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Abstract: The COVID-19 disease initially originated in Wuhan (China) and then spread worldwide has 

been declared a pandemic by the World Health Organization (WHO). Many attempts are ongoing to 

find an effective therapeutic treatment and vaccine to cure or prevent the disease, but the success is very 

little. Even some of the approved vaccines are also disputed for safety issues. This is the time where we 

should think of alternative treatments to control the disease effectively. Photodynamic therapy (PDT) 

is a technique that is widely used in cancer treatment and against various microbes. In this technique, a 

light-induced photosensitizer generates reactive oxygen species (ROS), ultimately killing the target 

cells. Considering these facts, an attempt has been made to review the current literature on viral 

inactivation using PDT approach. Accordingly, the mechanism of PDT action has been discussed, along 

with an update on the use of various photosensitizers (PSs) and nanoparticles. The capsid proteins and 

nucleic acid (RNA) of SARS-CoV-2 can be a possible target for PDT. To understand this interaction 

further, computational modeling studies have been discussed to help design effective PSs. Overall, the 

PDT technique has therapeutic potential and should be tested as a complementary or alternative 

treatment for control of COVID-19 using the PSs like curcumin, psoralen derivatives, riboflavin, etc. 

This review discusses COVID-19, its outbreak, diagnosis, the existing treatment modalities, and how 

PDT can be an effective alternative treatment for controlling the disease. 

Keywords: COVID-19; photosensitizers; photodynamic therapy; virus inactivation; computational 

modeling. 
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1. Introduction 

The world has been facing various epidemic diseases for several years. Many of them 

affected certain regions or countries, while few affected a major part of the globe. Recently 

reported outbreaks like Zika, Chikungunya, Avian influenza, Ebola, COVID-19, etc., have 

affected the global network socially and economically (WHO). A recent outbreak of COVID-

19 (initially named Novel Coronavirus Pneumonia by the Chinese Government was later 

renamed as COVID-19 by the World Health Organization is the most widespread and has 

affected the entire world. The disease mainly affects the lower respiratory system [1]. This 

outbreak is because of the coronavirus named SARS-CoV-2 by the International Committee 
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on Taxonomy of Viruses [2]. Bats are possible reservoir hosts of the SARS-CoV-2, and a Bat 

coronavirus RaTG13 shows 96.2% sequence identity to the SARS-CoV-2 [3]. However, the 

way of transmission (whether direct or through any intermediate host) of SAR-CoV-2 to 

humans still remains unknown [3]. The virus initially originated in Wuhan, China, and spread 

rapidly. By the end of January 2020, it was declared a global health emergency by WHO [4], 

and on 11 March 2020, it is declared a pandemic. As of 12th October 2020, the SARS-CoV-2 

has infected >37 million people and resulted in the death of > 1 million individuals (WHO). 

The coronavirus family outbreaks were reported in the past also [1]. WHO reported three main 

outbreaks of the coronavirus. The information about it is given in Table 1. 

Table 1. Coronavirus outbreaks. 

Sr. No. Disease Country of origin Year Countries affected Total cases reported 

1 SARS China 2003 >26 >8000 

2 MERS Saudi Arabia 2012 27 2494 

3 COVID-19 China 2019 Entire world >80 million 

 

Despite various scientific advances like developing new vaccines and immunization for 

existing human diseases, new viruses continue to pass from their wild host to animals and 

humans.  

2. SARS-CoV-2 Virus: Structure and Diagnosis 

The SARS-CoV-2 virus particles are spherical and enveloped (size ranges from 80-120 

nm), having positive-sense ssRNA of size around 30,000 nucleotides [5]. Genetically, SARS-

CoV-2 shows about 79% similarity to SARS-CoV and 50% to MERS-CoV [6]. All the 

structural and accessory proteins are translated from the virus's single-guide RNAs (sgRNAs) 

[7]. The genomic RNA is tightly coiled and covered by the nucleocapsid (N) protein. The Spike 

(S), membrane (M), and envelope (E) proteins are enclosed in the lipid outer membrane of a 

virus particle. Corona's virus (means resembling a crown, as shown in fig. 1 [8]) is attributed 

because of protruding homotrimers of spike proteins from the lipid envelope.  

Figure 1. SARS-CoV-2 structure. 

These spike proteins are involved in the entry of virus particles into the host cell through 

interactions with the Angiotensin-Converting Enzyme2 (ACE2) receptors of the host cell [9]. 

The S1 domain of S protein functions in recognition and binding to ACE2 receptors, followed 
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by the fusion of the virus envelope with the host cell membrane through the interaction of the 

S2 domain. Unfortunately, most human organs express ACE2 receptors, but the lower 

respiratory system expresses them in high numbers [5]. The common symptoms after infection 

include fever, cough, fatigue, dyspnea, headache, and loss of taste or smell [10]. In severe 

cases, it is responsible for multi-organ failure or respiratory failure. The virus transmits via 

direct person-to-person contact. The microdroplets formed through sneezing and coughing may 

spread the virus through the air [11]. The virus can remain active on different surfaces for a 

variable number of hours. A healthy individual coming in contact with such surfaces is also 

prone to infection. The virus is isolated from fecal swabs, also increasing the chances of fecal-

oral transmission [5]. 

Recently, several research and review papers described the evolutionary reservoir, 

possible intermediate host [12], genomic source [6], and clinical characteristics of the virus 

SARS-CoV-2 [13]. A group of clinicians and scientists from the University of Hong Kong 

conducted a study in Shenzhen. It provided several important features of the disease. Their 

study gave the first concrete evidence for human-to-human transmission of SARS-CoV-2. An 

attack rate of 83% within the family context indicates the high transmissibility of SARS-CoV-

2 [11]. The study helped to direct the way for the control and management of COVID-19. 

