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Abstract 12 

The ongoing Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) pandemic has 13 

highlighted the threat that viral outbreaks pose to global health. A key tool in the arsenal to prevent 14 

and control viral disease outbreaks is disinfection of equipment and surfaces with formulations that 15 

contain virucidal agents (VA). However, assessment of the efficacy of virus inactivation often requires 16 

live virus assays or surrogate viruses such as Modified Vaccinia Virus Ankara (MVA), which can be 17 

expensive, time consuming and technically challenging. Therefore, we have developed a pseudo-typed 18 

virus (PV) based approach to assess the inactivation of enveloped viruses with a fast and quantitative 19 

output that can be adapted to emerging viruses. Additionally, we have developed a method to 20 

completely remove the cytotoxicity of virucidal agents while retaining the required sensitivity to 21 

measure PV infectivity. Our results indicated that the removal of cytotoxicity was an essential step to 22 

accurately measure virus inactivation. Further, we demonstrated that there was no difference in 23 

susceptibility to virus inactivation between PVs that express the envelopes of HIV-1, SARS-CoV-2, and 24 

Influenza A/Indonesia. Therefore, we have developed an effective and safe alternative to live virus 25 

assays that enables the rapid assessment of virucidal activity for the development and optimization of 26 

virucidal reagents.  27 

Introduction 28 

The increasing trend towards globalization, coupled with the effects of accelerating climate change, 29 

has resulted in an alarming increase in the rate of emergence of novel infectious diseases (1–3). In 30 

particular, zoonotic viral pathogens have dominated recent human infectious disease outbreaks, 31 

including the 2002-2004 outbreak of Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) (4, 32 

5), the 2016 and 2018 Ebola virus (EBOV) epidemics (6), the 2015 outbreak of Zika virus (ZIKV) in Brazil 33 

(7), the current SARS-CoV-2 pandemic (8, 9), and the more recent outbreak of monkeypox (10). Viruses 34 

can persist for extended periods on contaminated surfaces, with estimates for SARS-CoV-2 ranging 35 

from 72 hours at room temperature, 7 days on surgical masks, and up to a month on refrigerated and 36 

frozen products (11–14). Additionally, SARS-CoV-2 RNA is readily detected in faeces and wastewater 37 

(15–17), although the persistence of live virus in this medium remains to be determined (18). 38 

Accordingly, infection prevention and reduction of germ transmission are key epidemiological factors 39 

in controlling community outbreaks. Everyday hygiene products such as hand and body cleansers 40 

(soaps and sanitizers) as well as surface cleaners (sprays and wipes) provide easily accessible and 41 

affordable interventions that can considerably reduce the abundance of germs in and around us (19–42 



22). Towards this end, there is a growing need to develop robust, high-throughput assays and 43 

methodologies to determine the germicidal efficacy of prototype formulations, thereby facilitating 44 

speed of innovation in consumer hygiene products. 45 

Currently, European guidelines to measure the efficacy of virucidal agents recommend a stepwise 46 

approach, in which the initial phases of testing are designed to quantify virucidal activity against 47 

viruses in suspension, followed by assays to measure virucidal activity when viruses are dried onto 48 

various surfaces (23). These assays often rely on live viruses (24–28), however, this is expensive and 49 

time consuming and, for highly pathogenic organisms, requires access to high containment level 50 

facilities. To overcome this, Modified Vaccinia Virus Ankara (MVA) is commonly used as a surrogate of 51 

virus inactivation, as this is more resistant to virucidal agents than other enveloped viruses such as 52 

EBOV, ZIKV, SARS-CoV and Middle East Respiratory Syndrome Coronavirus (MERS-CoV) (29–31). 53 

However, MVA infection is measured either by microscopic examination of cytopathic effects (CPE) 8 54 

days following inoculation (29, 30), immunostaining for viral antigens (32), or through the use of 55 

recombinant MVA-expressing markers such as GFP (33).  As such, the quantitative output of these 56 

assays can be cumbersome, expensive and time consuming.  57 

Another potential alternative to live viruses for assays that measure virucidal activity are Pseudo-58 

typed Virus Particles (PV). PVs are viruses that contain the core structure and protein load of a 59 

surrogate virus, typically Human Immunodeficiency Virus (HIV), Murine Leukaemia Virus (MLV) or 60 

Vesicular Stomatitis Virus (VSV), while expressing the envelope proteins of a different virus or virus 61 

variant (34, 35). Generally, PVs are produced by co-transfection of separate plasmids that express the 62 

viral backbone components, the envelope protein(s) of interest and, in some cases, a reporter gene 63 

construct. Therefore, PVs can infect tropism-matched target cells but lack the genetic information 64 

required for de novo replication, making them a safer alternative to replication competent virus. 65 

Further, the incorporation of a reporter gene construct into the PV, such as luciferase or fluorescent 66 

protein, enables straightforward and fast quantitation of PV infection. As such, PVs have been 67 

extensively used in the study of serological responses to emerging viruses (35–41) as well as for the 68 

investigation of host cell interactions with viral envelope proteins (42). Similarly, due to their safety 69 

and relative ease of use, PVs can be employed for high-throughput, quantitative analysis of virus 70 

inactivation (43–46), enabling measurement of inhibitory concentrations and therefore providing a 71 

means to optimise the formulation of virucidal reagents. In many cases, however, products that 72 

provide virus inactivation are cytotoxic and require high starting dilutions to prevent cytotoxic effects 73 

that would affect quantitation. 74 

In this study, we have developed an assay to measure the virucidal activity of four different 75 

commercially available everyday hygiene products against various enveloped PVs in suspension. We 76 

have also developed a method to remove the cytotoxicity of virucidal agents without over-diluting the 77 

