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* Correspondence: hwkuo@thu.edu.tw; Tel.: 886-4-23590121 (ext. 33635) 

Abstract: Viral pathogens pose a substantial threat to public health and necessitate the development 
of effective remediation and antiviral strategies. This short communication aimed to investigate the 
antiviral efficacy of disinfectants on the surface proteins of human pathogenic viruses. Using in 
silico modeling, ligand binding energies (LBEs) of selected disinfectants were predicted and 
combined with their environmental impacts and costs through eco-pharmaco-economic analysis 
(EPEA). Results revealed the binding affinities of chemical disinfectants to viral proteins varied 
significantly (p<0.005). Rutin demonstrated promising broad-spectrum antiviral efficacy (-7.19 ± 
1.52 kcal/mol) and phytochemicals as the most effective disinfectant category. Notably, rutin also 
showed a better eco-pharmaco-economic profile than other chemicals. These findings highlight 
rutin as a key phytochemical that offers an optimal balance between antiviral effectiveness, 
environmental safety, and affordability for use in remediating viral contaminants. 
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1. Introduction 

The persistent emergence and re-emergence of viral pathogens pose a significant challenge to 
global public health, emphasizing the need for effective and sustainable antiviral strategies [1–3]. The 
development of antiviral resistance, as observed in HIV and seasonal influenza strains, underscores 
the adaptability of viruses and the limitations of the existing therapeutic approaches [4–6]. The recent 
COVID-19 pandemic has highlighted the urgent need for robust, sustainable, and accessible antiviral 
therapies [7,8]. Although chemical disinfectants, antiviral drugs, and phytochemicals have shown 
promise in targeting various stages of viral infections [9,10], the development of resistance and 
environmental challenges poses significant hurdles to their sustainability [4,8]. This short 
communication was aimed to assess the antiviral efficacy and sustainability of chemical disinfectants 
against major human pathogenic viruses using computational evaluations of disinfectant categories 
targeting viral structural proteins. We introduced an eco-pharmaco-economic analysis, a novel 
approach that considers the trifecta of efficacy, environmental safety, and cost to guide the selection 
and/or development of effective and sustainable viral control strategies. This approach addresses the 
immediate need for potent antiviral agents while considering the broader implications for public 
health policy and research, setting the stage for a more resilient global health infrastructure in the 
face of pandemics. 

2. Results and Discussion 

Molecular docking analyses revealed significant variations (p<0.05) in ligand binding energies 
(LBE) between various chemicals (i.e., disinfectants/antiviral drugs) and viral external proteins 
(Figure 1A). The majority (66.67%) of the tested chemicals/drugs displayed fair binding affinities 
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(LBEs above the threshold, i.e., >-7 kcal/mol, Figure 1B), suggesting potential further denaturation or 
disruption of viral external proteins. 

 

Figure 1. Heat map showing the ligand binding energy (LBE) of studied disinfectants with their target 
external protein (A), distribution of disinfectant LBEs compared with the best LBE (-7 kcal/mol) (B), 
and the molecular interactions between rutin and hexon protein of human adenovirus (C). Red stars 
(*) denote the most effective disinfectants predicted in this study. 

Among the tests, rutin (-8.49±0.92 kcal/mol), remdesivir (-7.85±0.73 kcal/mol), hexachlorophene 
(-7.63±0.31 kcal/mol), chlorhexidine gluconate (-7.81±0.68 kcal/mol), amylmetacresol (-7.05±0.07 
kcal/mol), and 2-dodecylbenzenesulfonic acid (-7.50±0.42 kcal/mol) showed promising affinities 
(Figure 1A). Notably, rutin exhibited broad-spectrum activities against all tested proteins, with 
binding affinities ranging from -7.1 to -10 kcal/mol. Further theoretical molecular interactions 
between rutin and the hexon protein of human adenovirus revealed a complex network of hydrogen 
bonds and hydrophobic interactions (Figure 1C), indicating a robust inhibitory mechanism with 
broad applicability. Moreover, the binding affinities of the tested chemicals were somewhat low and 
narrowly distributed for certain disinfectant categories (i.e., chlorine and chlorine compounds), 
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resulting in higher efficacy for some categories (Figure 1 A,B). Consequently, phytochemicals 
exhibited higher efficiency than antiviral drugs, surpassing that of phenolics, alcohol-based 
disinfectants, quaternary ammonium com-pounds, and other inactivating agents (Figure 1A). This 
observation highlights the potential of phytochemicals to disrupt the viral external surface proteins. 
Additionally, some viruses (i.e., human cytomegalovirus, human T-lymphotropic virus, human 
rotavirus, and human parainfluenza virus) show high susceptibility to chemicals within the 
aforementioned categories, suggesting vulnerabilities in their surface proteins. These results indicate 
that traditional disinfectants (i.e., chlorine and chlorine compounds) may be less effective than 
phytochemicals in remediating and treating human pathogenic viruses. 