Another group raised several important research questions that can help scientists to direct their 

research [14]. The group discussed the chances of SARS-CoV-2 becoming another 

community-acquired human Coronavirus just like the other four human Coronaviruses (229E, 

OC43, HKU1, and NL63) causing common cold only. The basic reproductive number (R0) of 

SARS-CoV-2 has been estimated to be 2.68, resulting in an epidemic doubling time of about 

6.4 days [15]. The R0 of SARS-CoV was found 2; however, R0 of SARS-CoV-2 could go 

approximately up to 4. It is important to know the real R0 for the implementation of effective 

control measures [14]. It is difficult to identify the spread through presymptomatic virus 

shedding and patients with mild and unspecific symptoms [11, 16].  

2.1. Diagnosis. 

The present standard diagnostic method is through the real-time polymerase chain 

reaction (RT-PCR) technique [17]. However, this technique is costlier and takes time for 

results. Earlier, group testing was suggested to save time and cost where samples of a group 

are mixed. A small aliquot is subjected to testing for the detection of a pathogen. If the test is 

positive, then all the samples are retested individually [18].  

Table 2. Diagnostic methods for the detection of SARS-CoV-2. 

Diagnostic 

Method 

Sample Detects Confirmation of the test 

RT-PCR Nasopharyngeal swab Viral RNA Active infection 

ELISA Serum IgG/IgM IgM- Present infection 

IgG- Past infection 

ELISA Serum/Feces/Nasopharyn

geal swabs 

Viral proteins Active infection 

HRCT Scan CT scan of lungs CT score Possible SARS-CoV-2 infection 

 Biosensors Nasopharyneal swabs/ 

Serum 

Viral RNA/Viral protein/ 

Antibodies  

Active or past infection based on 

analyte detected 

 NPs based 

assay 

Nasopharyneal swabs/ 

Serum 

Viral RNA/ Viral 

protein/Antibodies 

Active or past infection based on 

analyte detected 

There is a need for even faster and reliable techniques to isolate the suspected to prevent 

further spread of the disease. This will help eliminate people's unnecessary quarantine and 
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prevent further increase in viral load and reduce complications. Immunological assays can 

serve the purpose. They work based on antigen/antibody interactions, whereas RT-PCR works 

based on viral RNA. IgM and IgG antibodies were detected after 3-6 and 8 days post SARS 

infection [19]. A review by Sheikhzadeh and co-workers describes in detail various diagnostic 

techniques for COVID-19 [20]. A few of the diagnostic techniques are summarized in table2. 

2.2. Therapeutic strategies. 

Until recently, there was no proven treatment or approved vaccine available to treat the 

disease [21]. Several labs across the globe are working on developing different therapeutic 

strategies like effective vaccines, neutralizing antibodies, and various antiviral agents. Trials 

using conventional inactivated vaccines are also under process. Other vaccine synthesis 

approaches like live attenuated vaccines, subunit vaccines, and vectored vaccines are also being 

tested. Table 3 enlists some vaccines approved and under development for the prevention of 

COVID-19. However, even if the vaccines are available, it has been suggested to follow 

preventive measures like physical distancing, use of masks at public places, repeatedly clean 

hands using soap, use sanitizer, isolate the infected person, and counsel.  

Table 3. Various vaccines approved and underdeveloped against SARS-CoV-2. 

Developer Candidate vaccine Description Status 

Pfizer, BioNTech BNT162b2 mRNA based vaccine Approved 

Moderna mRNA-1273 mRNA based vaccine Approved 

Sinovac CoronaVac Inactivated virus Approved 

Gamaleya Research 

Institute,  

Sputnik V Non-replicating viral vector Approved 

Wuhan Int. of biological 

Products, Sinopharm 

BBIBP-CorV Inactivated virus Approved 

Federal Budgetary Research 

Institution 

EpiVacCorona Peptide vaccine Approved 

Novavax NVX-CoV2373 Nanoparticle vaccine Phase 3 

Bharat Biotech Covaxin Inactivated virus Phase 3 

Johnson & Johnson JNJ-78436735 Non-replicating viral vector Phase 3 

Cansino Biologics Ad5-nCoV Recombinant vaccine Phase 3 

AstraZeneca, The 

University of Oxford 

AZD1222 Adenovirus from 

chimpanzee 

Phase 3 

Zydus Cadila ZyCoV-D DNA Vaccine Phase 2 

2.3. The existing treatments. 

The possible drug for COVID-19 treatment includes remdesivir, an anti-Ebola drug that 

is a nucleotide analog. This drug prevented replication of MERS-Cov in monkeys [22]. The 

obtained results include reducing the severity of disease and virus replication. The reduced lung 

damage indicates it as a promising drug. Caly and co-workers found that Ivermectin, an anti-

parasitic FDA approved drug, can reduce viral RNA expression ~5000 fold in just 48h post-

infection [23]. Other candidate drugs include viral replication inhibitors- favipiravir, 

azithromycin, chloroquine, hydroxychloroquine, ACE-2 blocker Arbidol, monoclonal 

antibodies Tocilizumab, Sarilumab, etc. [24]. However, they need to go through further clinical 

investigations [14]. Table 4 describes a few of the possible therapeutic agents against SARS-

CoV-2; however, better results can be achieved using certain combination therapies [25]. A 

French group tried to assess the effect of hydroxychloroquine in combination with 

azithromycin. It was found that this combination is more efficient in eliminating the virus than 

individual drugs [26]. Some combination therapies are under clinical trials where, along with 

antiviral agents, dietary supplements like zinc sulfate, vitamin C, and vitamin D3 can boost the 
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immune response against the virus (https://clinicaltrials.gov/ct2/show/NCT04482686). In 

another study, a triple combination of interferon beta-1b, lopinavir-ritonavir, and ribavirin was 

tested on a limited population of COVID-19 infected patients. The findings proved that the 

triple combination is more effective than lopinavir-ritonavir alone [27]. 

