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SUMMARY

Viral translocation is considered a common way for respiratory vi-
ruses to spread and contaminate the surrounding environment.
Thus, the discovery of non-eluting polymers that immobilize severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) upon con-
tact provides an opportunity to develop new coating materials for
better infection control. Here, virion-binding polymers are discov-
ered from an existing monomer library via experimental high-
throughput screening. Among them, poly([2-diethylamino] ethyl
acrylate) (pDEAEA) demonstrates dual functions: binding virions
strongly and its speed to inactivate adsorbed SARS-CoV-2. Compu-
tational models are built based on the experimental screening
data. Polymers that are predicted to be pro-adsorption by the
virtual screening are poly(1-{4-[5-(4-methoxyphenyl)-1H-pyrazol-3-
yl]piperidin-1-yl}prop-2-en-1-one) (pMPPPP), poly(1-(6-isobutyloc-
tahydropyrrolo[3,4-d]azepin-2[1H]-yl)-2-methylprop-2-en-1-one)
(piBOHPAMP), and poly(N-(3-((1-benzylpiperidin-4-yl)oxy)propyl)
acrylamide) (pBPOPAm), and these are found to adsorb virions. How-
ever, due to limitations in the diversity of structures in the training set,
the computational models are unable to predict the adsorption of vi-
rions for all polymer structures. Summarily, these findings indicate the
utility of the methodology to identify coating polymers that effec-
tively immobilize SARS-CoV-2, with potential practical applications
(e.g., water and air filtration).
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent

of coronavirus disease 2019 (COVID-19), has caused a global public health emer-

gency. Like other human respiratory viruses, SARS-CoV-2 is transmitted through

direct inhalation of virus-laden droplets or, more rarely, aerosols or by hand contact

with contaminated surfaces and subsequent transfer to mucus membranes.1 In addi-

tion to being spread through the air,2 the virus may also migrate via other routes. For

example, SARS-CoV-2 virions have been found in wastewater, and their numbers

correlate strongly with epidemic growth rates.3 The best long-term population-

wide approach to combating viral infections is to prevent infection through a

good public health environment. Therefore, it is important to develop effective stra-

tegies to improve water and air quality and, thus, reduce virus exposure routes for

better infection control.
Cell Reports Physical Science 5, 102204, September 18, 2024 ª 2024 The Author(s). Published by Elsevier Inc.
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Applying effective water and air purification processes to remove biological contam-

inants, including viruses, would benefit public health and reduce viral transmission.

Existing technologies applied for this purpose include membrane bioreactor sys-

tems,4 photocatalytic disinfection,5 UV irradiation,6 and membrane-based filtra-

tion.7,8 Among them, membrane-based filtration via virus particle adsorption has at-

tracted particular attention due to its high removal efficiency and low cost. A range

of adsorbent materials have been exploited in filtration membranes against

virus contamination in water, including carbon-cased, silicon-based, oxide-based,

metal-based, and carbohydrate materials, which may be further extended and

developed for air purification.9 While limitations to their wide use have been pro-

posed, simple polymers have shown advances if exploited to this aim, such as envi-

ronmental friendliness, non- or low-contact cytotoxicity, long durability, low cost,

and, in particular, the broad variety of surface chemistries offered by polymers,10

In fact, there is an opportunity to discover polymers that are specifically designed

to immobilize virions by adsorption, and ideally also accelerate virus inactivation,

for potential applications in air and water filtration, personal protective equipment

(PPE), the built environment, and consumer products.

To date, the theoretical basis for describing viral particle interactions at synthetic

surfaces is not sufficiently well developed to allow performance prediction to guide

new polymer development.11 One means of identifying materials that does not

require such a theoretical framework and could help to build one is to use high-

throughput polymer microarray screening. High-throughput materials discovery us-

ing polymer microarrays has mainly been explored in identifying bioinstructive

polymers to control bacterial biofilm formation,12 stem cell pluripotency,13 and

phenotype control.14 Moreover, high-throughput polymer microarray screening

combined with predictive quantitative structure-activity relationships (QSARs) has

been exemplified for the discovery of novel materials,15,16 which may be adopted

to the development of new virion adsorbent polymer materials. In fact, direct discov-

ery of virucidal materials using polymer microarray screening has been excluded due

to difficulties in the recovery of live virus from polymer spots within a microarray and

the subsequent quantification of the infectious virions using the traditional quantita-

tive methods (e.g., 50% tissue culture infective dose (TCID50) endpoint titration and

viral plaque assays).

While host infection starts from virus attachment to cells by recognition and binding

events with surface receptors, viral attachment to manmade surfaces is expected to

be a function of the physicochemical properties of the material. The binding of

viruses on synthetic surfaces has typically been described using non-specific electro-

static17–20 and hydrophobic18–21 interactions. In addition, some studies have

demonstrated that strong irreversible adsorption on hydrophobic and polycationic

surfaces damaged and inactivated viruses.18–20 These findings suggest that surface

bindingmay be the first step of virus inactivation at the material surface. Recent work

in screening polymer libraries using microarrays for rubella and Lassa fever virus-like

particles demonstrated the potential of polymer microarray screening in differenti-

ating materials with binding affinities to the virus.22 Herein, high-throughput

screening of strong virion-binding polymers is expected to narrow the number of

candidate polymers for virucidal evaluation, which is limited to low-throughput

screening, and, at the same time, provide the opportunity to identify the virion

adsorbent polymers with potential practical applications.