PV at the expense of sensitivity, therefore enabling the quantitation of virus inactivation at high 78 

concentrations of virucidal compounds. As such, this is a relatively low-cost tool to determine the 79 

inhibitory concentrations of different virucidal products, allowing for the optimization of commercially 80 

available everyday hygiene product formulations. 81 

Methods 82 

Cell Culture 83 

All cell lines were maintained in Dulbecco’s Modified Eagles Medium (DMEM) supplemented with 10% 84 

heat-inactivated foetal bovine serum (FBS), 2 mM/ml L-glutamine and 100 U/ml penicillin with 100 85 

mg/ml streptomycin (Pen/Strep), herein termed complete DMEM, in tissue culture conditions (37 °C 86 



and 5% CO2). HEK293T LentiX (obtained from Takara Bio) cells were used to produce PVs via 87 

transfection of the relevant expression plasmids and also to measure transduction with Influenza virus 88 

enveloped PV. HEK293T cells stably expressing human ACE2 and TMPRSS2, termed HEK293T ACE2 89 

TMPRSS2 (obtained from the National Institute of Biological Standards and Control, NIBSC), were used 90 

to measure transduction of SARS-CoV-2 enveloped PV. Finally, TZMbl cells (obtained from NIBSC 91 

Centre for AIDS Reagents, CFAR), a commonly used cell line that expresses the HIV-1 receptors CD4 92 

and CCR5 and contains a luciferase reporter under the control of HIV-1 Tat, were used to measure 93 

HIV-1 enveloped PV. 94 

Plasmids 95 

All plasmids were produced through heat-shock transformation of Top10 competent E. coli cells, 96 

eluted in molecular grade water and quantified using nanodrop spectrophotometry. For SARS-CoV-2 97 

enveloped PV, the SARS-CoV-2 Spike (S) glycoprotein isolated from Wuhan early in the pandemic 98 

(Accession MN908947) was cloned into the pCDNA3.1 expression plasmid (produced by GeneArt Gene 99 

Synthesis). A plasmid expressing the envelope glycoprotein from vesicular stomatitis virus (VSVg), 100 

which exhibits a wide cell tropism range, was used as a positive control. A backbone plasmid 101 

expressing HIV-1 gag-pol, termed p8.91 (47), and a reporter construct that expresses luciferase, 102 

termed pCSFLW (48), were used to form the core of SARS-CoV-2 (S) and VSVg enveloped PVs. For the 103 

production of HIV-1 enveloped PVs, a plasmid expressing the HIV-1 backbone deficient in Env 104 

(pSG3ΔEnv) and a plasmid expressing the HIV-1 LAI envelope were acquired from the HIV-1 Reagent 105 

Program. A plasmid expressing the Influenza A hemagglutinin (HA) envelope based on the 106 

A/Indonesia/5/2005 (H5) was a kind gift from Prof. Nigel Temperton and the plasmid used to express 107 

neuraminidase (NA) from Influenza A/Aichi/2/1968 (N2) was purchased from Stratech (VG40199-G-N-108 

SIB).  109 

Pseudo-typed Virus Production 110 

Single cycle infectious SARS-CoV-2 (S) and VSVg PV were produced by transfection of HEK293T LentiX 111 

cells according to a previously described protocol (49, 50). Briefly, 5.0x105 HEK293T LentiX cells were 112 

seeded onto a tissue culture treated 6-well plate in 2 ml complete DMEM and incubated for 24 h. For 113 

transfection, 750 ng of pCSFLW, 500 ng of p8.91 and 450 ng of the SARS-CoV-2 (S) envelope plasmid 114 

were added to 100 µl of OptiMEM. For negative control PV, transfections were produced as described 115 

above but without envelope expression plasmids (ΔEnv). In a separate tube, 17.5 µl of 1 mg/ml 116 

polyethyleneimine (PEI) transfection reagent was added to 100 µl of OptiMEM and mixed well by 117 

vortexing. The OptiMEM/PEI solution was then added to the solution containing OptiMEM and 118 

plasmids and incubated for 20 min at room temperature, after which the solution was added dropwise 119 

per well of the 6-well plate containing HEK293T LentiX cells. Transfected cells were incubated 120 

overnight (maximum 16 h) under cell culture conditions. Following this incubation, the culture 121 

medium containing the transfection solution was replaced with complete DMEM and the cells were 122 

incubated for a further 48 h to allow PV production and egress. Finally, PV was harvested by filtration 123 

through a 0.45 µM syringe filter to remove cells or cell debris, after which the filtered PV was aliquoted 124 

and stored at -80 °C until use. Production of Influenza enveloped PV was performed as described 125 

above, with some alterations in the plasmids and quantities. In this case, 750 ng of pCSFLW, 500 ng of 126 

p8.91, 500 ng of Influenza A/Indonesia HA expression plasmid and 450 ng of Influenza NA were used.  127 

Finally, for the production of HIV-1 PV, transfection was performed in 10 cm2 dishes using 3x106 LentiX 128 

cells. Production was then similar to the above described but scaled up to a larger plate. Specifically, 129 