Table 4. Possible therapeutic agents against SARS-CoV-2. 

Sr. No. Therapeutic 

agent 

Description Mode of action Current Use Reference 

1 Chloroquine Organic compound Works through endosomal 

acidification, which prevents 

virus binding and viral RNA 

release into the cytoplasm 

Antimalarial drug [28] 

2 Remdesivir Adenosine analog Inhibit viral replication via 

inhibiting the RNA-dependant 

RNA polymerase (RdRp) 

Ebola virus, 

MERS-Cov 

[17] 

3 Ivermectin Macrocyclic lactone Inhibit nuclear import of host  Anti-parasitic 

agent 

[23] 

4  Favipiravir and 

Ribavirin 

Guanine analogs Inhibit viral replication via 

interfering with the cellular 

nucleotide 

synthesis 

Hepatitis C Virus [29, 30] 

5 Lopinavir and 

Ritonavir 

Protease inhibitors Inhibit viral replication 

through binding to the viral 

proteases responsible for 

proteolytic cleavage 

Human 

Immunodeficienc

y Virus 

[31] 

6 Azithromycin Antibiotic Prevents secondary bacterial 

infections through inhibition of 

protein synthesis 

Bacterial 

infections 

[32] 

7 Tocilizumab Monoclonal antibody Blocks I-6 mediated responses Rheumatoid 

arthritis 

[33] 

However, all these therapeutic approaches are not always effective. Hence, there is a 

need for an alternative or complementary approach to finding an effective treatment.  

3.Photodynamic Therapy (PDT), the Possible Alternative 

Based on its non-invasive nature, photodynamic therapy (PDT) or photodynamic 

inactivation (PDI) overcomes traditional treatment methods like surgery, chemotherapy, and 

radiotherapy. Along with this, it has very few or negligible side effects and low systemic 

toxicity [28]. Some studies have reported that a PDI can inactivate all known microorganisms 

classes, like bacteria (Gram-positive and Gram-negative), fungi, protozoa, viruses, etc. [29–

31]. 

3.1. Mechanisms of photodynamic therapy. 

In PDI/PDT, a non-toxic compound called a PS is irradiated mostly with non-toxic 

visible light of suitable wavelength to match the PS absorption peak. The mechanism is 

diagrammatically explained in Figure 2 [32]. PDT works in three stages: excitation of PS, 

generation of ROS, and pathogen damage [33]. The reactions start when the light irradiated is 

absorbed by PS. It forms a short-lived first excited singlet state. Now, this exciting singlet PS 

forms a much longer-lived excited triplet state through the intersystem crossing. The survival 

duration of this excited triplet state is sufficient enough to carry out further chemical reactions. 

The available molecular oxygen and the triplet PS now react to produce type I and type II 

photochemical reactions leading to ROS formation [34]. 
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Figure 2. Schematic representation of Photodynamic inactivation: Ground state photosensitizer (0PS) absorbs 

light to form the first excited singlet state (1PS) that (in addition to losing energy by fluorescence or conversion 

to heat) undergoes intersystem crossing to form the long-lived first excited triplet state (3PS). The triplet state can 

undergo type 1 (electron transfer) photochemical reaction to form superoxide and hydroxyl radical, and/or type 2 

(energy transfer) photochemical reactions to form singlet oxygen. These ROS can damage and kill all known 

forms of microorganisms through oxidation.  

It is seen from Figure 2 that, in type, I photochemical reactions, electron-transfer occurs 

between the excited state PS and available environmental oxygen in the system. It directly or 

indirectly leads to the production of ROS (e.g., superoxide (O2•−), hydrogen peroxide (H2O2), 

hydroxyl radicals (HO•) and hydroperoxyl radicals (HOO•) that are harmful to cells. Type II 

photochemical reactions involve electron spin exchange in which triplet-triplet interactions are 

spin-allowed. The ground state oxygen (3O2) is already in the triplet state. Now, the excited 

triplet PS reacts with triplet oxygen leading to energy transfer through electron spin exchange. 

In this process, singlet oxygen (1O2) is produced. The ROS produced in both the type I and 

type II processes carry out cellular biomolecules' oxidation like lipids, proteins, and nucleic 

acids. In the case of microbial pathogens, the damage is caused at the cell wall of bacteria. 

Pathogen cellular structure gets destructed, which results in loss of selective permeability, 

leading to the release of intracellular material. In the case of viruses, the lipids and proteins of 

the capsid, as well as nucleic acids (RNA/DNA), can be targeted by formed ROS [32]. 

3.2. Photosentizers (PSs). 

In PDT, targeted cells are locally killed by reactive oxygen species (ROS) such as 1O2 

produced by a photosensitizer (PS) under illumination in the presence of oxygen [35]. Different 

types of PS are being used, and each has its Pros and Cons. A PS producing a high 1O2 quantum 

yield and excellent photostability and biocompatibility is preferable for effective PDT. To act 

as a PS, the compound should have the ability to generate ROS upon illumination. A wide 

group of chemical compounds starting from natural plant extracts to industrial dyes can act as 

