culture of 4 h. Finally, to 
dissolve the formazan crystals, 110 μL of the formazan dissolving solution was added to each well and the optical density 
was measured at 490 nm in an enzyme-linked immunosorbent assay instrument after a brief shock.

Assay for Influenza Virus Inactivation Rate
The ATA was diluted with sterile ddH2O to 512, 256, 128, 32 and 8 μg/mL, respectively. The mixtures of virus (0.1 mL, 
lgTCID50=6.5) with different concentrations of ATA (0.1 mL) or sterile ddH2O control were prepared and maintained at 
room temperature for a period of time. The final action concentrations were 256, 128, 64, 16 and 4 μg/mL, respectively. 
After the treatment for 5, 10, 30 or 60 min, 0.8 mL DMEM was added and the mixtures were centrifuged at 6000 rmp for 
5 min to wipe off the ATA. The antiviral activity of ATA was then determined by comparing the lgTCID50 between the 
treatment groups and the virus control groups as described above. In addition, to compare the antiviral activity of ATA 
and its composites (Ag and TiO2), their antiviral activities against the H1N1 influenza virus at a concentration of 5 μg/mL 
were also studied. All experiments were repeated three times to calculate the average virus inactivation rate:

Where R1 is the average virus inactivation rate, A1 is10^ The average virus inactivation negative logarithm of the 
control group, and B1 is10^ The average virus inactivation negative logarithm of the experimental group.

The Direct Inhibitory Effect of ATA on Influenza Virus
Different concentrations of ATA nanomaterials were added to the same volume of 200TCID50 virus solution. After 
treatment at room temperature for 30 min, the mixtures were centrifuged at 6000 rmp for 5 min. 100 μL of the 
supernatants were removed and incubated on MDCK cells at 37 °C in 5% CO2 for 2 h to allow viral infection of the 
MDCK cells. The inoculum was removed after 2 h and replaced with fresh DMEM culture medium containing 1.5 μg/mL 
TPCK trypsin, and the culture was continued for 48 h. The CPE was observed by an inverted microscope and the 
inhibition rate was calculated according to the following formula based on the cell viability detected by MTT assay.

Where, R2 is the inhibition ratio, A2 is OD490 of the experimental group, B2 is OD490 of the virus control group, and 
C2 is OD490 of the normal control group.

Negative Staining TEM
The H1N1 viruses were treated with different concentrations of ATA nanomaterials for 30 min. The TEM samples were 
added to copper mesh and negatively stained with 3% phosphotungstic acid (pH 7.0) for 2 min. The copper mesh was 
observed using a TEM (H7650, Hitachi High-Technologies Corporation, Tokyo, Japan).

Hemagglutinin Inhibition (HI) Test
HA titer and HI tests were performed according to the World Health Organization Manual on Animal Influenza 
Diagnosis and Surveillance.33 The 0.5% chicken erythrocytes suspended in PBS were used for the HA and HI tests in 96- 
well microplates with V-shaped bottoms. For HA titration, ATA-treated or untreated viruses were serially diluted two- 
fold in PBS. After adding 50 μL of virus solution to each well, an equal volume of 0.5% chicken erythrocytes was added. 
Plates were kept at room temperature and results were observed after 45 min. The HA titer was expressed as the 
maximum dilution of the virus that produced complete HA.
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For the HI test, the HA titer was determined as described above and the virus containing 8 HA units was diluted in 
PBS. Plates containing a mixture of 25 µL of virus containing 8 HA units and 25 µL of different concentrations of ATA 
were incubated for 30 min. After treatment, 50 µL of 0.5% chicken erythrocytes were added. The results were observed 
and recorded after 45 min. The chicken erythrocytes treated with ATA alone without the virus were used as controls.

NA Test
The NA activity of the virus was measured using the NA assay kit (Beyotime, P0306, 100T, Beyotime Biotechnology, 
Shanghai, China). Briefly, 10 μL of the sample solutions were added into the detection system and incubated at 37°C for 
30 min. The NA activity was reflected by the intensity of fluorescence emitting an emission wavelength of 440 nm at an 
excitation wavelength of 360 nm. At the same time, negative and positive controls were established.