The aims of this research are to discover polymers that strongly bind virial particles

and evaluate their virucidal performance as selection criteria to identify new coating
2 Cell Reports Physical Science 5, 102204, September 18, 2024



Figure 1. Schematic representation of the process for the discovery of coating polymers that effectively immobilize SARS-CoV-2

298 commercially available materials are assessed for their ability to bind virions via high-throughput screening using pseudo-virus particles, processed

data are used to identify polymer candidates within the existing library, analyzed data together with material chemical structures are used to generate

computational models that predict new untested materials, candidates from the virtual screening are then validated through pseudo-virus adsorption

experiments identical to the high-throughput experiments, and polymer candidates determined via both experimental and virtual screening are then

scale-up synthesized and coated on glass coverslips for further virucidal evaluation using live SARS-CoV-2 system.
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polymers. The study starts from a pseudo-virus particle adsorption assay in water us-

ing a polymer microarray containing 298 polymer chemistries, the results of which

are then used to screen the virion adsorbent polymers within this existing library

and discover new strong virion-binding structures generated by the computational

model. Polymer candidates determined via both experimental and virtual screening

are then scale-up synthesized and applied to form coating surfaces for virucidal eval-

uation using an in vitro infectious live SARS-CoV-2 system (Figure 1).

RESULTS AND DISCUSSION

Discovering strong virion-binding polymers

High-throughput adsorption assays were performed using polymer microarrays and

Alexa Fluor 647-labeled retroviral SARS-CoV-2 pseudo-virus particles, which can

be handled without heightened biological containment measures due to their

non-infective nature. The polymer microarrays used in this study were fabricated

by contact printing and subsequent in situ photopolymerization of an array of 298

monomer compositions (296 homopolymers and 2 copolymers) onto an epoxy-func-

tionalized, poly(2-hydroxyethyl methacrylate) (pHEMA)-coated glass slide in tripli-

cate, as described previously.12–14 The pHEMA coating reduces binding to the back-

ground array surface. The slide preparation method and the identity of the 298

polymers are detailed in the supplemental information (supplemental experimental

procedures; Figure S1; Data S1). This polymer microarray was designed to cover a

wide range of chemistries provided by commercially available monomers to maxi-

mize the chemical diversity of the array system for unbiased screening and help build

a structure-property model for future structure prediction. The polymer microarray

was incubated in assay solution (pseudo-virus suspension) in the dark to reach an

equilibrium adsorption.22 Fluorescence images of the microarray were acquired
Cell Reports Physical Science 5, 102204, September 18, 2024 3



Figure 2. Experimental results of polymer microarray adsorption assay using Alexa Fluor 647-tagged SARS-CoV-2 pseudo-virus particles

(A) Polymer microarray was designed and printed with triplicate arrays on one glass coverslip and 298 polymer chemistries in each array. The adsorption

assay was carried out with three experimental repeats and two biological repeats (n = 6). The mean fluorescence intensity per pixel for each spot was

rank ordered to identify polymers with strong adsorption against SARS-CoV-2 pseudo-virus particles.

(B) The polymers with the highest fluorescent intensity. Statistical analysis by using Student’s t test has been carried out between the substrate

(pHEMA) and the top 9 polymers (the number of stars in black below the data box indicates the significance of the difference) and between the best ‘‘hit’’

pDEAEA and the other 8 polymers (the number of stars in blue above the data box indicates the significance of the difference) (*p < 0.05, **p < 0.01,

***p < 0.001, and ****p < 0.0001).

(C) Representative microscope images of the top 9 polymers, significantly different from the substrate adsorption, to show the fluorescence difference

before and after the assay due to SARS-CoV-2 pseudo-virus particle adsorption.
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both before and after incubation (further details of pseudo-virus particle preparation

and assay conditions can be found in the experimental procedures section and the

supplemental information).

After incubation, there was visible fluorescence intensity observed on some of the

printed spots, indicating adsorption, as shown in Figure 2A; a representative scan

of one full glass slide included triplicate arrays for experimental repeats, where a

reproducible pattern due to adsorption was observed. Two polymer microarray

glass slides were used in two separate experiments for biological repeats. A
4 Cell Reports Physical Science 5, 102204, September 18, 2024



Table 1. List of polymers showing the highest binding to SARS-CoV-2 pseudo-virus particles