PS. Compounds like fullerenes, carbon materials, metals, and their oxides, complex synthetic 
1O2 generating and delivering molecular systems, and products from the materials sciences can 

act as PS. Plant extract psoralen can show phototoxic effects independent of oxygen availability 
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[36]. Organic PDT agents' drawbacks include poor water dispersibility, photostability, and their 

inability to be absorbed in the region (470 nm) where the skin is most transparent [37, 38]. The 

best alternative to organic agents is semiconductor quantum dots (QDs). They are superior to 

organic photosensitizers in terms of photostability and water dispersibility [39, 40]. The 

disadvantage associated with them is their low ROS-generation efficiency and cytotoxicity 

during clinical trials [41, 42]. The demonstrated solution to overcome this limitation is 

modifying semiconductor QDs with a traditional PDT agent (porphyrin derivative, Ce6) and 

then coat them with a shell of peptides [43]. A Chinese group synthesized highly water-

dispersible graphene QDs (GQDs) in large quantities using a hydrothermal method with 

polythiophene derivatives (PT2) as the carbon source [44]. Synthesized GQDs showed a broad 

absorption in the provided UV-visible region with a strong emission peak at 680 nm. It was 

also reported that the synthesized GQDs exhibit good biocompatibility and excellent 1O2 

generation capability. 

3.3. PDT against SARS-CoV-2. 

PDT can be one of the complementary/alternative treatment approaches to target 

SARS-CoV-2. As shown in figure 3, ROS's major targets formed upon excitation of PS can 

target viral membrane, proteins, and RNA of SARS-CoV-19, leading to inactivation of the 

virus [45]. Various PSs have been tested against a range of viruses and are proved effective in 

controlling their growth. The PSs showing the inhibition process over a wide range is 

preferable.  

 
Figure 3. Virus inactivation by PDT and prevention of infection: The ROS formed by excited (PS*) using O2 

targets viral membrane, proteins, and RNA, thereby inhibiting its binding with the host and ultimately the end of 

the virus life cycle. 

Curcumin has been tested against feline coronavirus where a curcumin biconjugate 

synthesized by the reaction of curcumin with decanoyl chloride and palmitoyl chloride in 1:2 
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molar proportion in the presence of 4-Dimethylaminopyridine (DMAP) in anhydrous pyridine 

showed inhibition (EC50 value 0.029µM) of both feline corona and feline herpesviruses [46]. 

In order to prevent virus spread through platelet transfusion, Lin and co-workers successfully 

inactivated SARS-CoV using psoralen amotosalen-HCl in a platelet concentrate. The 

photochemical treatment involved 150µM/L amotosalen with UVA light (3 J/cm2) and 

achieved >5.8 log reduction in viral load [47].  

When illuminated under UVA light, the psoralen compound 4’-aminomethyl-trioxsalen 

(AMT) inactivated the MERS-CoV [48]. In another study conducted to inactivate MERS-CoV 

from plasma, riboflavin was used. The riboflavin and UV light treatment reduced the virus titer 

below the detection limit. It can prevent transfusion of the virus through plasma products [49]. 

There is also a report of the use of photocatalytic titanium apatite filter (PTAF) filter for 

inactivation (described under titania photocatalysis section below) of SARS-CoV using UV 

and non-UV [50].  

To improve the effectiveness of PDT against COVID-19, the correct amalgamation of 

recent technologies like nanotechnology can be more fruitful. The nanoparticles have been 

widely studied for their diverse uses in diagnosis and treatments against various microbes and 

diseases. 

4. Nanoparticles & Nanomedicine in PDT 

The union of PDT with nanotechnology helped to enhance the effectiveness of 

photochemical treatment. This combination helped improve the light dose, and irradiance(the 

flux of radiant energy per unit area) required [51]. Kendall and Morton described PDT for skin 

disease treatment, where most of the damage by singlet oxygen occurs to the membranes 

around mitochondria and lysosomes. This releases destructive proteins from these cell 

organelles and causes further destruction through necrosis and apoptosis. During the treatment, 

the tumor cells are expected to accumulate more PS or its precursor because of their high 

metabolic rate. The light used is mostly red because of its deep penetration power. The total 

light dose and irradiance should be appropriately controlled to avoid undesirable heating of the 

skin. PDT has been successfully implemented experimentally to treat various skin diseases like 

squamous cell carcinoma (SCC), benign skin diseases like psoriasis, and viral warts using 

aminolevulinic acid (ALA) as a PS. The nanoparticles are used to improve the binding and 

uptake of PS by the microbial cells and improve photoinactivation kinetics [52]. Rose Bengal 

is one of the most frequently used PS due to its ready availability, high water solubility, high 

singlet oxygen quantum yield, and low photodegradation rate [53]. It has been tried with silica 

nanoparticles to inactivate Gram-positive bacteria like methicillin-resistant Staphylococcus 

aureus (MRSA) [54]. 

4.1. Titania photocatalysis. 

The acceleration of a light-mediated reaction in the presence of a catalyst is called 

photocatalysis [55]. Because of its highly efficient photocatalytic properties, which allow the 

killing of pathogenic microbes, titanium dioxide (TiO2) is increasingly used as a photocatalyst 

[56]. The advantage of photocatalysis is that sunlight or UV radiation is used to trigger the 

disinfection process using a catalyst (TiO2). The electron-hole pair generated after the light 

absorption reacts with surrounding water molecules and subsequently produces reactive 
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hydroxyl radicals. These hydroxyl radicals (•OH) are potent to kill almost all microbes, 

including viruses [57]. Some reports of virus inactivation using TiO2 are enlisted in Table 5. 

Table 5. Viruses are shown to be inactivated by TiO2 photocatalytic inactivation. 