Western Blotting (WB) Assay
To further investigate the mechanism of viral inactivation by ATA, a WB assay was used to detect the effects of ATA on 
the HA and NA proteins of the influenza virus. Total viral proteins were harvested directly from the viral supernatant. 
SDS-PAGE electrophoresis was then performed. After proteins were transferred to polyvinylidene difluoride membrane 
(PVDF, Invitrogen, LC2005, Waltham, USA) at 300 mA for 1 h at 4°C, the membrane was blocked for 2 h with 3% skim 
milk (Biosharp, BS102-500g, Beijing, China) dissolved in Tris-Buffered Saline Tween-20 (TBST, Biosharp, BL315B, 
Beijing, China) buffer. The membrane was then washed five times with TBST buffer for 5 min each time. The TBST 
buffer was drained off and the influenza A virus H1N1 HA antibody (Gene Tex, GTX12735, California, USA) or NA 
antibody (Gene Tex, GTX636323, California, USA) was added and incubated overnight at 4°C. The horseradish 
peroxidase-conjugated secondary antibodies (Abcam, ab205718, Cambridge, UK) were incubated for 60 min. The 
complexes were detected using a western illumination chemiluminescence system (UVITEC, HD6, Cambridge, UK).

Reverse-Transcription Polymerase Chain Reaction (RT-PCR)
Viral polymerase basic protein 2 (PB2), polymerase basic protein 1 (PB1), polymerase acidic protein (PA), nucleoprotein (NP), 
matrix protein (M), non-structural protein (NS), HA and NA genes were amplified from the A/Puerto Rico/8/1934 H1N1 virus 
treated with ATA nanomaterials by RT-PCR. The QIAamp Viral RNA Kit (QIAGEN, 52904, Hilden, Germany) was used to 
extract treated or untreated viral RNA. The OneStep RT-PCR kit (TAKARA, P0306, Takara Bio Inc. Japan) was used to detect all 
of the eight H1N1 virus genes: PB2, PB1, PA, HA, NP, NA, M and NS. The primer sets of the eight genes of H1N1 are shown in 
Table 1.

Table 1 The Primer Sets of the Eight Genes of H1N1 Table 1

Primer Primer sequence (5’to3’) Length

PB2_F TGTAAAACGACGGCCAGTAGCRAAAGCAGG 2300

PB2_R CAGGAAACAGCTATGACCCGTTTYCKTTTCATYACCAACAC

PB1_F TGTAAAACGACGGCCAGTAGCRAAAGCAG 2300
PB1_R CAGGAAACAGCTATGACCAGTAGRAACAAGGCATT

PA_F TGTAAAACGACGGCCAGTAGCRAAAGCAG 2300

PA_R CAGGAAACAGCTATGACCAAACAAKGTACTTTTTTGGACAG
HA_F TGTAAAACGACGGCCAGTAGCRAAAGCAGGGAAA 1770

HA_R CAGGAAACAGCTATGACCAGTAGAAACAAGGGTG
NP_F TGTAAAACGACGGCCAGTAGCAAAAGCAGGGTAG 1552

NP_R CAGGAAACAGCTATGACCTTTCHTYAATTGTCRTACTCCTC

NA_F TGTAAAACGACGGCCAGTAGCRAAAGCAGGAG 1440
NA_R CAGGAAACAGCTATGACCTTTTCAACGRACTACTTGTCAATG

MP_F TGTAAAACGACGGCCAGTAGCRAAAGCAG 1014

MP_R CAGGAAACAGCTATGACCTAGTTTTTTACTCYAGCWCTATG
NS_F TGTAAAACGACGGCCAGTAGCRAAAGCAGGG 873

NS_R CAGGAAACAGCTATGACCTTTTATYAYTAAATAAGCTGAAABG
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Cycling conditions included a reverse transcription step (50 °C for 15 min). The PCR reaction included an initial 
denaturation step (94 °C for 2 min), followed by a cycle of denaturation (94 °C for 30s), annealing (50 °C for 15s) and 
extension (72 °C for 1 min) for 35 cycles, with a final extension at 72 °C for 10 min. Products were detected by 1% 
agarose gel electrophoresis.

Statistical Analysis
The experimental results were repeated three times. The data were expressed as mean values and statistically analyzed by 
Graph Prism. T-test was used between the experimental group and the control group, A significance level of *P < 0.05 
was deemed statistically significant, **P < 0.01 and***P < 0.001 and ****P < 0.0001 were considered highly significant, 
while ns was deemed there was no difference compared with the control group.