70 µl of 1 mg/ml PEI was added to 400 µl of OptiMEM mixed. Next, 2000 ng of pSG3ΔEnv backbone 130 

plasmid and 1800 ng of HIV-1 LAI envelope plasmid were added to 400 µl OptiMEM and this was mixed 131 

with the diluted PEI.   132 

ELISA Quantification of PV 133 

Single cycle infectious PV was quantified using an ELISA targeting the HIV-1 capsid protein, p24, which 134 

is expressed in the backbone plasmids p8.91 and pSG3ΔEnv, and is therefore present in all PV including 135 

envelope negative controls (ΔEnv). Viral p24 was quantified using Aalto Bioreagents LTD p24 kit 136 

according to manufactures instructions.  137 

PV Transduction 138 

The infectivity of newly produced PV was measured by infection of tropism matched target cells; 293T 139 

was used for Influenza enveloped PV, 293T ACE2 TMPRSS2 was used for SARS-CoV-2 (S) and VSVg 140 

enveloped PV and TZMbl was used for HIV-1 enveloped PV. The day prior to infection, 1.5x104 cells 141 

were seeded onto a tissue culture treated, opaque white 96-well microplate in 200 µl complete 142 

DMEM. The following day, all of the media was removed from wells that were to be infected and 100 143 

µl of PV was added in triplicate. The plate was incubated for 6 h after which an additional 100 µl of 144 

complete DMEM was added to infected wells and the plate was incubated for 48 h under cell culture 145 

conditions. For negative controls, a condition where only complete DMEM was added (cell only 146 

control) as well as a condition where an envelope negative PV (ΔEnv) was added. After 48 h, luciferase 147 

activity was measured in a BMG Fluostar Fluorometer using the Promega Luciferase Assay System 148 

according to manufacturer’s instructions, with luminescence expressed as Relative Light Units (RLU).  149 

Virucidal Agents 150 

Four different virucidal agents were used in this study including UNI01, consisting of [C12-C16 Alkyl 151 

dimethyl benzyl ammonium chloride (BAC) 0.75%. We also used UNI02, consisting of [C12-C16 Alkyl 152 

dimethyl benzyl ammonium chloride (BAC) 1.5%]. Additionally, we used commercially available 153 

formulations including UNI03, a hand sanitizer containing 70% alcohol as the active ingredient and 154 

UNI04, a liquid handwash consisting of a mixed surfactant system of anionic sodium laureth sulfate 155 

and non-ionic cocamide monoethanolamine as virucidal actives. 156 

LDH Assay 157 

Cell cytotoxicity was measured by quantification of Lactate Dehydrogenase (LDH) production using 158 

the CyQUANT LDH Cytotoxicity Assay according to manufacturer’s instructions, testing serial dilutions 159 

of the substance that were made in PBS were made in PBS. Absorbance was measured at 490 nm and 160 

680 nm, after which the absorbance at 680 nm was subtracted from the 480 nm absorbance for all 161 

measurements. The percentage cytotoxicity was determined using the following formula: 162 
𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 𝐿𝐷𝐻−𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝐿𝐷𝐻

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝐿𝐷𝐻−𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝐿𝐷𝐻
× 100.  163 

Pseudo-typed Virus Particle Based Virucidal Activity Assay    164 

To measure the virucidal activity of different compounds, serial 1/1 dilutions of the compounds were 165 

made in sterile PBS. Pseudo-typed virus to be tested was diluted in complete DMEM to achieve 166 

infectious doses that produce between 3.0x104 and 2.0x105
 RLUs following infection. For conditions in 167 

which the cytotoxic compounds were removed by passing through a column: 114 µl PV was aliquoted 168 



into tubes and 16 µl of the compound dilutions or PBS (PV control) were added to the aliquots to 169 

achieve a product dilution of 1/8. The tubes were mixed by flicking, briefly centrifuged and incubated 170 

at rt for 30 min. During this time, Cytiva Microspin S-400 HR columns were prepared by centrifuging 171 

at 735 xg for 1 min and flow through containing the resin storage buffer was discarded. After 172 

incubation, 100 µl of the PV deactivation solution was added to the column and centrifuged at 735 xg 173 

for 2 min. The flow through containing PV was diluted 1/5 in complete DMEM and 200 µl of this was 174 

used to transduce target cells in duplicate. A condition in which cells were treated with complete 175 

DMEM was used as a negative control. For the condition where the mix was passed through the 176 

column twice to remove cytotoxicity, 100 µl of the flow through from the first column was added to 177 

the next column directly. After this, the PV was diluted and used to transduce cells as described above. 178 

For conditions in which cytotoxic compounds were not removed, the PV was first passed through a 179 

column to ensure that the results could be comparable between conditions. In this case, Cytiva 180 

Microspin S-400 HR were prepared as described above. Next, 100 µl of diluted PV was passed through 181 

the columns as previously described and the flow through was diluted in 350 µl complete DMEM. 182 

Following this, 50 µl of compound dilutions was added to the diluted PV flow through to achieve a 183 

final dilution of 1/10. As before, 200 µl was added to the cells in duplicate and incubated for 48 h, 184 

after which luciferase activity (RLU) was measured to determine the infectivity. In some cases, extra 185 

PV flow through was saved to measure PV concentration by ELISA. Virucidal activity was determined 186 

by calculating % inhibition based on the infectivity of the treated sample compared to the infectivity 187 

measured from the sample treated with the maximum virucidal agents (VA) dilution using the 188 

following formula:  
𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑃𝑉 𝑅𝐿𝑈 −𝑐𝑒𝑙𝑙𝑠 𝑜𝑛𝑙𝑦 𝑅𝐿𝑈

𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑅𝐿𝑈−𝑐𝑒𝑙𝑙𝑠 𝑜𝑛𝑙𝑦 𝑅𝐿𝑈
× 100. Virucidal activity was expressed 189 

as % infectivity which was calculated by subtracting the measured % inhibition from 100.  190 

Statistical Analyses 191 

Statistical analyses were performed in GraphPad Prism 8.0 software. P values <0.05 are denoted with 192 