Host Virus Light used Reference 

Human   
 

Hepatitis B virus surface antigen 

HBsAg 

Merecury lamp (0.6 mW/cm2) at 365 nm 

wavelength or sunlight 

[64] 

Human Influenza A/H1N1 
 

UV light at 365nm [65] 

Human Influenza A/H3N2 
 

UV irradiation [66] 

Human Poliovirus type 1 (ATCC VFR-

192) 
 

Fluorescent light and sunlight [67] 

Human SARS coronavirus 
 

UV and non-UV irradiation [56] 

Birds Influenza (avian) A/H5N2 
 

UV light [68] 

The HBsAg antigen of the human hepatitis B virus was inactivated using TiO2 under 

the irradiation of mercury lamp and sunlight separately [58]. Han and co-workers used a 

photocatalytic titanium apatite filter (PTAF) for the inactivation of SARS-Cov. Under non-UV 

irradiation, the PTAF filter inactivated 99.99% SARS-Cov in 6 h time duration, while it was 

completely inactivated when irradiated with UV light [50]. 

4.2. Carbon quantum dots and nanotubes. 

Quantum dots are nanostructures having several applications in optics and biomedical 

technologies. As shown in figure 4, carbon dots can prevent various virus particles' entry inside 

the host cells [59–62]. 

 
Figure 4. Carbon nanoparticles preventing viral attachment with the host: Carbon nanoparticles can mask or 

modify the virus's spike protein. This prevents the virus's binding to the host receptor and furthers the virus life 

cycle process. 

Łoczechin and co-workers investigated the potential of seven different functional 

carbon quantum dots (CQDs) against HCoV-229E coronavirus [63]. In their studies, to derive 

first-generation antiviral CQDs, the group used hydrothermal carbonization of 

ethylenediamine/citric acid as carbon precursors and then modified with boronic acid ligands. 

The second-generation CQDs were derived using 4-aminophenylboronic acid with no further 

modifications. However, the EC50 value for the first and second-generation CQDs was 

significantly different. It was found to be 52 ± 8 μg mL−1and 5.2 ± 0.7 μg mL−1, respectively. 

The interactions of CQDs functional groups with S receptor of the virus prevented virus 

particles' entry inside the host cells. The CQDs also showed inhibition of viral genome 

replication. 

In addition to CQDs, multi-walled carbon nanotubes (MWCNTs) have also been 

reported as potent antiviral agents. Visible light-induced excitation of Porphyrin-conjugated 

MWCNTs significantly inactivated the influenza A virus's ability to infect mammalian cells. 

This report inspired others to the development of MWCNTs for antiviral therapeutics [64]. In 
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another report, MWCNT arrays were used to remove enterohemorrhagic E. coli O157:H7 

(EHEC) using TiO2 nanoparticles [65]. 

4.3. Graphene. 

Graphene and graphene oxide sheets have also been reported as antimicrobial agents. 

Two different groups used them for solubilization of hydrophobic PS  hypocrellin A [66] and 

methylene blue [67] independently. In another report, electrochemically produced GQD used 

to kill two bacteria, MRSA and E. coli. These researchers used a green laser (470 nm, 1 W) for 

photoactivation. This generated the ROS, which selectively killed only bacteria and not mouse 

spleen cells [68].  Song and his group reported the use of graphene oxide (GO) for the killing 

of two viruses EV71 (pathogenic agents of hand, foot, and mouth disease) and H9N2 (endemic 

gastrointestinal avian influenza A virus of waterfowl) [69]. 

4.4. Gold (Au) & silver (Ag) nanoparticles. 

Au and Ag nanoparticles are widely used in drug delivery systems. Both of them 

showed anti-HIV activity [70, 71]. Gianvincenzo and co-workers (2010) used Au NPs to 

prevent HIV infection of T-cells in vitro. The Au NPs coated with multiple copies of an 

amphiphilic sulfate-ended ligand bind with the glycoprotein gp120 of HIV envelope, thereby 

affecting the adsorption/fusion process virus. Ag NPs capped with mercaptoethane sulfonate 

(Ag-MES) showed inhibition of Herpes Simplex virus type-1 (HSV-1). The HSV-1 virus 

attachment and entry into cells involve interaction between glycoprotein of the viral envelope 

and cell surface heparin sulfate. Ag-MES NPs block the virus entry into cells through a 

competition to bind with cellular heparin sulfate through their sulfonate end groups, 

subsequently preventing the infection [72]. Ag NPs also showed replication inhibition in 

Hepatitis B and respiratory syncytial viruses [73, 74]. They used TiO2/Ag mixture for surface 

sanitization of buildings in Milan and found it effective against the virus [75]. 

4.5. Up conversion nanoparticles (UCN). 

The best example of upconversion is a conversion of infrared light to visible light. So 

the upconversion is anti-Stokes type emission and can be defined as successive absorption of 

two or more photons leading to the emission of light at a shorter wavelength than the excitation 

wavelength [76]. Most of the powerful PS are optimally excited with UV or short-wavelength 

(blue) visible light. However, these wavelengths possess inadequate tissue penetration ability 

[33, 77]. Rare earth metal salts with their controlled properties like solubility, particle size, 

crystallographic phase, optical properties, and shape can be used for producing highly efficient 

UC nanocrystals. Best and efficient upconversion can be done when solid-state lanthanide ions 

are used to dye nanocrystals [78]. Lim and co-workers synthesized near-infrared-to-visible UC 

nanoparticles consisting of sodium yttrium fluoride (NaYF4) nanocrystals co-doped with 

ytterbium (Yb3+) and erbium (Er3+) ions. The UCNs were coated with polyethyleneimine 

(PEI), and to these UCNs surface, the PS zinc phthalocyanine (ZnPc) was attached. The UCN 

was converted to a nanotransducer by irradiating it with NIR of 980 nm, which resulted in 

visible light formation. This visible-light excited the PS ZnPC and produced 1O2. The produced 