Results
Fabrication and Characterization of ATA
ATA nanoparticles were prepared by a photocatalytic reduction process. Under UV irradiation, the color of the solution 
changed from colorless to brown as depicted in Figure 1A. Afterward, the UV-vis spectra of ATA and AgNO3/TiO2 

colloid dispersions were examined. An absorption band appears at 410 nm in the ATA colloidal dispersion (red curve), 
whereas there was no significant absorption at this frequency in the AgNO3/TiO2 colloid (black curve) as shown in 
Figure 1B. This strong absorption is most likely due to the surface plasmon resonance of Ag0 metal nanocrystals,34 

indicating the successful formation of ATA nanoparticles. The morphology of the synthesized ATA nanoparticles was 
initially evaluated using SEM. The result depicted in Figure 1C shows that the ATA nanocomposites exhibited 

Figure 1 Fabrication and characterization of ATA nanocomposites. (A) ATA nanocomposites were prepared by a photocatalytic reduction process. Under ultraviolet 
irradiation, the color of the solution changed from colorless to brown. (B) Ultraviolet-visible absorption spectra of the ATA and AgNO3/TiO2 colloid dispersions were 
examined. An absorption band appears at 410 nm in the ATA colloidal dispersion (red curve), whereas there was no significant absorption at this frequency in the AgNO3 

/TiO2 colloid (black curve). (C) Scanning electron microscopy results depicted that the ATA nanocomposites exhibited a relatively uniform particle size and distribution. (D) 
The X-ray diffraction pattern of the ATA indicates that the TiO2 occurs as anatase (JCPDS: 21–12,726). The characteristic peaks for Ag (JCPDS:04–0783) located at 38.12° 
(111), 44.28° (200), 64.43° (220) and 77.40° (311) were found in ATA. (E) High-resolution - transmission electron microscopy image showed that the nanoparticles exhibited 
a high degree of crystallinity, as indicated by the well-resolved Ag (101), Ag (200), and TiO2 (101). Scar bar: 10 nm. (F) ATA nanocomposites investigated by energy- 
dispersive X-ray spectroscopy showed that the component elements of ATA were C, O, Ti, and Ag. (ATA: Ag/TiO2; Ag: Silver; TiO2: Titanium dioxide).
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a relatively uniform particle size and distribution. The XRD pattern (Figure 1D) of the ATA nanoparticles indicates that 
the TiO2 occurs as anatase (JCPDS: 21–12,726). The characteristic peaks for Ag (JCPDS:04–0783) located at 38.12° 
(111), 44.28° (200), 64.43° (220) and 77.40° (311) were found in Ag and ATA. The corresponding HR-TEM image 
(Figure 1E) showed that the nanoparticles exhibited a high degree of crystallinity, as indicated by the well-resolved Ag 
(101), Ag (200) and TiO2 (101). The elemental composition of the ATA nanocomposites investigated by EDX showed 
that the component elements of ATA were C, O, Ti and Ag (Figure 1F), further indicating the successful formation of 
ATA nanoparticles.

Cytotoxicity
MDCK cells are commonly used to detect the titer of influenza virus. Therefore, we first examined the cytotoxicity of the 
three materials against MDCK. The cytotoxicity of the three types of nanomaterials was determined by two-fold serial 
dilution from the initial concentration. As shown in Figure 2A, the maximum non-toxic concentrations are 26.72 μg/mL 
(ATA) and 5.63 μg/mL (Ag), respectively. However, the TiO2 was less toxic with a maximum non-toxic concentration of 
337.5 μg/mL, indicating that Ag mainly caused the toxicity of ATA.

Inactivation of the A/Puerto Rico/8/1934 H1N1 Virus by ATA
The antiviral activity of the ATA composites was estimated as the TCID50 of the ATA-treated supernatant to the control 
(untreated) viral suspension. As shown in Figure 2B, the different concentrations of ATA showed different degrees of 
antiviral effect on the influenza virus under different action times. The high concentration of ATA has a good antiviral 
effect in a short time. For example, at a concentration of 128 or 256 μg/mL, the virus-inactivating rate can reach more 
than 90% in 5 or 60 min. However, the average virus inactivation rate decreased slightly at the concentration of 
64 μg/mL.

Although ATA at low concentration (4, or 16 μg/mL) did not show ideal virus-inactivating ability in a short period, 
the average virus inactivation rate was less than 50% at 5 min (12.90%, 22.38%) and 10 min (22.38%, 30.82%) 
incubation times. However, the rate of virus inactivation could be significantly increased by prolonging the treatment 
time. The mean virus inactivation rates of ATA reached 54.29% (4 μg/mL) and 64.52% (16 μg/mL) at 30 min incubation 
times. When the antiviral activity of ATA was tested with longer treatment for 60 min, the mean virus inactivation rates 
reached 68.38% (4 μg/mL), 78.62% (16 μg/mL) and 95.32% (64 μg/mL). These results show that ATA exerts antiviral 
activity in vitro in a time- and dose-dependent manner.