No. Polymer name Abbreviation

1 poly(2-diethylamino) ethyl acrylate) pDEAEA

2 poly(N-[3-(dimethylamino) propyl] acrylamide) pDMPAm

3 poly(N-(3-aminopropyl) methacrylamide
hydrochloride)

pAPMAm.C

4 poly(N-[2-N,N-dimethylamino]ethyl]
methacrylamide)

pDMEMAm

5 poly(N-(2-aminoethyl) methacrylamide
hydrochloride)

pAEMAm.C

6 poly([2-(methacryloyloxy) ethyl]
trimethylammonium chloride)

pMAEACl

7 poly(N-[3-(dimethylamino) propyl]
methacylamide)

pDMPMAm

8 poly(methacrylamido propyl trimethyl
ammonium chloride)

pMAPtMA

9 poly(2-aminoethyl methacrylate hydrochloride) pAEMA.C
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fluorescence image was acquired at each spot position listed on the array to acquire

high-sensitivity and lateral-resolution data, where the mean fluorescence intensity

per pixel of each spot of 3 replicates of each 298 chemistries are rank ordered as

shown in the profile in Figure 2A. The highest binding polymers identified are listed

in Table 1, and shown in Figure 2B with statistical analysis, compared to the pHEMA

substrate (black *) and the strongest binder in this experimental screen, poly(2-dieth-

ylamino) ethyl acrylate) (pDEAEA) (blue *). Representative fluorescence images and

chemical structures of the top polymers are shown in Figure 2C.

In general, amine functionalities were found to be common structures in all these poly-

mers, leading to the hypothesis that the strong binding is dominated by electrostatic

interactions between the charged amines of the polymers and the moieties on the

SARS-CoV-2 pseudo-virus particle outer surface. Specifically, SARS-CoV-2 is an envel-

oped coronavirus, in which the viral nucleocapsids are encapsulated in a phospholipid

bilayerwith embeddedstructural proteins, suchasmembraneprotein, envelopeprotein,

and spike glycoprotein (Sprotein).23 The phospholipidbilayer imparts a negative surface

charge and hydrophobic properties. The S protein, which consists of more than 1,000

amino acids, is located on the surface of SARS-CoV-2 and assembled into crown-like

nano-objects for the virus to bind and fuse with the host cell membrane via the ACE2 re-

ceptor.24 The isoelectric point (PI) of virions is an important characteristic value in identi-

fying electrostatic interactions at a given pH and, therefore, contributes to their adsorp-

tion strength with surfaces. The S protein is reported to exhibit a PI of 5.9,18 and the PI of

SARS-CoV-2wasmeasured tobe5.2–5.3.25 The surface chargeonpseudo-virus particles

and polymer surfaces depends on the environmental pH: the pH values of the assay so-

lutions, obtained by resuspending the stock solution in Milli-Q water, were measured to

be 7.4 (Figure S2A). In the assay solution, the adsorbates are expected to be negatively

charged, which was also demonstrated in the direct measurements of the zeta potential

(Figure S2B). In addition, while the pKa values of most simple alkyl amines are above 9,

when combined as multiple side chains within a polymer, the local environment is

different due to the presence of multiple numbering ionic species.26,27 Accordingly,

the pKa values of some of the amine-pendent polymers were determined by titration ex-

periments in Milli-Q water at room temperature and found to be in the range of 7–8 as

reported.28–30 Thus, the microarray spots of amine-pendent polymers were expected

tobepositivelychargeddue toprotonationunder theassaycondition. It is therefore likely

that in the presence of the conditions we employed, non-specific electrostatic binding

contributed most significantly to the adsorption.
Cell Reports Physical Science 5, 102204, September 18, 2024 5
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However, in addition to electrostatic interactions, other intermolecular forces at

SARS-CoV-2 surface moieties may, to some extent, contribute to the overall adsorp-

tion of virion on polymer surfaces. As observed in Figure 2C, the best adsorbents

show a high degree of structural similarity but slightly different adsorption proper-

ties, where the role of hydrophobic associations and hydrogen bond donor and

acceptor interactions may contribute, especially when the overall PI values of these

polymers are quite close. For example, hydrophobic moieties within the S protein

and the hydrophobic membranes of the viral phospholipid bilayer might interact

with aryl or alkyl chains attached to the surface polymer amines.31 It is also known

that longer alkyl chains attached to the tertiary amine nitrogen can lower the pKa

of the resulting polymer.32 Additionally, the permanently charged ammonium deriv-

atives pMAEACl and pMAPtMA showed slightly less virion binding than pDEAEA,

possibly due to local repulsive charge-charge interactions at S protein lysine and

arginine and the lack of hydrogen-bonding interactions between the quaternary

amine and other amino acid side chains (e.g., tyrosine and asparagine) in the S pro-

tein, while other types of amines retain the potential to establish this additional non-

covalent interaction.32 These results suggest that the overall adsorption is the coor-

dinated result of multiple intermolecular interactions between virions and inanimate

surfaces.

Moreover, the actual binding is also closely related to the type and distribution of

the functional moieties on the virion surface and those on the polymer surfaces.

For instance, N-[2-N,N-dimethylamino]ethyl] methacrylamide (DMEMAm) and

N-[3-(dimethylamino) propyl] methacylamide (DMPMAm) have only a single carbon

spacer difference, but a clear difference in their polymers’ adsorption performances

is observed, as shown in Figure 2C, which may be attributed to the number of effec-

tive interactions able to be established between the surface moieties of the SARS-

CoV-2 virion and those on polymeric substrates. These hypotheses were also sup-

ported by the experimental high-throughput screening results with other types of

pseudo-virus particles (Figure S2C), where the top performers were more or less

the same as those with SARS-CoV-2 due to the dominating electrostatic interaction,

while the detailed orders were different from each other, possibly due to the differ-

ences in composition, density, and distribution of the surface moieties of the virions

and the fine-tuning of intermolecular interactions (e.g., hydrophobic, hydrogen

binding, and possibly van der Waals forces33) with the polymer surface chemistries.