* and P values <0.005 are denoted with **.  In all cases, the statistical methods used are supplied in 193 

each figure legend. For the determination of cytotoxicity or virucidal activity inhibitory concentrations 194 

(IC50 or IC90), GraphPad Prism 8.0 software was used to plot % cell survival or infectivity against the 195 

concentration of VA and analysed using the simple linear regression (four parameter) function. 196 

Results    Supplementary Figure  197 

Production of a Panel of Enveloped PV 198 

Initially, we aimed to produce large stocks of different enveloped PVs that could be used for the 199 

duration of the study. Pseudo-typed virus particle stocks were produced in 293T LentiX cells and 200 

infectivity was measured by transduction of the corresponding cell type and subsequent 201 

measurement of luciferase activity in those cells compared to a PV produced at the same time that 202 

lacked envelope glycoprotein (ΔEnv). Additionally, luciferase activity was measured in cells that were 203 

not infected to determine the background of the assay. Further, a highly infectious envelope with a 204 

broad host cell tropism (VSVg) was used as a positive control for PV production. In all cases, in order 205 

to allow accurate determination of PV infectivity and to prevent saturation of RLU measurements, 206 

both undiluted PV and PV that was diluted 1/20 were used to infect cells. For the production of SARS-207 

CoV-2 (S) enveloped PV, there was a significant difference in the luciferase activity between the 208 

undiluted SARS-CoV-2 (S) (P=0.0016, Supplementary Figure 1A), HIV-1 X4 (P=0.0097, Supplementary 209 

Figure 1B), Influenza A/Indonesia (P=0.0093, Supplementary Figure 1C) and ΔEnv PV, indicating 210 

production of a PV that specifically infected tropism matched target cells. For VSVg, there was 211 



significant difference between both the undiluted (P=0.0287) and diluted PV (P=0.0287) and the 212 

envelope negative control, indicating production of highly infectious PV (Supplementary Figure 1D).  213 

Determination of Cytotoxicity of Virucidal Reagents 214 

We next aimed to determine the cytotoxicity of each VA, including UNI01, UNI02, UNI03 and UNI04 in 215 

all three cell types that were used in this study. To this end, we serially diluted each product in PBS 216 

and added the product dilutions directly to the cells which were then incubated for 24 h. After this 217 

incubation, the LDH activity in each condition was measured and compared to a control in which lysis 218 

buffer was added to determine maximum LDH activity. For UNI01, the mean Log2 IC50 was 9.87 for 219 

ACE2 TMPRSS2 cells, 10.05 for 293T cells and 9.92 for TZMbl, indicating 50% cytotoxicity at a dilution 220 

of 1/938-1/1065 with no significant difference in the IC50 of any cell type (Figure 1A). For UNI02, the 221 

Log2 IC50 was 17.11 for ACE2 TMPRSS2 cells, 15.36 for 293T cells and 15.39 for TZMbl, indicating 50% 222 

cytotoxicity at a dilution of 1/42265-1/141944 with no significant difference in the IC50 of any cell type 223 

(Figure 1B). For UNI03, there was no observable cell death or LDH activity at any of the dilutions tested 224 

(Figure 1C). For UNI04, the Log2 IC50 was 8.03 for ACE2 TMPRSS2 cells, 7.96 for 293T cells and 8.23 for 225 

TZMbl, indicating 50% cytotoxicity at a dilution of 1/249-1/301 with no significant difference in the 226 

IC50 of any cell type (Figure 1D). 227 

Method for Removal of Cytotoxicity  228 

The high cytotoxicity of UNI01, UNI02 and UNI04 was predicted to impede meaningful measurement 229 

of their virucidal activity and so we aimed to remove the cytotoxicity of the VAs prior to infection of 230 

target cells. To this end, we opted to use an approach in which 100 µl of VA was added to a Cytiva 231 

Microspin S-400 HR column, after which the 100 µl flow-through was diluted in 400 µl DMEM (1/5 232 

final dilution) and subsequently added to the cells. Using this approach, we demonstrated complete 233 

removal of cytotoxicity for UNI01, resulting in 100% cell survival at the highest dilution tested (Figure 234 

2A). For UNI02, the majority of cytotoxicity was removed using this method, with 100% cell survival at 235 

~1/40 dilution (Figure 2B). Cytotoxicity was already negligible for UNI03 and so there was no change 236 

in the cell survival curve (Figure 2C). Finally, we demonstrated nearly complete removal of cytotoxicity 237 

with UNI04, resulting in 100% cell survival at ~1/130 dilution (Figure 2D). 238 

Additionally, unlike replicative virus, PV is unable to undergo multiple rounds of infection or 239 

exponential replication that would be expected in live virus assays. As such, an important 240 

consideration for a PV based virucidal assay is the ability to retain viral titres that are high enough so 241 

that infection remains detectable. Therefore, we next aimed to determine the recovery of infectious 242 

PV following treatment with the microspin column, as measured by p24 ELISA and luciferase activity, 243 

respectively (Supplementary Figure 2). Through measurement of the total PV flow through via p24 244 

ELISA, we demonstrated recovery of ~50% of input virus, with no significant difference between either 245 

untreated PV or PV that was recovered from the column (Supplementary Figure 2A). Further, through 246 

measurement of luciferase activity of the PV flow through, we showed no significant difference in the 247 

infectiousness of the PV following Cytiva Microspin S-400 HR columns treatment when compared to 248 

untreated PV (Supplementary Figure 2B). Based on these results, we proposed that this method was 249 

sensitive enough to measure the virucidal activity of different household products. 250 