For comparison, the antiviral effects of ATA, Ag and TiO2 at the same concentrations of 5 μg/mL were all detected 
(Figure 2C). With a treatment time of 60 min, the average virus inactivation rates were 72.46% (ATA), 62.46% (Ag) and 
12.90% (TiO2), respectively. Obviously, the antiviral effect of ATA is slightly stronger than that of Ag, whereas TiO2 has 
a negligible antiviral effect. The results showed that Ag rather than TiO2 was the major component of ATA that exerted 
antiviral activity. In addition, 5 μg/mL ATA containing Ag concentration was 1.053 μg/mL, which reduced the amount of 
Ag and reached a higher killing ability of the influenza virus.

The direct treatment mode was also used to assess the direct inhibitory effect of ATA on the H1N1 influenza virus. 
The cell degeneration caused by virus infection of tissue culture cells is referred to as the CPE. The ability of the virus to 
infect cells was measured by the degree of CPE in infected cells and the calculated inhibition rate of the virus as 
measured by the MTT assay for cell viability. The MTT assay (Figure 2D) demonstrated that the cell viability of the virus 
control was only 32.72%. After treatment with 4, 16 and 64 μg/mL of ATA, the cell survival rate of ATA rose to 49.57%, 
73.91% and 84.72%, respectively. The cell survival rates of ATA were achieved at 87.81% and 96.59% at 128 and 
256 μg/mL, respectively. Furthermore, virus-infected cells treated with various concentrations of ATA exhibited distinct 
levels of CPE. As shown in Figure 2E, the virus treated with 4 μg/mL ATA had a similar infection, reaching almost 100% 
CPE. The viral CPE reduced to approximately 75% and 50% for treatments of 16 μg/mL and 64 μg/mL ATA, 
respectively. In the presence of 128 μg/mL ATA, less than 25% CPE was observed. At 256 μg/mL, the cells were the 
same as the normal control without CPE. These findings imply that ATA can inhibit the cellular infection of influenza 
virus.
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Figure 2 ATA nanocomposites exert potent antiviral activity in a time- and dose-dependent manner. (A) Cytotoxicity of TiO2, Ag and ATA nanoparticles with different 
concentrations against Madin–Darby canine kidney cells. The maximum non-toxic concentrations of ATA and Ag were 26.72 μg/mL and 5.63 μg/mL, respectively. (B) Virus 
inactivation rates of ATA at different concentrations (4,16,64,128,256 μg/mL) with different processing times (5, 10, 30, 60 mins). The ATA nanocomposites exert potent 
antiviral activity in a time- and dose-dependent manner. *p < 0.05, **p < 0.01, ***p < 0.001 ****p < 0.0001 vs the 5-min action time group under the same concentration, 
respectively, NS, not significant. (C) Comparison of virus inactivation rates of Ag, TiO2, and ATA. The experiments measured at the same concentration of 5 μg/mL with the 
treatment of 60 minutes showed that the average virus inactivation rates of ATA, Ag, and TiO2 are 72.46%, 62.46%, and 12.90%, respectively. ****p < 0.0001 vs the ATA 
group, ####p < 0.0001 vs the Ag group, NS, not significant between ATA and Ag. (D) Virus inhibition rate of different concentrations as a direct mode of ATA by MTT with 
60 mins treatment. ATA improves CSR and IVA caused by influenza virus infection in a dose-dependent manner. **p < 0.01, ***p < 0.001 ****p < 0.0001 vs Control group 
(0 μg/mL) of CSR. ##p < 0.01, ###p < 0.001 ####p < 0.0001 vs Control group of IVA. (E) ATA reduced the cytopathic effect caused by influenza virus infection in a dose- 
dependent manner. Scar bar: 100 μm. (ATA: Ag/TiO2; Ag: silver; TiO2: titanium dioxide; CSR: cell viability rate; IVA: virus activity inhibition rate).
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The Direct Damage to the Virus Structure of ATA Observed by TEM
To further develop a mechanistic understanding of ATA’s inactivation of H1N1 viruses, we examined the control (untreated) 
and treated virus suspension samples using a TEM. Influenza virus particles are approximately 80–120 nm in diameter, 
roughly spherical in shape, and can be structurally divided into three layers. The outer layer of the bilayer lipid membrane 
contains mainly three protrusions on the protein, including HA, NA and small amounts of M2 proteins. The lipid membrane 
contains a layer of M1 protein that surrounds the ribonucleoprotein core. The normal virion has a complete structure as 
described. However, we can easily see the difference between control and treated virus particles as shown in Figure 3. Viral 
particles exposed to ATA show an incomplete structure with ill-defined, faintly outlined and missing surface peaks. Different 
concentrations of ATA cause different degrees of virus destruction. Compared to the untreated virus (0 μg/mL), 4 μg/mL: the 
virus envelope was not damaged and its structure was intact; 16 μg/mL: the virus envelope was slightly damaged and 2 
swollen bulges or cleavages were found (see red arrowhead in the picture); 64 μg/mL: the envelope of the virus was severely 
damaged and there were many swollen bulges or fissures (see red arrow in the picture); 128 μg /mL: although the virus has 
a holistic form, the envelope is completely damaged, without a membrane. At 256 μg/mL, the virus even disintegrates, 
making it difficult to find structurally intact virus particles in our viewing field.