To understand better the intermolecular interactions that contribute to virion

adsorption on polymeric substrates, computational models were developed where

the virtual screening results further supported the proposed mechanisms (see the

next section for details).

Developing amodel of virion binding to polymers usingmolecular descriptors:

Virtual screening

The attachment data generated from the microarrays were used to develop polymer

structure-property models using machine learning to enable the prediction of

new polymers able to promote virion adsorption from a virtual monomer library

comprising commercially available compounds. Each polymer was approximated

using its monomeric unit represented by an SMILES string,34 and descriptors

were generated from these using the Python cheminformatics library RDKit

(v.2021.09.4)35 (RDKit36: Open-Source Cheminformatics Software, http://www.

rdkit.org/). Classification was used as a computational approach to model the

adsorption response of the homopolymers in the dataset. The class cutoff was set

to 2 fluorescent a.u. (Figure S3), which provided a good compromise between
6 Cell Reports Physical Science 5, 102204, September 18, 2024
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needing to set the cutoff as close to zero as possible and guaranteeing a good rep-

resentation of the class exhibiting no attachment: the first condition was crucial to

allow models to mimic the observed adsorption behavior, thus assigning all those

non-adsorbing polymers the class 0; the second condition was needed to avoid or

mitigate the class imbalance that could lead to model bias. The dataset was split

into training and test sets with a fixed random seed (80% training set, 20% test

set). However, the under-sampling process led to a final 50/50 class balance in the

training set, while the test set remained unaffected (Table S1). Before building any

machine learning model, descriptors were filtered out to discard those highly corre-

lated and with low diversity16,37: filtering by multicollinearity was necessary to avoid

redundant information that could carry some noise, while filtering by diversity was

necessary to enable all descriptors to carry a minimum accepted amount of informa-

tion. The obtained descriptor list was then passed to two different learning approach

pipelines to establish two separate models (Figures 3A; supplemental experimental

procedures).

Twomodels were found to outperform the others tried. The first, model A, was a sim-

ple logistic regression (LR) model with two combined molecular descriptors. The

model was iteratively trained on a large number of small feature subsets combinato-

rially generated from the descriptor list and was validated via a 5-fold stratified cross-

validation. Specifically, model A was generated by applying multicollinearity and di-

versity thresholds to |r| = 0.8 (r2 = 0.64) after a second-degree expansion of the 208

RDKit descriptors, and an LR model with an L2 penalty (also called Ridge regulariza-

tion) and a regularization strength of 1 was used to explore the performance of the

multiple feature subsets generated by the combinatorial approach. The feature sub-

set returning the best training, cross-validation, and test scores was chosen as the

final descriptor for model A. Such a model was able to predict the virion attachment

response with a training Matthew’s correlation coefficient (MCC) = 0.40, a cross-vali-

dation MCC = 0.42 G 0.18, and a test MCC = 0.40. Sensitivity and specificity were

0.72 and 0.75, respectively. This model was simple; however, the performance met-

rics are satisfactory, and the MCC does not vary between training, cross-validation,

and test phases, which demonstrated the overall robustness and generalization abil-

ity of the model. Model A, when applied to the test set, returned 31 true positives, 9

true negatives, 3 false positives, and 12 false negatives, with a Fisher’s exact test

p < 0.01. The combined descriptor MinEStateIndex � VSAEState8 positively corre-

lated with the adsorption, while the descriptor BCUT2DCHGLO was anti-adsorption

(Figure 3B).

The secondmodel, model B, was an LR model with eight combinedmolecular descrip-

tors obtained through a sequential forward selection (SFS) algorithm, which includes a

stratified, 10-fold cross-validation carried out at each iteration. Specifically, model B

was generated by applying multicollinearity and diversity thresholds set to |r| = 0.7

(r2 = 0.49) after a second-degree expansion of the 208 RDKit descriptors and an LR

model with an L1 penalty (also called Lasso regularization) and a regularization strength

of 1. Model B was able to predict the virion adsorption response with a training MCC =

0.46, a cross-validationMCC=0.50G0.25, anda testMCC=0.45. Sensitivity and spec-

ificity were 0.77 and 0.75, respectively. Thismodel had 8 descriptors but is still relatively

simple, and its predictive ability was a strict upgrade frommodel A, as can be seen from

the confusion matrices (Figure S4). Model B, when applied to the test set, returned

33 true positives, 9 true negatives, 3 false positives, and 10 false negatives, with a

Fisher’s exact test p < 0.01. Among all 8 descriptors used, the 3 descriptors with a

pro-adsorption coefficient were FpDensityMorgan1 � Chi0v, MaxEStateIndex, and

BalabanJ � PEOEVSA6, while the 4 descriptors showing an anti-adsorption contribution
Cell Reports Physical Science 5, 102204, September 18, 2024 7



Figure 3. Computational models and representative virtual screening results

(A) Summary of classification model performances. The columns indicate, respectively, the name of the model; the threshold used for multicollinearity

and diversity filters; the regularizing term of the model; the number of descriptors and their nature; the training, cross-validation (with a p value after

doing a one-sample, single-tailed t test for the score > 0), and test MCCs; and the sensitivity, specificity, and geometric mean of sensitivity and

specificity.