ROS reduced dengue virus serotype 2 (DENV2) and adenovirus type 5 (Ad5V) titers. The same 

group conducted an animal trial where they inoculated light-treated DENV2 virus suspension 

into mice and found no disease [33]. 
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5. Advantages of PDT/PDI   

Light can be used as an activator of drugs (pro-drug to drug conversions) in 

photomedicine [45]. Avery common example is the treatment of malignant cells and tissue 

through the generation of light-induced ROS (PDT) and the inactivation of microbes (PDI) 

[79]. The killing of microbes through PDT is sometimes referred to as PACT (photodynamic 

antimicrobial chemotherapy) [80]. The light-induced formation of radicals, anions, and in 

general, ROS (via Type I and Type II mechanisms) damages the target cells. It does not involve 

any specific interaction with any of the cellular receptors. Instead, it targets biomolecules of 

the cell wall or membrane structures or the lipids, proteins, and nucleic acids of microbes. Niels 

Ryberg Finsen was awarded 1903 Nobel prize in medicine for light-mediated treatment of 

lupus vulgaris, a form of tuberculosis that attacks the skin, especially the face and neck. Finsen 

initially used filtered sunlight for the treatment. Later, the Finsen lamp was widely used to 

produce UV light to treat the lupus vulgaris [81]. This light-induced treatment does not lead to 

the development of resistance, which happens in the case of drugs like antibiotics [82]. 

However, photodynamic treatment triggers an interesting immune response, making it a more 

interesting complementary treatment option [83]. Amongst several PSs approved for PDT, 

most of them are used in cancer treatment [84]. Based on some reports of cancer induction on 

exposure to virus infection, it is also possible that some PDI components may have antiviral 

properties [85]. In certain cases, photo inactivated viruses can still trigger immune response 

more strongly like a vaccine [48, 86]. Generally, viruses may be composed of proteins, lipids, 

and single/ double-stranded DNA/RNA. Nucleic acids form the core, while protein forms the 

outer cover and, in some cases, lipids. These viral structures are the three main molecular 

targets for the PDI and the produced ROS in the process [87, 88]. Nucleic acids and proteins 

are always found in viruses, but if lipids are also found, the virus becomes more sensitive to 

PDI [89, 90]. 

The PS can target viral nucleic acids (DNA and RNA) by directly intercalating with 

them. Because of its positive charge, methylene blue can cross the viral envelop and intercalate 

with their negatively charged nucleic acids (DNA/RNA) [91, 92]. Degar et al. [103] suggested 

that electrostatic interactions are supposed to allow direct PS-DNA/RNA interactions (Table 

6).  

Table 6. Action of PS acting on nucleic acids of viruses. 

Photochemical 

Reaction Type 

Reaction Occurring Impact of the Reaction 

Type I Addition of O2 to short-lived carbon-centered 

radicals, which originate from transformations of 

the primarily formed radical cations 

Oxidative transformations destroy the 

DNA leading to fragmentation, single-

strand breaks, and cross-linking with 

proteins. 
Type II [4+2]-,[2+2]- cycloadditions, and ‘ene’ reactions 

with 1O2 dominate 

The PS can also act on viral proteins and lipids. The PS, like 5-amino levulinic acid 

(ALA), protoporphyrin IX (PpIX), hematoporphyrin derivatives (HpD), etc., have a high 

affinity to proteins and lipids. They target the outer structures like unsaturated lipids as well as 

envelope proteins [93–95]. Structural modifications like cross-linking of viral proteins are 

typically induced. The sites for photo-oxidative damage are frequently found at oxidation-

sensitive amino acids such as tryptophan, methionine, cysteine, histidine, and tyrosine. 

Additionally, protein folding of viral proteins may occur if there is a direct interaction between 

PS and virus proteins leading to termination of virus function [88]. 
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COVID-19 has spread very rapidly and halted the entire world. Till today no promising 

vaccine has been found showing positive treatment against the virus. Various strains of 

COVID-19 have been found across the globe due to continuous mutations that occurred in 

COVID-19. So, finding a unique vaccine for all types of strains is a difficult task. The same 

case may be applied to other drugs. Talking about PDT does not act at a specific target. The 

virus comprises ssRNA and capsid proteins. Several researchers showed that PDT could be 

used to inactivate many types of viruses, as shown in Table 7.  

Table 7. Photodynamic inactivation of various viruses. 

PS Virus target Reference 

Curcumin HPV 

MNV-1 

[112] 

[113] 

Perylenequinone- Hypericin EIAV [110] 

Graphene oxide  MS2 phage [114] 

Porphyrins T4 like sewage phage [115] 

Chlorinphotoditazine HSV,  

HPV 

[116] 

[117] 

Phthalocyanines HIV [118] 

Riboflavin MERS [55] 

Psoralen Amotosalen SARS Corona virus,  

Zika Virus,  

[106] 

[119] 

Phenothiazine methylene blue Sindbis virus and HCV [120] 

 

Few reports showed inactivation of earlier forms of coronavirus using PDT [49, 96]. In 

their work for the inactivation of SARS-Cov in blood, Pinna and co-workers successfully used 

amotosalen. This activity of amotosalen can be used in the INTERCEPT blood system to stop 

the spread of many viruses, including SARS-Cov, through blood components like platelets 

[96]. The report of inactivation of MERS using riboflavin inspires the thought of PDT as an 

alternative for controlling the spread of COVID-19 [49]. Additionally, the released inactivated 

virus components may act to boost the immune system acting like a vaccine. Many plant 

metabolites have been used as PS for the treatment of viral infections. The Hypericin natural 

polycyclic quinine can be extracted from the Hypericum perforatum and used as a 

photosensitizer in photodynamic therapy against human immunodeficiency, hepatitis B and C 

virus, and many other viruses [97–99]. The hypericin requires molecular oxygen to generate 

the singlet oxygen species, which is needed for its potent antiviral activity in in-vitro and in-

vivo [100, 101]. 

