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ABSTRACT

The emergence of SARS-CoV-2 highlights the global need for platform technologies to enable the rapid development of diagnostics, vaccines,
treatments, and personal protective equipment (PPE). However, many current technologies require the detailed mechanistic knowledge of spe-
cific material-virion interactions before they can be employed, for example, to aid in the purification of vaccine components or in the design of
a more effective PPE. Here, we show that an adaption of a polymer microarray method for screening bacterial-surface interactions allows for
the screening of polymers for desirable material-virion interactions. Nonpathogenic virus-like particles including fluorophores are exposed to
the arrays in an aqueous buffer as a simple model of virions carried to the surface in saliva/sputum. Competitive binding of Lassa and Rubella
virus-like particles is measured to probe the relative binding properties of a selection of copolymers. This provides the first step in the develop-
ment of a method for the discovery of novel materials with promise for viral binding, with the next being development of this method to
assess absolute viral adsorption and assessment of the attenuation of the activity of live virus, which we propose would be part of a material
scale up step carried out in high containment facilities, alongside the use of more complex media to represent biological fluids.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0000586

I. INTRODUCTION related biomolecules rather than specific individual analytes. Prior
studies have used low-cost polymers to modify nanocrystals’ and
chromatographic materials™ with the aim of introducing broad-
spectrum binding affinity toward viral targets. However, the myriad

Common strategies for selective biomolecular recognition in
diagnostics typically utilize antigen-antibody interactions, such as
in common ELISA immunoassays.> While these assays typically

allow high selectivity to be obtained, there are a number of draw- of putative copolymer structures derived from even a small number

backs that limit their more widespread usage, including the cost of ~ of monomers means that to date only a fraction of the chemical

manufacture (each antigen needs a specific antibody to be devel- space available for polymeric affinity agents and biomolecular

oped) and the storage and transport of what are typically thermally sequestrants has been explored.

sensitive reagents. These disadvantages become more important Polymer microarrays have been developed to facilitate simultane-

when the target application requires interactions with classes of ous investigation of many thousands of chemically unique materials
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for biologic-material affinity on a single surface.””"” This high-
throughput approach has now been used to identify materials for a
range of biomedical applications, such as the inhibition of bacterial
biofilm formation'’ and the growth of stem cells with controllable
behavior.” Polymer microarrays can be easily fabricated using inkjet or
contact printing, coupled with in situ polymerization from low quanti-
ties of commercial photocurable monomers.”

In this work, we present a method based on a polymer micro-
array platform to rapidly identify materials derived from commer-
cially available monomers capable of differential adsorption of
virus-like particles (VLPs) in competitive binding experiments. The
fabricated array contained monomer units that were expected to
interact with viral surface components via charge-mediated associa-
tion and incorporated additional hydrophobic and hydrophilic
comonomers to tune relative binding affinities. The method was
exemplified using nonreplicating VLPs, from Rubella and Lassa
viruses, as structural mimics of infectious disease-causing patho-
gens but without the full genome encoding for infectivity. These
are ideally suited to probing viral binding outside the high level of
biosafety restrictions required for live-virus work.

Il. EXPERIMENTAL

Various approaches used to fabricate polymer microarrays
with in situ polymerization onto hydrogel coated glass slides have
been previously described."*”"” The polymer microarray in this
study involved contact printing and subsequent in situ photopoly-
merization [Fig. 1(a)] of an array of 300 monomer mixtures (14
homopolymers, alongside 182 binary, 72 ternary, and 32 quater-
nary copolymers) onto an epoxy functionalized, poly
(2-hydroxyethylmethacrylate) (pHEMA) coated glass slide in tripli-
cate (the pHEMA coating preventing fouling of the background
array surface). Further details of the slide preparation and details
on the identity of the 300 copolymers (Tables S1 and S2) are
included in the supplementary material.”' In brief, the 300 copoly-
mers were formed from the 14 monomers depicted in Fig. 1(b).
The charged monomers were selected to provide electrostatic inter-
actions with charged amino acid residues in the surface-displayed
VLP proteins. The other monomers (hydrophilic and hydrophobic)
were selected to broaden the chemical diversity of the array system
and introduce further selectivity via H-bonding interactions at, for
example, serine and threonine residues or solvophobic association
at leucine, isoleucine, and aromatic rich regions of the proteins and
at viral lipid membranes and to potentially reduce protein adsorp-
tion in complex biological matrices. After printing, the fabricated
slides were imaged using phase contrast microscopy [Fig. S2(a)],
and the chemical identities of the polymer spots were analyzed
using time of flight-secondary ion mass spectrometry (ToF-SIMS);
the representative ion image is presented in Fig. S2(b). Both techni-
ques showed good polymer spot localization, and evidence from
ToF-SIMS indicated no significant carryover between the printing
of different monomer solutions after appropriate optimization of
the process parameters.