(B) The RDKit descriptors used by model A and model B with their true and normalized weights.

(C) Representative virtual screening results of March 2022 Molport in-stock catalog: the monomers were rank ordered by their probability (p values) of

being pro-adsorption against SARS-CoV-2 pseudo-virus particles.
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were BCUT2DMWHI � EStateVSA2, Ipc PEOEVSA9, MinAbsEStateIndex � SlogPVSA3, and

MaxPartialCharge � BCUT2DMWLOW . The descriptor FpDensityMorgan1 � frester had

no weight, due to the L1-penalized LR algorithm inside the SFS method setting this

descriptor coefficient to zero at a later time, after the wrapper itself had included it in

the first place (Figure 3B).

Both models were able to assign the adsorption class of polymers with good predic-

tive power and were statistically significant. Both models showed that a link between

the material chemistry and the viral binding performance existed. However, molec-

ular descriptors are often arcane and provide little or no insight into the mechanism

beyond the identification of a link between materials chemistry and binding. Even

though the interpretability process can be hampered by models whose features

do not have an immediate meaning, virtual screening can still be carried out

to look for new promising structures. The virtual screening was then applied to

the March 2022 Molport in-stock catalog, and RDKit descriptors used by the ob-

tained models were computed on all compounds having an acrylic moiety (thus

both [meth]acrylates and [meth]acrylamides) within the applicability domain of

the models, which was computed using the leverage method as described

elsewhere.38,39

Representative polymers from the high, medium, and low binding categories by vir-

tual screening and their probability (p value) of being pro-adsorption are shown in

Figure 3C, where the p values reported are the average of the probability values

generated by the two models (A/B). Specifically, poly(1-{4-[5-(4-methoxyphenyl)-

1H-pyrazol-3-yl]piperidin-1-yl}prop-2-en-1-one) (pMPPPP), which was not included

in the existing polymer library, was predicted to exhibit strong virion binding due

to the high probability (p = 0.8355) of being pro-adsorption, determined by the

virtual screening; poly(N-[3-(dimethylamino)propyl]-acrylamide) (pDMPAm) and

poly(methyl methacrylate) (pMMA) were a strong and a non-virion binder, respec-

tively, in the existing polymer library, as determined by the experimental screening

(Figures 2B and 2C), which was in good agreement with the p = 0.6548 (medium

high) and 0.4000 (low), respectively, determined by the virtual screening. The full re-

sults can be found in Data S2.

In general, the chemical structures of the predicted pro-adsorption hits had recurrent

moieties or functional groups, for example, nitrogen-containing structures such as

amide polymer main-chain backbones, nitrogen-containing heterocycles, and pri-

mary and tertiary amines, which are positively charged in nature at a physiological

pH. Such moieties are also displayed with linear and/or cyclic alkanes and/or aromatic

rings. These virtual screening results suggested that the combined features could pro-

vide electrostatic and hydrophobic interactions with negatively charged hydrophobic

SARS-CoV-2 virions.17,20 Moreover, such interactions are particularly enhanced when

tertiary amines and aromatic rings exist in the samemonomer, as observed in the best

pro-adsorption structures, possibly due to the ‘‘synergy effect’’ arising from the p-p

stack32 region, which further enhances the hydrophobic interaction once the proton-

ated tertiary amines initiate the process via electrostatic interactions.

Testing the validity of the models

Subsequently, pMPPPP, predicted to give strong virion binding by the virtual

screening, was experimentally evaluated by comparing it with pDMPAm, as a posi-

tive comparator, and pMMA, as a negative comparator, using the same adsorption

assay as previously described, with the adaption that the polymer spots are�500 mm

in diameter. As shown in Figure 4A, pMPPPP surfaces adsorbed a higher amount of
Cell Reports Physical Science 5, 102204, September 18, 2024 9



Figure 4. Experimental results on the validity of the models

(A) Experimental adsorption assay with Alexa Fluor 647-tagged SARS-CoV-2 pseudo-virus particles. A polymer microarray was printed on one glass

coverslip with six spots (n = 6) for each polymer chemistry, including the best structure MPPPP produced by regression model virtual screening; the

pDMPAm polymer gave the highest adsorption based on the high-throughput results to compare with pMPPPP polymer; the pMMA polymer did not

adsorb pseudo-virus particles as negative control. The mean fluorescence intensity per pixel for each spot, due to the adsorption of SARS-CoV-2

pseudo-virus particles, was measured. (background autofluorescence has been deducted in all cases). A significant difference was observed between

pMPPPP and pMMA (**p < 0.01) and between pDMPAm and pMMA (*p < 0.05) by one-way ANOVA Dunnett’s test.