Effect of ATA on H1N1 Virus HA and NA
NA and HA are not only two important glycoproteins on the structural envelope of the influenza virus but also play 
important roles in the replication cycle of the influenza virus. The effect of ATA on the H1N1 virus HA and NA was first 
understood by detecting the activity of HA and NA. As shown in Figure 4A, the activities of NA were slightly decreased 
at concentrations below 64 μg/mL. But it has a significant decrease from 40000 to 30000 and 14600 at 128 and 256 μg/ 
mL, respectively.

Figure 3 The direct damage to the virus structure of ATA was observed by TEM. TEM images showing the different degrees of damage to virus structure with the treatment 
of 30 min at different concentrations of ATA. Compared to the untreated virus (0 μg/mL), 4 μg/mL: the virus envelope was not damaged and its structure was intact; 16 μg/ 
mL: the virus envelope was slightly damaged and two swollen bulges or cleavages were found (see red arrowhead in the picture); 64 μg/mL: the envelope of the virus was 
severely damaged and there were many swollen bulges or fissures (see red arrow in the picture); 128 μg/mL: although the virus has a holistic form, the envelope is 
completely damaged, without a membrane. At a concentration of 256 μg/mL, the virus even disintegrates, making it difficult to find structurally intact virus particles in our 
viewing field. Scar bar: 100 nm. (ATA: Ag/TiO2; TEM: transmission electron microscopy).
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At the experimental time of treatment, the HA titer of the virus control strain without ATA treatment was 256. The 
HA titer of 4 μg/mL and 16 μg/mL ATA-treated virus were the same as the viral control. However, at a concentration of 
64 μg/mL, the HA titer was dropped to 128, and it was even reduced to 16 at 128 μg/mL and 8 at 256 μg/mL (Figure 4B 
and C). The HI assay was performed on different concentrations of ATA nanomaterials using a virus with an HA titer of 
512. The results showed that the minimum inhibition concentration of ATA was 32 μg/mL, which was not toxic to 

Figure 4 Effect of ATA on H1N1 virus NA and HA. (A-C) The influence of ATA on NA and HA activity of H1N1 virus with the treatment of 10 min; (A) NA activity did not 
change significantly under low concentrations of ATA, but decreased from 40000 to 30000 and 14600 under high concentrations of 128 μg/mL and 256 μg/mL, respectively. 
**p < 0.01 vs Control group (0 μg/mL), NS, not significant. (B and C) The effect of ATA on influenza virus HA activity was determined by measuring the HA titer of in 
chicken red blood cells. As shown in B and C, the HA titer of the virus control strain without ATA treatment was 256. The HA titer of 4 μg/mL and 16 μg/mL ATA-treated 
virus were the same as the viral control. However, at a concentration of 64 μg/mL, the HA titer was dropped to 128 and even to 16 and 8 at 128 μg/mL and 256 μg/mL, 
respectively. (D) Viruses with HA titers of 512 were used for NA inhibition assays of ATA nanomaterials at different concentrations. The results showed that the ATA at 
32 μg/mL can inhibit the hemagglutination of influenza virus. (E) Dependence of Western blotting showing the expression of NA and HA proteins of untreated or treated 
virus. The test was measured with a treatment of 30 min. At a concentration of 64 µg/mL, the expression of NA protein was significantly decreased. When the 
concentration was 256 μg/mL, neither HA nor NA protein was expressed. (ATA: Ag/TiO2; HA: hemagglutinin; NA: neuraminidase).
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chicken erythrocytes (Figure 4D). Actually, we have performed the effect of individual ATA on chicken erythrocytes 
before the HI assay and showed that ATA up to 256 μg/mL did not affect chicken erythrocytes (Figure S1A). These 
results exclude the effect of ATA on chicken erythrocytes and further suggest that ATA has a direct inhibitory effect on 
HA of the H1N1 influenza virus.