Furthermore, eco-pharmaco-economic analysis (EPEA) of chemicals with promising LBEs 
(Figure 2) revealed that rutin was the most favorable candidate (93%), demonstrating a balance 
between high antiviral efficacy (-8.49 kcal/mol), moderate environ-mental impact (66%), and 
reasonable cost (US$33.52/kg). This harmonious balance makes rutin a promising candidate for 
widespread antiviral applications. Conversely, despite its known antiviral properties, remdesivir 
faces limitations due to its comparatively moderate efficacy (-7.85 kcal/mol) and higher cost (US$5.2 
M/kg). EPEA ranked the remaining chemicals from most to least favorable based on a composite 
score of their LBEs, environmental impacts, and costs in the following order: chlorhexidine gluconate, 
2-dodecylbenzenesulfonic acid, amylmetacresol, and hexachlorophene (Figure 2). This ranking 
underscores the need for a judicious approach to both the development and deployment of antiviral 
agents, highlighting the importance of integrating LBEs with environmental and economic 
considerations to select suitable chemicals for crafting sustainable antiviral strategies and 
remediating viral contaminants. 

 

Figure 2. Proposed eco-pharmaco-economic analysis (EPEA) of the most effective disinfectants. The 
EPEA presents pricing affordability (i.e., lower cost indicates better affordability), environmental 
impacts (i.e., safe: ≤ 33.33%, mild: 33.34%–66.66%, danger: ≥ 66.67%), and antiviral efficacy (i.e., 
binding affinity > -7 kcal/mol is better) of chemical disinfectants. EPEA ranks chemicals in order of 
their overall performance (O), where a higher percentage indicates a suitable candidate (i.e., antiviral 
effective and sustainable chemical). 
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It has been reported that effective disinfectants are critical in curbing viral transmission to 
susceptible populations [13]. While previous research has extensively characterized the biocidal 
properties of disinfectants, understanding their molecular interactions with viral components 
remains a key area of investigation [13,14]. The ligand binding energy (LBE) between a disinfectant 
and viral protein is a critical determinant of antiviral efficacy, indicating the potential for stable and 
strong complex formation [15]. Recent findings have shed light on the varying antiviral efficacy of 
disinfectants. Although some chemicals demonstrate high effectiveness by strongly denaturing or 
disrupting target surface proteins, others exhibit moderate effectiveness, which may be attributed to 
their lower binding affinities or less precise targeting of the complex and variable structures of viral 
proteins [16,17]. The promising efficacies of some chemicals (i.e., rutin, remdesivir, hexachlorophene, 
chlorhexidine gluconate, amylmetacresol, and 2-dodecylbenzenesulfonic acid) against specific 
surface proteins (i.e., glycoprotein gB, glycoprotein gp21, VP8, and hemagglutinin HA) are promising 
avenues for targeted remediation and therapeutic intervention. These proteins are paramount for 
viral attachment, entry, replication, and assembly, making them prime targets for a wide range of 
chemical disinfectants. Moreover, the exceptional broad-spectrum efficacy of rutin across all tested 
surface proteins may be attributed to its favorable binding energies and specific molecular 
interactions with the amino acid residues of viral proteins. These promising characteristics are 
supported by our recent study [10], which elucidated the molecular basis of rutin antiviral activities, 
demonstrating strong affinities to essential proteins of both MS2 and T4 viruses. Phytochemicals such 
as rutin serve as naturally occurring disinfectants. Their diverse chemical structures may facilitate 
multiple interactions with viral targets, potentially explaining their heightened efficacy compared to 
conventional disinfectants, such as phenolics or alcohol-based agents, which typically exhibit 
broader, less targeted mechanisms of action [18–20]. In contrast to phytochemicals, most conventional 
disinfectants with lower binding affinities rely on nonspecific mechanisms such as protein 
denaturation or membrane disruption, which may not provide the same level of targeted antiviral 
activity [21]. This distinction highlights the importance of strategic disinfectant selection, which 
favors chemicals with higher specificity and binding affinity. Such an approach is not only promising 
for the development of antiviral drugs, but also has potential applications in environmental 
remediation, where the targeted binding of compounds to specific proteins could enhance the 
degradation or removal of pollutants. 