(B and C) Testing of the computational models with additional selections from the virtual screening results, including three pro-adsorption polymers,

poly(1-(6-isobutyloctahydropyrrolo[3,4-d]azepin-2[1H]-yl)-2-methylprop-2-en-1-one) (piBOHPAMP), poly(N-(3-((1-benzylpiperidin-4-yl)oxy)propyl)

acrylamide) (pBPOPAm), and poly(7-acryloyl-1-((tetrahydro-2H-pyran-4-yl)methyl)-1,5,6,7,8,9-hexahydro-2H-pyrido[2,3-d]azepin-2-one)

(pATHPMHHPA), and two anti-adsorption polymers, poly(N-(2-((3-chlorophenyl)sulfonamido)ethyl)acrylamide) (pCPSAEAm) and poly(acryloylglycine)

(pAG), using experimental adsorption assay with Alexa Fluor 647-tagged SARS-CoV-2 pseudo-virus particles (n = 6). The experimentally measured

fluorescent intensity due to virion binding was plotted against the model-predicted probability (P) of being pro-adsorption, where a simple linear

regression equation was generated with (B) an R2 value of 0.88 and (C) an R2 value of 0.48 when pATHPMHHPA was included in analysis.

ll
OPEN ACCESS Article
Alexa Fluor 647-tagged SARS-CoV-2 pseudo-virus particles compared to the posi-

tive control pDMPAm screened from the existing library and a significantly higher

amount than that of the negative control, pMMA (**p < 0.01), which confirmed

the successful discovery of a new, strong virion-binding material and demonstrated

a valid structural prediction by the established models.

To further test the prediction capability of the models, additional selections from the

virtual screening result were polymerized and tested. These included three pro-

adsorption polymers: poly(1-(6-isobutyloctahydropyrrolo[3,4-d]azepin-2[1H]-yl)-

2-methylprop-2-en-1-one) (piBOHPAMP), poly(N-(3-((1-benzylpiperidin-4-yl)oxy)

propyl)acrylamide) (pBPOPAm), and poly(7-acryloyl-1-((tetrahydro-2H-pyran-4-yl)methyl)-

1,5,6,7,8,9-hexahydro-2H-pyrido[2,3-d]azepin-2-one) (pATHPMHHPA). Two anti-adsorp-

tion polymers were also included: poly(N-(2-((3-chlorophenyl)sulfonamido)ethyl)acryl-

amide) (pCPSAEAm) and poly(acryloylglycine) (pAG). The results from these are

compared to the best pro-adsorption polymers, pDEAEA and pDMPAm, and the

anti-adsorption polymer, pMMA, from the existing library in Figure 4B, where the

experimentally measured fluorescent intensity was plotted against the model-pre-

dicted probability (P) of being pro-adsorption.

Among the polymers used to test the predictive ability of the model, pro-adsorption

polymer pATHPMHHPA, identified in the virtual screen, showed low virion adsorp-

tion as indicated by the fluorescent intensity of the assay results. Consequently,
10 Cell Reports Physical Science 5, 102204, September 18, 2024
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the linear regression equation (best fit) resulted in an R2 value of 0.48, which sug-

gests a weak correlation between the actual and predicted screening results (Fig-

ure 4C). This may be because the nitrogen in the structure of pATHPMHHPA exists

in the form of an amide rather than an amine and, thus, is not protonated under the

assay conditions (the amide nitrogen is not basic), whereas the model assumed the

presence of ‘‘nitrogen’’ equals ‘‘high adsorption’’ in the absence of a fuller training

set, resulting in a poor prediction of this polymer. When the pATHPMHHPA data

were removed from the simple linear regression equation, it resulted in an R2 value

of 0.88 (Figure 4B), confirming its impact. This indicates a limitation in the model in

that pATHPMHHPA contains functional chemistries, e.g., a cyclic amide in the side

chain, which is a feature beyond that of the input dataset, which predominantly

included neutral hydrophobic and amine-functional structures.

These findings indicate that themodels have the predictive power to discover strong

virion-binding polymers but are limited by the depth of the training set data. To

improve the models’ predictive power, more functionally diverse surfaces (with

amines of a range of pKa) and multiple types of pseudo-virus particles should be

included in larger datasets for machine learning and to build real ‘‘AI’’ models in

future studies.

Live-virus viability on materials chosen from high pseudo-virus binders

Postulating that viral attachment to manmade surfaces is the first step toward virus-

surface interaction and thus a strong binding polymer may result in an increased vi-

rus inactivation, polymers found to be strong pseudo-virus adsorbers were scaled up

for live SARS-CoV-2 testing. Candidates that readily formed gels were excluded at

this stage due to their likely low durability on high-touch surfaces. pDEAEA,

pDMPAm, pDMEMAm, pMAEACl, pDMPMAm, and pMAPtMA were taken forward

as candidates, and pMMA was chosen as non-virion-binding comparator to be syn-

thesized using free radical polymerization in solution to allow full polymer purifica-

tion and characterization. In comparison to UV in situ curing, this also allows macro-

scopic films to be readily cast without the retention of undesirable residual

monomers (Table S2). The polymers were then dissolved and coated on glass cover-

slips for virucidal evaluation. Virus stock containing 7.2 3 103 (equal to 3.9 log units)

TCID50 of SARS-CoV-2 was inoculated on each 1 3 1 cm2 polymer. After a 10 min

incubation under ambient conditions, the viral load recovered from each material

was determined by the TCID50 assay and compared to a polystyrene (PS) surface

(non-treated tissue culture well plate) as the control to give a percentage of viral

degradation attributed to the presence of the material sample (Figure 5). By doing

this, any loss of virus due to experimental procedures and natural virus decay outside

a host was taken into account.