To further investigate the effect of ATA on these surface proteins, the WB assay was performed on ATA-treated 
viruses (Figure 4E). Similar to the results of HA and NA activities, WB analysis showed that ATA significantly affected 
the protein expression of NA and HA. ATA at the concentration of 64 μg/mL slightly inhibited the expression of HA 
protein. The effect of ATA on NA protein was greater than that on HA protein. At the concentration of 64 µg/mL, the 
expression of NA protein was significantly decreased. When the concentration reached 256 μg/mL, neither HA nor NA 
proteins were expressed. These results suggest that ATA may affect the adsorption of the influenza virus to host cells and 
hinder the replication of the influenza virus by disrupting the membrane structure of the influenza virus and disrupting the 
membrane protein activity.

Detection of H1N1 Viral Genes by RT-PCR
These viral genes were amplified by RT-PCR from A/Puerto Rico/8/1934 H1N1 virus treated or not with ATA. However, 
no profound damage to the viral genes was observed (Figure S1B). This indicated that ATA did not cause damage to the 
viral genome.

Discussion
Nanoparticles in the size range of 1–100 nm have mostly been used for virus inhibition.35 AgNPs were reported to have 
antiviral activity against various viruses. It is reported that AgNPs have antiviral activity against the influenza virus and 
can significantly reduce the viral titer in vitro, inhibit CPE, disrupt the structure of the influenza virus, and rapidly inhibit 
the hemagglutination of influenza virus to chicken erythrocytes. The results of the mechanism study suggest that AgNPs 
bind to the viral envelope glycoprotein, thereby preventing the virus from penetrating host cells, and can also enter cells 
and interact with the viral genome (DNA or RNA) or inhibit viral replication to exert their antiviral activity.36 Although 
the antiviral activity of Ag nanoparticles against the influenza virus has been recognized, the effect of ATA against the 
influenza virus has rarely been discussed. Moongraksathum et al have synthesized ATA nanocomposites by the peroxo 
sol-gel method and have demonstrated high antiviral activity against the influenza virus, but the exact mechanism is not 
yet clear.28 ATA nanocomposites can be prepared by various methods, including impregnation, sol-gel, co-precipitation, 
hydrothermal, photo deposition, and chemical reduction techniques. Among these methods, chemical reduction is one of 
the simplest techniques for producing ATA nanoparticles with controlled size, shape, and good dispersion. We success-
fully prepared ATA nanocomposites with uniform and evenly distributed nanoparticles using the chemical reduction 
method and conducted an in-depth analysis of their antiviral activity and specific action mechanisms.

In the present study, we performed antiviral assays using the influenza virus (A/Puerto Rico/8/1934 (H1N1)) to 
evaluate the antiviral ability of ATA. ATA synthesis by photocatalysis reaction rapidly and effectively inactivated the 
H1N1 influenza virus at high concentrations (128 or 256 μg/mL). It can inactivate more than 90% of the virus within five 
minutes. None of the lower concentrations of ATA showed significant antiviral activity against the H1N1 influenza virus 
within a short period. However, the average virus inactivation rates were significantly improved by prolonging the 
duration of action. These results suggest that ATA effectively reduces the viral titer of the influenza virus in a dose and 
time-dependent manner. These observations appear to be similar to the previous study on the antiviral effect of AgNPs on 
H1N1 influenza, which showed a concentration-dependent anti-H1N1 influenza A virus effect of AgNPs.18