Pseudo-typed Virus Particle Based Virucidal Activity Assay    251 

Following this, we aimed to determine the virucidal activity of two products, UNI01 and UNI02, on PVs 252 

that expressed three different envelopes including; SARS-CoV-2 (S), HIV-1 (X4) and Influenza 253 

A/Indonesia (H5). To this end, we serially diluted the VA in PBS up to 1/131072 and incubated this with 254 

the PV for up to 30 min, after which the VA and PV mix was treated using a Cytiva Microspin S-400 HR 255 



as described in the previous section. Virucidal activity was determined by calculating the reduction in 256 

infectivity when compared with the infectivity of the maximum dilution. For UNI01, we observed a 257 

Log2 IC50 of 7.16 for CoV2-S, 9.49 for Influenza A/Indonesia (H5) and 8.23 for HIV-1 (X4), indicating 258 

50% reduction in infectivity at 1/144-1/703 dilution, with no significant difference observed between 259 

different enveloped PVs (Figure 3A). For UN02, we observed a Log2 IC50 of 12.33 for CoV2-S, 14.87 for 260 

Influenza A/Indonesia (H5) and 13.46 for HIV-1 (X4), indicating 50% reduction in infectivity at between 261 

1/5164-1/29865 dilution and with no significant differences observed between different enveloped 262 

PVs (Figure 3B).  263 

We next wanted to determine the effect of high cytotoxicity and removal of cytotoxicity on the 264 

outcome of the virucidal activity assay. To achieve this, we compared the reduction in infectivity when 265 

the PV/VA mix was prepared prior to treatment with the Cytiva Microspin S-400 HR column to a 266 

condition without column treatment. We initially compared virucidal activity measurements in treated 267 

and untreated preparations of UNI01 and SARS-CoV-2 (S) enveloped PV. We showed that the virucidal 268 

activity curve was shifted to a higher dilution and that there was substantial overlap with cell survival 269 

when the cytotoxicity was not removed from the preparation (Figure 4A)., as compared to the 270 

condition in which cytotoxicity was removed (Figure 4B). The overlap between cell survival and 271 

virucidal activity indicates that cytotoxicity has a considerable impact on the measurement of virucidal 272 

activity. There was a substantial, though not significant, difference between treated and untreated 273 

conditions when measuring the 50% cytotoxicity ((Figure 4C) and 50% virucidal activity ((Figure 4D). 274 

Specifically, without removing cytotoxicity, the Log2 IC50 for UNI01 for deactivation of SARS-CoV-2 (S) 275 

enveloped PV was 13.1 (corresponding to a 1/8777 dilution) compared to 7.16 (corresponding to a 276 

1/144 dilution) when cytotoxicity is removed ((Figure 4D). 277 

Similarly, we performed this comparison for the virucidal activity of UNI02 against SARS-CoV-2 (S) 278 

enveloped PV. Again, we showed that the virucidal activity curve was shifted to a far higher dilution 279 

and that there was substantial overlap with cell survival when the cytotoxicity was not removed from 280 

the preparation (Figure 5A), as compared to the condition in which cytotoxicity was removed (Figure 281 

5B). As with the previous result, the overlap between cell survival and virucidal activity indicates that 282 

cytotoxicity has a substantial impact on the measurement of virucidal activity. There was a substantial, 283 

though not significant, difference between treated and untreated conditions when measuring the 50% 284 

cytotoxicity (Figure 5C) and 50% virucidal activity (Figure 5D). Specifically, we showed that without 285 

removing cytotoxicity, the Log2 IC90 for UNI02 was 17.23 (corresponding to 1/115386 dilution) 286 

compared to 11.94 (corresponding to 1/3948 dilution) when cytotoxicity is removed (Figure 5D). 287 

Deactivation of Highly Cytotoxic Reagents  288 

Due to the examples of incomplete removal of cytotoxicity for UNI02 (Figure 2B) and UNI04 (Figure 289 

2D), we aimed to develop a method that could be used to remove 100% of cytotoxicity in these 290 

products whilst still retaining the sensitivity required to measure virucidal activity. To this end, we 291 

measured the removal of cytotoxicity of UNI02 when the PV/VA mix was passed through a Cytiva 292 

Microspin S-400 HR column and then the 100 µl flow through was re-applied to another column, after 293 

which the flow-through was diluted 1/5 in complete DMEM. Through this method, we demonstrated 294 

complete removal of cytotoxicity of UNI02, with 100% cell survival (0% cytotoxicity) at the highest VA 295 

concentration (Figure 6Figure 6A and 6B). Next, to determine if the PV could be recovered and 296 

remained infectious following this process, we once again measured the PV concentration and 297 

infectiousness after being passed through the columns twice. Further, in order to determine the 298 

viability of this method for lower titre PV stocks or when using envelopes with inherently lower 299 

infectivity, this analysis was performed with two different PV input dilutions: undiluted PV and PV that 300 



was diluted 1/5. For undiluted PV input, PV was still detectable via p24 capsid ELISA, with 84 ng/ml 301 

p24 in the input PV resulting in recovery of 42 ng/ml p24 when passed through the column once and 302 

29 ng/ml when passed through the column twice (Supplementary Figure 3A). Similarly, the infectivity 303 

of the PV flow-through was still detectable when passed through the column twice, going from 5.8x105 304 

RLU in input PV, to 2.4x105 and 1.1x105 when the PV was passed through the column once and twice, 305 

respectively (Supplementary Figure 3B). These results demonstrate that high titre (undiluted) PV can 306 

be used to measure virucidal activity using this method. For diluted PV, representing low titre or low 307 

infectivity PV, we showed that PV was still detectable following treatment through the column twice, 308 

reducing from 46 ng/ml for input PV to 9.5 ng/ml and 5.9 ng/ml when the PV was passed through the 309 

column once and twice, respectively (Supplementary Figure 3C). Similarly, PV infectivity was low, but 310 

still detectable, after being passed through a column twice, going from 3.0x105 RLU for input PV to 311 