Moreover, the contemporary landscape of antiviral agent development and deployment 
necessitates evaluation encompassing both efficacy and sustainability [22]. Our proposed eco-
pharmaco-economics approach integrates antiviral efficacy with environmental sustainability and 
cost-effectiveness. This provides a holistic framework for assessing the viability of antiviral 
chemicals. This approach has become particularly relevant given the mounting environmental 
concerns and economic constraints confronting healthcare systems globally. Prior studies have 
focused on the pharmacodynamics and pharmacokinetics of antiviral agents, often overlooking the 
extensive ecological and economic implications linked to their widespread application [8,23,24]. 
Through eco-pharmaco-economic analysis, nuanced distinctions among the leading antiviral 
chemicals were revealed. This complexity underscores the challenge of selecting effective and 
sustainable antiviral strategies. Rutin is an exemplary antiviral agent in eco-pharmaco-economics 
because of its exceptional balance between high antiviral efficacy, moderate environmental impact, 
and affordability. The pronounced efficacy of rutin underscores its suitability as a prime candidate 
for sustainable antiviral solutions. This context is significant when considering the environmental 
challenges of agro-industrial biowastes (e.g., air emissions, effluents, and solid waste) [25]. These 
biowastes are rich in phenolic compounds (i.e., phenolic acids and flavonoids), highlighting both a 
sustainability challenge and an opportunity for innovation. By extracting these compounds using 
non-toxic solvents [25], pollution sources are transformed into valuable assets. This process reduces 
environmental harm, improves human health, and increases economic value. In contrast, the low 
EPEA profile of remdesivir emphasizes the necessity for a balanced approach that considers not only 
the biological effectiveness of antiviral agents, but also their ecological and economic implications. 
The EPEA offers a promising framework for evaluating antiviral chemicals, advocating sustainable 
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interventions, and emphasizing an integrated evaluation framework. Embracing these principles 
enhances our capacity to combat viral pathogens, ensure sustainable strategies, and contribute to a 
more resilient global health landscape through informed public health policies and antiviral research 
decisions. 

3. Materials and Methods 

A multi-faceted computational approach integrating in silico modeling with eco-pharmaco-
economic analysis (EPEA) was employed to assess the antiviral efficacy and sustainability of various 
chemical disinfectants. The selection of disinfectants was based on their widespread use, established 
antiviral properties, and relevance to current public health needs, whereas human pathogenic viruses 
were chosen based on their global health impact, encompassing a range of RNA and DNA viruses 
(Table S2). Molecular docking studies were conducted using PyRx (v.0.8), QuickVina2, and BIOVIA 
Discovery Studio (21.1), and the functional roles of the target proteins were explored using the 
QuickGO web-based tool following the modified approach of Kuo et al. [11] (Text S1). Statistical 
analysis of variation among ligand binding energies (LBEs) was performed using GraphPad Prism 
software (v.9.5). EPEA, an innovative framework integrating antiviral efficacy with environmental 
impact and cost-effectiveness, utilizes the Weighted Score Method (WSM) and Multicriteria Decision 
Analysis (MCDA) to evaluate disinfectants across these dimensions (Text S2). Environmental safety 
profiles were assessed using the US EPA Estimation Program Interface Suite (v.4.11) [12], whereas cost 
data for disinfectants were derived from market research and public pricing information (Table S3). 

4. Conclusions 

This study presents an innovative framework that demonstrates the antiviral efficacy and 
sustainability of chemical disinfectants against major pathogenic viruses in humans. Noteworthy 
disclosures have highlighted the promising broad-spectrum efficacy of rutin and the elevated 
potential of phytochemicals for disrupting the surface proteins of pivotal human pathogenic viruses. 
The newly-proposed eco-pharmaco-economic analysis approach seems better evaluate applicability 
of disinfectants by considering multiple key aspects (i.e., efficacy, costs, and safety) for minimizing 
possible biases (e.g., high efficacy but high costs and/or safety concerns). The collective significance 
of these findings lies in their potential for selecting and/or developing sustainable antiviral agents 
with enhanced effectiveness and broad-spectrum capabilities for remediating viral contaminants. By 
integrating theoretical chemical efficacy, environmental considerations, and economic feasibility, this 
communication lays the foundation for more potent antiviral interventions that harmonize efficacy 
with sustainability. These outcomes have profound implications for future research, emphasizing the 
importance of strategic disinfection choices and targeted antiviral advancements. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. 
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