To further investigate the effect of ATA on the structure of the H1N1 influenza virus, the ATA-treated viruses were 
analyzed under the TEM to observe their morphology. We can easily see the big differences between treated and 
untreated viruses. A normal influenza virus particle has a typical and complete structure, as shown in Figure 3. However, 
it was found that most of the structures observed in the treated virus were poorly defined, these structures appeared to be 
faintly outlined and lacking in surface peaks. The discovery of a large number of morphologically abnormal virus 
particles from the treated H1N1 virus suggests that the structural changes may be associated with the anti-viral effect of 
ATA. The similar structural damage of the virus particles was also found in the H9N2 virus treated with copper-iron and 
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CuZeo textiles.35,37 Since the destruction of proteins in the outer layer of the influenza virus by ATA was observed by 
TEM, further studies were carried out to demonstrate the inactivation activity of ATA on important envelope proteins, 
including the transmembrane glycoproteins: HA and NA, both of which play critical roles throughout the viral life cycle. 
Influenza virus enters the cell by endocytosis via HA binding to sialic acid-containing glycoprotein receptors on the cell 
surface.38 In this study, the HA titers of the H1N1 viruses were significantly reduced after treatment with ATA. Compared 
with the 256 titers of the control virus, the viral HA titers in the ATA nanoparticle groups were below 8. Our results show 
that ATA nanoparticles can inhibit the HA activity of chicken erythrocytes with the H1N1 influenza A virus.

The HI results showed that in the presence of ATA nanoparticles at a concentration of 32 μg/mL, the ability of the 
H1N1 influenza A virus with 8 HA units to agglutinate chicken erythrocytes was completely inhibited. These results 
suggest that ATA nanoparticles play a critical role in blocking the binding of the H1N1 influenza A virus to erythrocytes 
and inhibiting the viral entry process. As reported, the same result showed that the ability of the H1N1 influenza A virus 
to agglutinate the erythrocytes was inhibited in the presence of AgNPs.20 In other similar research, they have not found 
this difference in the influenza virus treated with HT or with CuZeo textiles.35,39 Just as important as HA is NA, the 
abundant glycoprotein on the surface of influenza viruses. It has an enzymatic activity that promotes the release of viral 
progeny from a host cell during the final stage of viral replication and the spread of infection to new cells.40 NA activity 
can be inhibited with specific inhibitors, such as zanamivir and oseltamivir carboxylate, and then reduce the efficiency of 
virus infection of host cells,41 but the drugs developed resistance to the virus due to the single target and long use. In the 
presence of ATA nanoparticles, the NA activity was significantly inhibited. To further confirm the effect of ATA 
nanoparticles on the NA and HA of the influenza H1N1 virus, the results of WB showed that the expression of the 
NA and HA proteins was significantly reduced compared to the control group. HA and NA are responsible for the 
binding to and releasing from host cell receptors, they are crucial for the determination of host specificity. It is suggested 
that in addition to interfering with HA, ATA nanoparticles may also reduce the infection efficiency of influenza virus by 
interfering with viral NA activity.

One study reported that HT (a small-molecule phenolic compound) can effectively reduce enveloped viruses in 
a dose-dependent manner,42 but it did not affect the titer of all non-enveloped viruses tested. It has been suggested that 
the viral envelope may be involved in the mechanism of antiviral action. In our study, a series of results showed that ATA 
nanoparticles disrupted the viral structure, inhibited NA and HA activity, and reduced the expression of NA and HA 
proteins, as shown in Figure 5 of the schematic of the antiviral mechanism of ATA. This is important because both NA 
and HA are the major surface membrane proteins of the influenza H1N1 virus. Together, they form the outermost 
structure of the virion. It was likely that ATA nanoparticles process a similar mode of antiviral action, they exert an 
antiviral effect on the influenza virus by acting on H1N1 viral member structure. In our study, ATA nanoparticle 
treatment did not have any effect on H1N1 virus genes. Because ATA nanoparticles interact primarily with the viral 
surface, they are more likely to damage viral envelope proteins than viral nucleic acids.

The antibacterial and antifungal mechanisms of AgNPs are thought to depend on the release of Ag ions, which 
strongly inhibit their growth by suppressing respiratory enzymes and electron transport components and by interfering 
with DNA functions.43,44 In contrast to their antibacterial and antifungal activities, the main antiviral mechanism results 
mainly from the direct binding of AgNPs to viral envelope glycoproteins and inhibition of virus attachment to host cells. 
Orlowski et al showed that tannic acid-modified AgNPs interacted with the surface glycoproteins of herpes simplex 
virus-2.45 With antiviral activity against HIV, AgNPs also inhibit virus-cell attachment by interacting with the gp120 
protein of HIV.46 Therefore, AgNPs primarily interfere with virus attachment to viral receptors on the cell surface rather 
than viral nucleic acids. The envelope of the influenza virus primarily originates from the host cell membrane, and its 
function is to help the virus enter the host cell. Each HA molecule has two disulfide bonds that can be broken to expose 
receptor binding sites that can interact with host cells.47 These exposed disulfide bonds may be binding sites for ATA to 
interact with the virus, and thus they exhibit antiviral activity when the receptor binding site is blocked by ATA.