5.4x105 and 2.3x105 RLU when passed through the column once and twice, respectively 312 

(Supplementary Figure 3D). 313 

Finally, we aimed to test the enhanced cytotoxicity removal method for its ability to determine the 314 

virucidal activity of UNI02 against SARS-CoV-2 (S) enveloped PV. We showed similar virucidal activity 315 

curves for both the 1x column treated and 2x column treated conditions (Figure 6C). Indeed, the Log2 316 

IC90 of UNI02 was close to identical when treated with the column 1x (11.94.33, corresponding to a 317 

dilution of 1/3948) and 2x (11.22, corresponding to a dilution of 1/2385) (Figure 6B). Together, these 318 

results indicate that, in the case of highly cytotoxic products, passing through a column twice should 319 

remove 100% cytotoxicity. In most cases, this method retains enough sensitivity to measure virucidal 320 

activity, however, for lower input values this method may not be appropriate and further investigation 321 

is required to determine the lower limit of detection. 322 

Discussion 323 

The outbreak of SARS-CoV-2 in late 2019 and its rapid global expansion has highlighted significant 324 

deficiencies in the global response to viral disease outbreaks. This, coupled with the recent increase 325 

in the outbreak of viral zoonoses (1–3), indicates that viral pandemics are a major threat to global 326 

health. Inactivation of viruses using virucidal reagents is the first line of defence deployed to prevent 327 

the spread of viral diseases, particularly during the early stages of outbreaks and in the absence of 328 

pharmaceutical interventions. In this study, we have used pseudo-typed virus particles to develop a 329 

fast and straightforward method to evaluate the efficacy of different virucidal reagents and precisely 330 

quantify their minimum inhibitory concentrations.  331 

Different viruses exhibit variation in their resistance to inactivation using chemical germicides, with 332 

non-enveloped viruses generally being the most resistant to inactivation due to the requirement of 333 

the virucidal agent to denature the protein capsid (51). Conversely, enveloped viruses are more 334 

susceptible to inactivation and only require disruption of the lipid envelope to prevent virus infectivity 335 

(23, 51, 52). In the case of enveloped viruses, current European guidelines (EN 14476) to assess the 336 

efficacy of virucidal reagents against viruses in suspension endorse the use of MVA as a safe surrogate 337 

for the virus of interest (52, 53), on the basis that MVA is one of the most inactivation resistant 338 

enveloped viruses (54, 55). Otherwise, the virus of interest itself can be used in live virus assays to 339 

measure the precise susceptibility of that virus to chemical inactivation, as has been used previously 340 

for SARS-CoV-2 (24–26, 28). In this present study, we have used PV as a surrogate for live viruses based 341 

on the rationale that PVs exhibit the basic structure of enveloped viruses and enable the expression 342 

of a range of viral envelope proteins. Therefore, it is likely that the inactivation susceptibility of PVs is 343 

comparable to that of other enveloped viruses. Indeed, a previous study has demonstrated 344 

comparable levels of susceptibility to ozone mediated inactivation between coronavirus enveloped 345 



PV and live Human Coronavirus-229E (HuCoV-229E) (56). Nevertheless, the PV that was used in this 346 

proposed assay comprises the core of HIV-1 which is among the least inactivation resistant enveloped 347 

viruses (23). As such, the use of PV as a surrogate for live virus may not support the claim that the 348 

virucidal agent deactivates all enveloped viruses. 349 

Despite this, the major benefit of this PV based assay is the relative low cost, the short turnaround 350 

time and simple quantitative output. As previously discussed, live-virus assays are commonly used to 351 

determine virus inactivation, though this presents technical limitations due to the requirement for 352 

established virus culture methods and high containment facilities. While the use of MVA to assess 353 

virucidal activity overcomes the issues associated with using the specific virus of interest, these assays 354 

require long culture times (54, 55) and are therefore less suited to studies that aim to optimise 355 

disinfectant formulations by determining the inhibitory concentrations of individual virucidal 356 

components. Here, we have developed a method that can determine the inhibitory concentrations 357 

(IC90) of different virucidal reagents in 48 h and using an assay with a simple quantitative output, with 358 

the view that this assay can be used as a preliminary step to optimise disinfectant formulations and 359 

assess synergy between different formula components. 360 

An important consideration for the development of cell-based assays to measure the efficacy of 361 

virucidal agents is the cytotoxicity of the formulation. We showed that UNI01, UNI02 and UNI04 were 362 

highly cytotoxic (Figure 1) and hypothesised that this high level of cytotoxicity is likely to impair the 363 

ability to accurately quantify virus inhibition. Other assays that use live virus to measure virus 364 

inactivation often rely on substantial dilution of the virus and virucidal agent mix or dilution of this mix 365 

in a neutralising broth to effectively eliminate the associated cytotoxicity (23–26, 28–30, 48). 366 

However, this approach is less feasible when using non-replicative PVs, as they do not undergo 367 

multiple rounds of infection and therefore follow linear infection kinetics, limiting the overall 368 

sensitivity of detection. As such, we developed an approach to remove cytotoxicity using a 369 

combination of treatment with Cytiva Microspin S-400 HR columns and a small dilution in complete 370 

DMEM. We showed that this approach removed the majority of cytotoxicity from the four VAs tested 371 

(Figure 2) while retaining enough sensitivity to assay the reduction in infectivity (Supplementary 372 