After 10 min direct contact with polymer-coated surfaces, the proportions of

viable SARS-CoV-2 recovered from pDEAEA, pDMPAm, pDMEMAm, pMAEACl,

pDMPMAm, and pMAPtMA were 7.7%, 263.3%, 44.3%, 29.3%, 75.8%, and 34.8%,

respectively, while those of the uncoated glass (substrate for polymer coating) and

pMMA (non-virion binding, negative control) were 212.0% and 345.0%, respec-

tively. The result of pMPPPP (model virtual screening ‘‘hit’’) was 204.8% (Figure 5).

In brief, the proportions of viable SARS-CoV-2 recovered from all test materials

were calculated and then analyzed using one-way ANOVA Dunnett’s multiple com-

parisons test to compare with the PS control and evaluate the statistical difference.

Significant loss of SARS-CoV-2 was observed following contact with pDEAEA-

coated glass as compared to PS control (*p < 0.05), uncoated glass (**p < 0.01),

pDMPAm (***p < 0.001), and pMMA (**p < 0.01) respectively. Also, pDEAEA
Cell Reports Physical Science 5, 102204, September 18, 2024 11



Figure 5. Experimental results of virucidal performance of ‘‘hit’’ polymers selected by high-throughput screening and the computational model using

live SARS-CoV-2

Experimental inoculation of SARS-CoV-2 was kept on polymer surface for 10 min incubation (n = 6). The viral load recovered from the surfaces was

quantified by TCID50 endpoint titration and viral plaque assay; one dot represents the result obtained from one experimental repeat. Significant

differences were found between the pDEAEA coating surface and PS control (*p < 0.05), uncoated glass (**p < 0.01), pDMPAm (***p < 0.001), and

pMMA (**p < 0.01), respectively, in the 10 min incubation, by one-way ANOVA Dunnett’s test.
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coating demonstratedmore than 10-fold virus reduction within 10min upon contact,

which is comparable to that of a commercially available product (Virustatic Shield40;

10-fold virus reduction within 10 min) evaluated in our previous study.41 In advance

of field trails, this provides some indication that the pDEAEA polymer can be viewed

to be virucidal under the test condition, and its comparable performance to a com-

mercial product that utilizes protein coating suggests that a purely synthetic solution

could be beneficial. No significant difference was observed between any other two

materials.

Considering the mechanism hypothesized from the experiments along with the de-

scriptors derived from the modeling, the positive charge and/or hydrophobic na-

ture at a physiological pH of the material surfaces are expected to interact strongly

with negatively charged hydrophobic SARS-CoV-2 virions18,25 via electrostatic and

hydrophobic interactions, which agrees with previous studies.17,20,42 These interac-

tions contribute significantly to the binding between the virions and material sur-

faces and virus inactivation due to the irreversible binding-induced virion structure

damage.20 However, except for pDEAEA, none of the pro-adsorption polymers

screened from the existing library, nor those predicted from the computational

model, meet the requirement to be classed as virucidal. The live-virus titer data

indicate that there is no correlation between pseudo-virus particle binding and

SARS-CoV-2 viral inactivation for the top 5 binders shown in Figures 2A and 5,

with the exception of pDEAEA. This indicates that inactivation and binding are

not related in the simple manner initially proposed. Further studies focusing on

the theoretical basis for describing virion interactions at surfaces are required to

investigate this.

Conclusions

Polymers that promote virion binding have been discovered by quantifying the

adsorption of pseudo-virus particles in high-throughput adsorption assays using
12 Cell Reports Physical Science 5, 102204, September 18, 2024
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polymer libraries presented onmicroarrays, where non-specific electrostatic binding

dominates the interactions between the particles and polymer surfaces, while other

intermolecular interactions (hydrophobic, hydrogen bonding, and van der Waals

forces) contribute to the fine-tuning of the adsorption.

Two classification models were established to carry out a consensus virtual

screening. A list of the best structures was produced from them to indicate a recur-

rent molecular scheme, which was experimentally validated with the best virtual

structures (pMPPPP, piBOHPAMP, and pBPOPAm) and the worst ones (pCPSAEAm

and pAG) using an adsorption assay. However, when testing amide structures (e.g.,

pATHPMHHPA) instead of amines, the predictive power of the models was ex-

ceeded. These findings demonstrate that the models have the predictive power

to discover strong virion-binding polymers but only at a simple level of electrostatic

binding interactions. There are opportunities to use larger datasets and machine

learning methods to improve the models and evaluate more fully the mechanisms

behind them in future studies.

In addition, the pDEAEA polymer was found to be effective as an anti-viral surface

through virucidal evaluation of the best virion-binding polymers, where a 10-fold

SARS-CoV-2 reduction was observed within 10 min upon contact. However, the

computationally predicted high-binder pMPPPP did not inactivate the virus to the

same level, indicating that inactivation and binding are not related in the simple

manner initially proposed. Nevertheless, these results indicate the potential of this

tertiary amine polymer (pDEAEA) to be developed as an applied coating, for

example, as materials for filtration membranes to bind and increase the efficacy to-

ward elimination of virial contaminants in water and air.