We then assessed the short-term adsorption, as an accessible
measure for binding interactions, of each VLP to the library
in aqueous media as a simplified version of biological fluids. A
solution containing both AlexaFluor-488 tagged Rubella VLPs

ARTICLE avs.scitation.org/journal/bip

(2.5ug/ml) and AlexaFluor-555 tagged Lassa VLPs (2.5ug/ml) in
Dulbecco’s phosphate buffered saline (DPBS) was prepared and
incubated with the polymer arrays (details of the VLP preparation
are included in the supplementary material).”’ The concentrations
chosen were arbitrary, and it is anticipated that to fully understand
binding, a range of concentrations would be employed in future
work. The microarray was washed (4x100ml Milli-Q water,
1 x 100 ml DPBS) and then placed immediately into the incubation
solution and rocked in the dark gently at ambient temperature to
achieve uniform exposure of the spots to the VLPs. After 4h
(a time found to be optimal for measuring equilibrium adsorption
when investigating proteins), the slide was washed again
(1 x100 ml DPBS, 4 x 100 ml Milli-Q water) in order to remove
poorly adhered materials. Fluorescence images of the array both
before and after incubation were acquired using an automated
microscope (IMSTAR) and processed using IMAGE] software. Each
spot of a composite image (autofluorescence was subtracted from
the final result) was cropped using a circle to the border of the
spots in order to determine the fluorescence intensity per pixel
from each spot due to VLP binding.

lll. RESULTS AND DISCUSSION

After incubation with dye-labeled VLPs, there was measurable
fluorescence intensity (at least 3x background) observed on the
array slide, localized on some of the printed spots, indicating
adsorption [Fig. 1(c), Fig. S3 in the supplementary material shows
there was little autofluorescence].”’ The results were broadly repro-
ducible even with nonoptimized incubation protocols, with the
three technical repeats for both types of VLPs showing very similar
fluorescence profiles. It was also apparent that preferential adsorp-
tion of one labeled VLP compared to the other occurred at some
polymer spots. To gain a measure of this selectivity, a binding
selectivity index of the fluorescence intensity response per polymer
spot pixel for Lassa over Rubella was calculated and is shown for
selected polymers in Fig. 2. This approach enabled the rapid identi-
fication of copolymer materials that were capable of discriminating
between different VLPs based on competitive adsorption.
Furthermore, it was possible to separate the selectivity ratios into
statistically significant groups (p < 0.05) for high, intermediate, and
low VLP-binding polymers (Fig. 2, Fig. S4, Table $3).”" These data
provide insight into the chemistries of copolymers able to sequester
Lassa and/or Rubella VLPs from aqueous suspensions.