Figure 1). Additionally, we demonstrated that the removal of cytotoxicity was necessary to accurately 373 

determine the minimum inhibitory concentrations of highly cytotoxic reagents, resulting in 374 

substantial, though non-significant, differences in the measured inhibitory concentrations when 375 

comparing the assay with or without the removal of cytotoxicity (Figure 4 and (Figure 5). It is likely 376 

that the lack of significant differences observed was due to the low number of replicates used to 377 

determine inhibitory concentrations. Nevertheless, the removal of cytotoxicity is an essential step for 378 

studies that aim to optimise the formulation of different disinfectants and individual VAs. We have 379 

also provided a method to enhance the removal of cytotoxicity in cases where the VA was highly 380 

cytotoxic, although we showed that this was not necessary to accurately determine the virucidal 381 

concentrations of this reagent (Figure 6). Despite this, the method was only tested on one product, 382 

and further investigation is required to determine if it is applicable to other highly cytotoxic 383 

compounds. As well as this, the lowest PV input tested in this study was 46 ng/ml p24, and therefore 384 

the lowest limit of detection for this method is unknown and it may not be sensitive to allow detection 385 

of very low titre PV. 386 

We compared the susceptibility to inactivation of PVs produced with envelopes from different viruses 387 

and showed that there was no significant difference between HIV-1 (X4), SARS-CoV-2 (S) and Influenza 388 

A/Indonesia (H5) when they were treated with UNI01 and UNI02 (Figure 3). This is likely because the 389 

majority of virucidal activity is provided by the disruption of the virus lipid envelope, which is the same 390 

among all the PVs in this study, rather than by denaturing or deactivating specific envelope proteins. 391 



Nevertheless, the method for production of PVs is similar or identical when producing PVs with 392 

envelope proteins from different viruses, therefore, this method can be easily adapted to measure 393 

virucidal activity against a range of viruses. 394 

In this study, we have provided a method to measure the virus inhibition range of different virucidal 395 

agents against enveloped viruses in suspension. Further, this method could be readily adapted to 396 

include interfering substances to comply with phase 2, step 1 of the European guidelines to measure 397 

virucidal activity (23, 52). Whilst this method may not provide the ability to indicate inactivation of all 398 

enveloped viruses, the relative speed and simple quantitative output of this method means that it is 399 

a useful tool to optimise the use of VAs in different disinfectant formulations. 400 
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Figures 610 

 611 

Figure 1: Measuring cytotoxicity of four virucidal reagents in three different cell types measured by 612 
LDH assay. In all cases, cytotoxicity was measured in 293T (green), ACE2 TMPRSS2 (blue) and TZMbl 613 
(grey). A) Cytotoxicity curve of UNI01 and corresponding Log2 IC50 measurements for each cell type 614 
(n=2). B) Cytotoxicity curve of UNI02 and corresponding Log2 IC50 measurements for each cell type 615 
(n=2). C) Cytotoxicity curve of UNI03 and corresponding Log2 IC50 measurements for each cell type 616 
(n=2). In this case, the reagent was not cytotoxic and so no corresponding Log2 IC50 could be 617 
determined and is therefore expressed as 0. D) Cytotoxicity curve of UNI04 and corresponding Log2 618 
IC50 measurements for each cell type (n=2). Blue dotted line represents 50% cytotoxicity and black 619 
dotted line represents 70% cytotoxicity. Significant difference between IC50 values determined by 620 
Kruskal-Wallis test with Dunn’s multiple comparisons. 621 



 622 

Figure 2: Cytotoxicity of antiviral reagents following treatment with Cytiva Microspin S-400 HR 623 
column. In all cases, cytotoxicity was measured in 293T (green), ACE2 TMPRSS2 (blue) and TZMbl 624 
(grey). A) Cytotoxicity curve of UNI01 (n=2). B) Cytotoxicity curve of UNI02 (n=2). C) Cytotoxicity curve 625 
of UNI03 (n=2). D) Cytotoxicity curve of UNI04. Blue dotted line represents 50% cytotoxicity and black 626 
dotted line represents 70% cytotoxicity (n=2). 627 



 628 

Figure 3: Measurement of virucidal activity of two different virucidal reagents. For these assays, 629 
Influenza A/Indonesia (H5) enveloped PV was transduced into 293T cells, SARS-CoV-2 enveloped PV 630 
was transduced into 293T ACE2 TMRPSS2 cells and HIV-1 (X4) was transduced into TZMbl cells. A) 631 
Infectivity curve of three different enveloped PV and corresponding IC50 values when measuring the 632 
virucidal activity of UNI01 (n=2). B) Infectivity curve of three different enveloped PV and 633 
corresponding IC50 values when measuring the virucidal activity of UNI02. Blue dotted line represents 634 
50% cytotoxicity and black dotted line represents 70% cytotoxicity (n=2). Significant difference 635 
between IC50 values determined by Kruskal-Wallis test with Dunn’s multiple comparisons. 636 



 637 

Figure 4: Comparison of UNI01 virucidal activity assay with and without deactivation of cytotoxicity 638 
using Cytiva Microspin S-400 HR columns. In all cases, SARS-CoV-2 S enveloped PV was used to 639 
transduce 293T ACE2 TMPRSS2 to determine infectivity, expressed as relative light units (RLU), and 640 
LDH assay was used to determine cytotoxicity of the same cells. A) Infectivity and cytotoxicity curves 641 
for UNI01 virucidal activity assay without removal of cytotoxicity (n=2). B) Infectivity and cytotoxicity 642 
curves for UNI01 virucidal activity assay with removal of cytotoxicity (n=2). C) Comparison of Log2 IC50 643 
values for UNI01 cytotoxicity with and without removal of cytotoxicity (n=2). D) Comparison of Log2 644 
IC50 values for UNI01 virucidal activity with and without removal of cytotoxicity (n=2). For cytotoxicity 645 
graphs, the shaded area represents zone in which reagent demonstrates over 50% cytotoxicity whilst 646 
the blue dotted line represents 50% cytotoxicity and virucidal activity and black dotted line represents 647 
70% cytotoxicity and virucidal activity. Significance determined by Wilcoxon test. 648 