EXPERIMENTAL PROCEDURES

Materials

All materials were used as supplied without further purification unless otherwise

stated in the preparations detailed below.

Pseudo-virus particle adsorption assay

High-throughput screening was performed using a pseudo-virus adsorption assay

modified from a previous study.22 Specifically, Alexa Fluor 647-tagged pseudo-virus

particles were resuspended in Milli-Q water to obtain a 5 mg/mL sample of the

pseudo-virus assay solution. The array slide was washed with 203 10 mL Milli-Q wa-

ter and then placed immediately into 20 mL of the assay solution, incubated, and

rocked in the dark gently at room temperature under ambient conditions (20�C–
22�C, �50% relative humidity [RH]) for 4 h.22 Then, the array slide was washed again

with 20 3 10 mL Milli-Q water to remove poorly attached materials. Fluorescence

images of the microarray both before and after incubation were acquired using an

automated wide-field fluorescence microscope (Zeiss Observer with Zeiss EC Plan

103/0.5 objective, Carl Zeiss, Germany) and processed using Fiji ImageJ software

(v.2017 for macOS). The border of each spot was circled to determine the material

area using the composite image, which was then split into red and bright-field chan-

nels. The circle area in the red channel was used to determine the fluorescence in-

tensity per pixel due to pseudo-virus particle binding. The autofluorescence was

subtracted from the material area without the assay solution.

The Alexa Fluor 647 label was selected to enable readout fluorescence under a mi-

croscope’s far-red channel, where the autofluorescence of most of the polymers in

our existing library can be minimized. The concentration of pseudo-virus particles
Cell Reports Physical Science 5, 102204, September 18, 2024 13
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in assay solution was optimized from 2.5 to 5 mg/mL to give an appropriate amount

of adsorption and a proper differentiation of virion adsorption abilities among spots.

For the same reason, Milli-Q water was used as the resuspension medium instead of

Dulbecco’s buffered saline (DPBS).43

Scale-up polymerization of selected monomers

2,20-Azobis(2-methylpropionitrile) (AIBN; 1% molar ratio to monomer) was added to

a solution of degassedmonomers (3,360mM) under argon. The reactionmixture was

then placed immediately into a preheated 80�C oil bath and stirred overnight. The

crude polymer products were purified either by precipitation or dialysis methods

and then kept in a vacuum oven to remove the solvent residues or freeze dried to

remove water. The obtained products were characterized by proton-nuclear mag-

netic resonance (1H-NMR) and gel permeation chromatography (GPC) (Table S2;

Figure S5).

Preparation of polymer-coated microslides

Polymers were dissolved in DMF solvent to achieve an approximately 4% (w/v)

coating solution. 50 glass microslides (13 mm diameter) were placed into metal slide

racks and activated using O2 plasma (pi = 0.3 mbar, 1,000 W, 40 kHz, 10 min). 20 mL

of coating solution was added and dispersed evenly on each microslide surface. The

slides were kept in a fume cupboard at room temperature overnight and then dried

under vacuum in a silicone-free Heraeus vacuum oven (<0.3 mbar) for 1 week to re-

move volatile residues prior to use.

For MPPPP, polymer-coated slides were prepared by thermo-polymerization and

coating in one step due to the limited availability of MPPPP monomers. Specifically,

MPPPPmonomers (3,360 mM) and AIBN initiators (1%molar ratio to monomer) were

dissolved in DMF and degassed under argon. 20 mL of this solution was added and

dispersed on each of the O2 plasma-treated glass slides, which were then placed

and kept on a hot plate preheated to 80�C for 3 h to complete the polymerization

and coating. The slides were kept in a fume cupboard at room temperature

overnight and then dried under vacuum in a silicone-free Heraeus vacuum oven

(<0.3 mbar) for 1 week to remove volatile residues prior to use.

The formation of successful coatings has been confirmed by time-of-flight secondary

ion mass spectrometry (ToF-SIMS) analysis from the surface distribution of the repre-

sentative primary ions generated from the coating polymers (Figure S6).

Evaluation of virucidal performance

A small piece of each material (13 1 cm2) was excised from the products and placed

in the well of a 96-well tissue culture-treated PS plate (Corning). 10 mL of virus stock

containing 7.2 3 103 TCID50 of SARS-CoV-2 was added to each material piece and

incubated for 10 min at room temperature and ambient humidity within a class I/III

microbiological safety cabinet with the normal airflow engaged, in a containment

level 3 laboratory under negative pressure. The lid of the 96-well plate was in place

for the duration of the incubation. After 10 min, the surface was washed with 200 mL

fresh Vero E6 cell growth medium, and the levels of SARS-CoV-2 recovered were

quantified using the TCID50 method.

Cellular toxicity was performed by adding Vero E6 growth medium on material sur-

faces of the polymers and incubated for 10 min. The medium was then added to the

same TCID50 assay as described above. Cell death was observed by crystal violet

staining of the wells (n = 3) (Figure S7).
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