The light-dependent and light-independent antiviral hypericin activities showed dose-

dependent inhibition of HIV-expression under ambient light conditions [102]. The hypericin 

was found to induce the photochemical alterations in major capsid protein p24 of HIV, cross-

linking of envelope G and M proteins of Vesicular stomatitis virus (VSV), Influenza virus, and 

Sendai virus led to impair the capacity of the virus to adhere/penetrate the host cells and 

consequently lose the infectivity and fusion function [88, 103, 104]. The antiviral action of 

hypericin was proposed to be associated with the inhibition of protein kinases activity, which 

is required to replicate several viruses and produce structural changes in gag - precursor protein 

[105]. The brominated hypericin derivatives show an increased quantum yield of singlet 

oxygen formation and exhibit potent antiviral activity against herpes simplex and influenza 

viruses [106]. Further, the hypericin loaded graphene oxide showed antiviral activity against 

the novel duck reovirus [107]. The hypericin mediated PDT was highly effective against the 

Adult-T cell Leukemia by induction of apoptosis and the suppression of viral transcription 

[108]. This study anticipated that hypericin is a promising drug for light-dependent antiviral 

activity in adult T cell leukemia (ATL)-targeted therapy. The hypericin has also been tested for 
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its potential antiviral activity toward the coronavirus (Avian infectious bronchitis virus) in 

chickens [109, 110].   

6. Computational Approach. 

Computational chemistry/biology has become one of the essential approaches in 

modern drug discovery. It can significantly minimize the cost and time involved in the drug 

discovery process by developing new lead molecules or drug repurposing. It accelerates drug 

development by allowing scientists to narrow down the biological and synthetic testing efforts. 

Moreover, protein modeling, virtual screening, molecular docking, molecular dynamics, 

quantitative structure-activity relationship (QSAR), and absorption, distribution, metabolism, 

excretion, and toxicity (ADMET) tools have become the key parts of the computer-aided drug 

discovery process because of their reliable predictions [111]. The computational chemistry 

approach, such as molecular orbital calculations, has been used to design the photosensitizers 

in PDT by predicting the photochemical reactivity of PS and anticipating the mechanism of the 

chemopreventive effect on phototoxicity [112, 113]. The quantum chemical calculations 

showed that the brominated hypericin has a high ROS formation ability compared to un-

substituted hypericin [114]. Further, the lipid membrane permeability of hypericin and its 

brominated derivatives have been tested in the presence of cholesterol by performing molecular 

dynamics simulation studies [115, 116]. Furthermore, due to the importance of human serum 

albumin (HSA) in the storage and distribution of hypericin, its specific interactions with HSA 

may play a role in hypericin antiviral activity. Therefore, molecular docking and MD 

simulation studies have been performed on hypericin with HSA, bovine serum albumin (BSA), 

and rat serum albumin (RSA) [101, 117]. The molecular modeling and MD simulation have 

been performed in water/DMSO solvent to elucidate the hypericin- β-lactoglobulin complexes' 

photo functional properties to confer water solubility bioavailability, and biocompatibility of 

the hypericin [118]. The molecular docking studies of 40 antiviral phytochemicals against the 

main protease of SARS-CoV-2 showed the highest binding affinity (-10.70 kcal/mol) for 

hypericin pseudohypericin toward the main protease [119]. The hypericin forms four hydrogen 

bonds and five hydrophobic interactions, including one pi-alkyl interaction with catalytic 

Cys145 residue of the main protease of SARS-CoV-2 [119]. A simulation study supported this 

result, wherein RMSF data showed that binding of hypericin makes the main protease more 

flexible by inducing the local flexibility at Met49 (S2 pocket), Asn51, Pro52, Tyr154, Asp248, 

Arg279, and Phe294 residues [119]. Similar interactions were observed in another molecular 

docking study of hypericin with the main protease of COVID-19 [120]. Additionally, the 

homology modeling, MD simulation, and small-molecule docking studies were carried out for 

drug repurposing against the SARS-CoV-2 using viral Spike protein and Viral-Spike protein - 

human ACE2 interface region as targets for docking studies [121]. In this study, the hypericin 

is obtained as one of the top-scoring ligands having the highest binding affinity toward the 

Spike protein of SARS-CoV-2 [121]. Therefore, keeping all the above facts in mind, the 

hypericin can act as a good photosensitizer in PDT to treat SARS-CoV-2.  

6.1. Futuristic computational biology approach for designing PS. 

The computational biology approach may pave the way to design a good 

photosensitizer in PDT to treat SARS-CoV-2 by performing the virtual screening of thousands 

of compounds in parallel using a human photosensitizer (PIH) dataset and phototoxicity in-
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vitro data (PIV) of photosensitizers. The photo safety or phototoxic potential of PS will be 

carried out using computational approaches such as ADMET prediction tools and predictive 

multitask deep neural network model [122, 123]. The chemoinformatics approach will help 

predict the informative properties, including molecular weight distribution, non-carbon heavy 

atom numbers, lipophilicity, number of aromatics rings, and number of pi-bonds present in 

photosensitizers. The Bayesian statistics approach has been used to identify phototoxicity's 

structural pattern for photo-toxophore using the PIH dataset [124]. The quantum chemical ab-

initio Density Functional Theory (DFT) calculations will be performed to predict and quantify 

accurate UV absorption of molecules and ground-state electronic properties [125]. The excited-

state properties of PS will be predicted using time-dependent DFT (TDDFT) theory using 

B3LYP functional and 6-31+G* [126]. 