 649 

Figure 5: Comparison of UNI02 virucidal activity assay with and without deactivation of cytotoxicity 650 
using Cytiva Microspin S-400 HR columns. In all cases, SARS-CoV-2 S enveloped PV was used to 651 
transduce 293T ACE2 TMPRSS2 to determine infectivity, expressed as relative light units (RLU), and 652 
LDH assay was used to determine cytotoxicity of the same cells. A) Infectivity and cytotoxicity curves 653 
for UNI02 virucidal activity assay without removal of cytotoxicity (n=2). B) Infectivity and cytotoxicity 654 
curves for UNI02 virucidal activity assay with removal of cytotoxicity (n=2). C) Comparison of Log2 IC50 655 
values for UNI02 cytotoxicity with and without removal of cytotoxicity (n=2). D) Comparison of Log2 656 
IC90 values for UNI02 virucidal activity with and without removal of cytotoxicity (n=2). For cytotoxicity 657 
graphs, the shaded area represents zone in which reagent demonstrates over 50% cytotoxicity whilst 658 
the blue dotted line represents 50% cytotoxicity and virucidal activity, black dotted line represents 659 
70% cytotoxicity and virucidal activity and the red dotted line represents 90% virucidal activity. 660 
Significance determined by Wilcoxon test.   661 



 662 

Figure 6: Enhanced removal of cytotoxicity using 2x Cytiva Microspin S-400 HR column treatment. 663 
A) Cytotoxicity curve comparing UNI02 cytotoxicity when there is either; no treatment (grey), 664 
treatment by passing through column once (blue) or passing through column twice (red) (n=2). B) 665 
Corresponding IC50 measurements of cytotoxicity when with three different treatments (n=2). C) 666 
Virucidal activity curve comparing EB virucidal activity when there is no treatment (grey), treatment 667 
by passing through column once (blue) or passing through column twice (red) (n=2). D) Corresponding 668 
IC50 measurements of virucidal activity when with the three different treatments (n=2). For 669 
cytotoxicity and virucidal activity, the blue dotted line represents 50% inhibitory concentration, the 670 
black dotted line represents 70% inhibitory concentration and the red dotted line represents 90% 671 
inhibitory concentration. Significant difference between IC50 values determined by Kruskal-Wallis test 672 
with Dunn’s multiple comparisons. 673 
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Supplementary Figures 678 

 679 

 680 

Supplementary Figure 1: Production of variant enveloped PV stocks for use in virus deactivation 681 

assays. 682 

  In all cases, PV infection was measured using transduction of virus specific cell types with a cell only 683 

negative control as well as an enveloped negative (ΔEnv) control that was produced using the same 684 

method and during the same transfection of the measured PV. Both PV and ΔEnv were measured neat 685 

(left and darker bar) and 1 in 20 diluted (right and lighter bar with d1/20 label). A) Transduction of 686 

293T ACE2 TMPRSS2 cells with SARS-CoV-2 and non-enveloped PV (n=6). B) Transduction of TZMbl 687 

cells with HIV-1 LAI (X4) and non-enveloped PV (n=3). C) Transduction of 293T cells with Influenza 688 

A/Indonesia and non-enveloped PV (n=3). D) Transduction of 293T ACE2 TMPRSS2 cells with VSVg and 689 

non-enveloped PV. Significance determined by Kruskal-Wallis test with Dunn’s multiple comparisons. 690 
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 696 

 697 

Supplementary Figure 2: PV recovery from Cytiva Microspin S-400 HR column treatment as 698 
measured by quantitation of PV through ELISA and determination of infectiousness. A) 699 
Measurement of HIV-1 capsid p24 from input PV (grey) and from PV that has been passed through a 700 
Cytiva Microspin S-400 HR column (blue) (n=4). B) Measurement of PV infectivity from uninfected 701 
cells, input PV (grey) and PV that has been passed through a Cytiva Microspin S-400 HR column (blue), 702 
with infectivity expressed as relative light units (RLU) (n=3). Significance determined by Wilcoxon test. 703 
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 716 

Supplementary Figure 3: PV recovery from 1x and 2x Cytiva Microspin S-400 HR column treatment 717 
as measured by quantitation of PV through ELISA and determination of infectiousness. A) 718 
Comparison of recovery of undiluted PV without treatment (grey), when passed through a column 719 
once (blue) and twice (red), as measured by capsid p24 ELISA (n=4). B) Recovery of infectivity of 720 
undiluted PV without treatment (grey), when passed through a column once (blue) and twice (red), as 721 
measured by luciferase activity and expressed as RLU (n=3). C) Comparison of recovery of PV diluted 722 
1/5 without treatment (grey), when passed through a column once (blue) and twice (red), as measured 723 
by capsid p24 ELISA (n=4). D) Recovery of infectivity of PV diluted 1/5 without treatment (grey), when 724 
passed through a column once (blue) and twice (red), as measured by luciferase activity and expressed 725 
as relative light units (RLU) (n=3). Significant difference between IC50 values determined by Kruskal-726 
Wallis test with Dunn’s multiple comparisons. 727 