The copolymers were chosen to be combinations of mono-
mers with ionizable functionality to interact with proteins on an
electrostatic basis and with monomers containing noncharged
hydrophilic and hydrophobic side-chains to modulate H-bonding
and hydrophobic associations at noncharged regions of VLP surfa-
ces. The highest selectivity ratio of Lassa over Rubella was shown
for a copolymer produced from a monomer mixture 66:17:17
tBAEMA:HEMA:MAAcid % w/w (see Fig. 2 for structures, Fig. S4,
Table $3).”" All of the top Lassa/Rubella VLP binders contained
significant amounts (> 30%) of monomers expected to be positively
charged under the incubation conditions (DPBS buffer). The Lassa
VLPs contain a tripartite spike complex derived from a single pre-
cursor glycoprotein, ® whose computational studies have predicted
to display an isoelectric point of 7.54."” The protein part of the
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FIG. 1. (a) Schematic depiction of the material identification process, showing the contact printing of the monomers, their in situ UV polymerization, and array incubation
with differently fluorescently tagged virus-like particles, (b) the group of monomers used to create the 300 unique copolymers on the array, and (c) composite fluorescence
microscopy images (without background subfraction) of the fabricated array slides incubated with 2.5 ug/ml AlexaFluor488 tagged Rubella VLPs and 2.5 ug/ml
AlexaFluor555 tagged Lassa VLPs in DPBS buffer for 4 h at room temperature. The inset shows a zoomed in image of four spots, two of which display selectivity for
Lassa VLPs (in red—top 70:30 DMPAm:HA, bottom 70:30 DMPAm:HEMA) and two that display selectivity for Rubella VLPs (in green—top 70:30 pEGDA:SEMA, bottom

70:30 pEGDAtBAEMA).

VLP would thus have only a slight negative charge at the incuba-
tion conditions and would not be expected to bind preferentially to
only positively charged monomers. However, charge heterogene-
ities on the VLPs could nevertheless result in regions of more

dense charge or of H-bond acceptor/donor interactions, which
could still allow spatially matched charge-charge and H-bonding
interactions with an appropriately matched surface. The highest
selectivity index for Rubella over Lassa was found to be from the
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FIG. 2. Binding selectivity indices for Lassa/Rubella for a selection of VLP
binding copolymers grouped by statistically significant selectivity for Lassa VLP
over Rubella (p<0.05). Monomer compositions on the x-axis refer to weight
ratios. Data were calculated from the fluorescence images depicted in Fig. 1.
Background was subtracted from the intensity values (per pixel) before the
values were ratioed. Error given is the standard deviation from three technical
replicates on one array slide. Groupings depicted are taken from the Tukey HSD
test carried out at a 95% confidence interval and show representative groups
from the dataset.

70:30 pEGDA:CEA comonomer combination (although it should
be noted that the standard deviation from the three repeats is rela-
tively high) (Fig. 2, Fig. S4, and Table $3).”' The top Rubella
binders typically include more acidic and neutral polymers rather
than the strongly cationic polymers, which were observed to be
more selective for Lassa VLPs. It is expected that the El protein
would play the largest role in the surface charge of Rubella VLP
and this has an isoelectric point (pI) of 6.5.”" Thus, it was apparent
that simple charge-charge interactions were not predominant for
VLP binding at surfaces, which may have arisen due to the surface
presentation of the viral spike glycoproteins constrained at the VLP
surface compared to the recombinantly expressed and purified pro-
teins themselves.

Further experiments are required to fully understand the mech-
anisms by which the VLPs interacted with the different polymer sur-
faces and to provide quantitative data, yet it is clear here that the
developed method is able to identify multifaceted candidate materials
that interact with VLPs in a rapid and experimentally simple
fashion. The ability to screen multiple combinations simultaneously
for their binding affinity, therefore, has the potential to identify new
and perhaps unanticipated candidate materials suitable for more
selective binding and inactivation of viruses. Assessment of absolute
binding affinity would require the construction of adsorption iso-
therms using a range of virion concentrations, ideally complemented
with the absolute quantification of the viral load.

ARTICLE avs.scitation.org/journal/bip

IV. CONCLUSION

In summary, we have reported the development of a high-
throughput copolymer microarray system, which enabled rapid
identification of copolymers with competitive adsorption of fluo-
rescently tagged VLPs. While more investigation is required to
understand fully the mode of binding of the VLPs to the different
polymer surfaces, there were clear differences in selectivity observed
during the comparative binding experiments, which could be
exploited when developing novel materials. As the method was
exemplified using virus-like particles, which mimic the structure of
the native virus but without the viral genome, this study marks a
starting point to study material-virion interactions. Determination
of absolute viral load, more complex media models of real situa-
tions, and measurement of inactivation of live virus using scaled up
analysis in high containment facilities are the next steps. Novel
materials identified from such an approach could be exploited in
applications including the downstream purification of vaccine com-
ponents or the more clinically informed design of personal protec-
tive equipment.
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