Additionally, the computed HOMO and LUMO gaps (HLG) will help predict the 

phototoxicity window for PS  [127, 128]. The PS having the HLG range within the window of 

6.50 to 8.60 eV (~140nm –190nm) will be considered potentially phototoxic. Also, the machine 

learning methods (Random Decision Forests (RDF) and Deep Neural Networks (DNN) may 

offer rationalization and prediction of phototoxicity of PS from PIV and PIH datasets by 

generating an appropriate precision model, which will be a valuable strategy to reduce 

experimental testing [129]. Moreover, the quantitative determination of UV extinction 

coefficients of positively triggered compounds or PS obtained after the virtual screening of PIH 

and PIV datasets will be tested at a suitable wavelength. Finally, the in-vitro assays for photo 

safety of PS will be performed using 3T3 neutral red uptake assay (3T3 NRU), erythrocyte 

based photohemolysis assays, ROS assay and photochemical degradation of compounds using 

‘suntest’ by commercial sun simulator [130–133]. In this way, the computational approach will 

guide the rational drug design of PS before chemical synthesis. Briefly, starting with in-silico 

predictions, followed by the determination of UV/VIS absorbance and the in-vitro 3T3 NRU 

test to identify nonphototoxic drugs, will help design the novel PS in PDT for treatment of 

SARS-CoV-2 infected patients. This will need to find appropriate photosensitizers that can 

inactivate SARS-CoV-2. Based on these several reports for the inactivation of various viruses 

through PDT, the chances of combating SARS-CoV-2 cannot be neglected. This kind of 

alternate strategy may help control the disease and save lives until a suitable vaccine or drug is 

available.  

7. Challenges and Future Applications 

As discussed earlier, when photo inactivated viruses act like a vaccine, they can boost 

the immune response more strongly. Here, the reverse should also be considered a side effect 

where inactivated viruses may reactivate and increase virus load [134]. The reversal of SARS-

CoV-2 under asymptomatic conditions can spread the disease in healthy individuals also. 

Another problem raised is based on the report in which treatment of cells with PS has shown 

internalization and infection of adenoviruses via a photochemical internalization mechanism. 

In this study, colorectal carcinoma cell lines were pre-incubated with the photosensitizer 

tetraphenyl porphyrin disulphonate (TPPS2a) or methylene blue derivates (MBD) followed by 

infection with adenovirus and light exposure. Then Fluorescent in situ hybridization (FISH) 

and RT-PCR techniques were used to quantify viral DNA in cellular nuclei. It was observed 

that more viral gene expression was associated with increasing light exposure and the cellular 

localization of PS. It was associated with endosomal rupture, which facilitated the virus's entry 
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into the nucleus [135]. So, it necessitates the importance of killing all forms of pathogen. 

Literature explaining ROS's effect on nucleic acids and proteins in PDI is available extensively 

[88, 94, 136]. Both types I and II mechanisms can be active simultaneously, but the relative 

importance depends on the PS concentration, structure, and available oxygen [137–139]. Costa 

et al. experimentally proved that 1O2 is most relevant compared to radical species, which plays 

a secondary role in the case of mammalian viruses [88].  

A sufficient oxygen concentration should necessarily be present at the reaction site for 

effective 1O2 generation [140]. This is important for both Type I vs. Type II photoreactions 

[88] to enhance PDT efficacy [141]. Nowadays, progress in vivo measurement of 1O2 in living 

cells and tissue has also helped to optimize the illumination conditions for PDT through oxygen 

monitoring within target tissue [142]. The amount of oxygen consumption is directly related to 

the dose and source of light. To exert significant impact, localization of PS at the sensitive 

target site is also important as the decay of 1O2 is very short in a biological environment and 

ends hardly on µs time scale [143]. The localization of the PS decides its specific decay time. 

e.g., it is found to be 0.4 ± 0.2 μs in the vicinity of membranes in living cells [144] or 1.2 ± 0.3 

μs in blood vessels [140], but much longer times have also been found [145].  

8. Conclusions 

The therapeutic significance of PDT/PDA process is known for more than 100 years. It 

has been used for the treatment of cancer cells, inactivation of pathogens, including viruses. 

Despite this, PDT/PDA process is gaining popularity just recently. Amidst the search for 

alternative therapeutic approaches for the effective management of COVID-19, an attempt has 

been made to introduce the possibility of exploring PDT/PDA as an alternative or 

complementary treatment for COVID-19. Linking to current COVID-19 state of the art 

knowledge, a clear outline of the PDT/PDA process and the underlying mechanism has been 

described here.  The PS and light play an important role in this process. With the advances in 

technology, various nanoparticles can also be used for increasing the therapeutic efficacy of 

the PDT/PDA treatment. This review offers an updated discourse on various PSs and 

nanoparticles used in PDT/PDA process along with mechanisms underlying PDT/PDA 

mediated inactivation of tumor cells/pathogens/viruses. An Intervention of a variety of PSs 

possessing different structures and functional properties has made PDT/PDA process broadly 

applicable, but at the same time, the technique is also compounded by challenges.  The 

computational modeling, and various tools used in computational chemistry, such as protein 

modeling, virtual screening, molecular docking, etc., can be employed to implement this 

technique. This will also help to design the PSs in PDT/PDA by predicting the photochemical 

reactivity of PSs and anticipating the mechanism of the chemopreventive effect on 

phototoxicity. The literature on modeling and inactivating various viruses using PSs described 

here may reduce the cost and time involved in selecting or developing ideal PSs. Finally, we 

have discussed the advantages and limitations of the proposed therapy. Although there are 

significant challenges in the implementation of PDT/PDA, it has the potential to be employed 

in the management of COVID-19. 
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