Virus infection usually causes host cell apoptosis, and AgNPs could reduce the apoptosis caused by H1N1 virus 
infection by producing ROS. Researchers synthesized AgNPs loaded with zanamivir, a compound that inhibits caspase- 
3-mediated cell apoptosis by generating ROS, and this ROS-mediated cell apoptosis downregulation is related to the p38 
and p53 signaling pathways.48 In our ATA nanocomposites, both AgNPs and TiO2 nanoparticles can induce ROS 
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production, which may be related to the molecular mechanism of the ATA-mediated anti-influenza virus. At the same 
time, excessive ROS production is also cytotoxic to mammalian cells, which may cause DNA damage and enhance 
proinflammatory responses in cells. Despite the wide application of AgNPs and ATA nanocomposites in disinfection, 
there are still potential hazards and limitations due to the toxicity and environmental impact of AgNPs. ATA exerts 
antiviral effects in a dose - and time-dependent manner, and similarly, the potential risk of side effects increases with 
increasing concentration and exposure time. In this study, we initially discussed the killing effect of ATA on the H1N1 
influenza virus, and our team is also conducting the killing effect of ATA on a variety of bacteria and dust mites and 
conducted an in-depth study on the toxic effect of ATA.

Conclusion
In this study, we have observed a significant inactivation of influenza H1N1 viruses as a result of their exposure to ATA 
nanoparticles. The data suggest that the inactivation of the influenza H1N1 viruses depends on the concentration level 
and exposure time. The viral inactivation process is primarily attributed to the damage to the viral surface proteins of HA 
and NA, including the damage to the viral surface structure, protein activity and expression. Under the similar effect of 
H1N1 influenza virus inactivation, the concentration of AgNPs contained in the ATA nanocomposite prepared in this 
study was significantly lower than that of AgNPs, which greatly reduced the amount of AgNPs and reduced the side 
effects. The results of the present study suggest that ATA may be a good virucidal candidate against the influenza virus.

Viruses, bacteria and other microorganisms can be transmitted to the host through the air, and the large accumulation 
of dust in heating, air conditioning and other equipment creates favorable conditions for the spread of microorganisms. 
Although modern HEPA nets have been used to limit the spread of viruses and bacteria, they are still unable to effectively 
inactivate various microorganisms attached to them, posing a significant potential risk to human health.20 By attaching 
AgNPs to nanoporous membranes, multi-layer filters with different porosity can be designed. The antimicrobial proper-
ties of AgNPs combined with nanopores generated by spinning nanofibers not only provide excellent air purification 
performance but also increase the microbial killing effect.49 Researchers have verified the killing effect of air filters with 
AgNP-coated silica particles on aerosol bacteriophage MS2 and IFVA under continuous airflow conditions. MS2 and 
IFVA viruses directly interact with Ag nanoparticles of the filters to inactivate the viruses.50 Attaching ATA to the HEPA 
network and using it in the air purifier can also effectively prevent the potential toxicity of silver particles in the 
environment when they play the role of resisting many kinds of microorganisms. It may be an important strategy to 
prevent influenza virus infection in the early stage of virus transmission.

Figure 5 Schematic diagram of ATA anti-influenza virus mechanism. The H1N1 influenza virus is an enveloped, negative-strand RNA virus with a segmented genome. Its 
virion is typically 80 to 120 nm in diameter. The H1N1 influenza virus possesses two surface glycoproteins: HA and NA, which are determinants of virus infectivity, 
transmissibility, pathogenicity, host specificity, and major antigenicity. HA triggers erythrocyte aggregation by binding to sialic acid and facilitates viral attachment to infected 
cells, thereby enabling endocytosis. NA is essential for virus budding, cleaving sialic acid receptors and promoting virus spread to neighboring cells. Our results showed that 
ATA exerts its antiviral effect mainly by interfering with viral surface receptors rather than viral nucleic acids. The process of virus inactivation is mainly due to the damage of 
ATA to the envelope proteins of the influenza virus HA and NA, reducing the activity and expression of HA and NA proteins, damaging the virus structure, thereby killing 
the virus or preventing the virus from infecting the host cells. (ATA: Ag/TiO2; HA: hemagglutinin; NA: neuraminidase).
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