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ABSTRACT

Boronic acid-modified polymers (BAMPs) can interact with glycoproteins and other
glycosylated compounds through covalent binding of the boronic acid moieties to saccharide
residues. As a first step toward evaluating the utility of BAMPs as SARS-CoV-2 antiviral agents,
this COVID-19 rapid response LDRD was intended to examine the effect of BAMPs on SARS-
CoV-2 spike glycoprotein and its subsequent binding with ACE2 receptor protein. Multiple
different approaches were attempted in order to determine whether BAMPs based on
poly(ethylene glycol) and poly(ethylenimine) bind the spike protein, but failed to produce a
definitive answer. However, two different enzyme-linked immunosorbent assays clearly showed
no discernable effect of boronic acid in inhibiting spike-ACE2 binding.
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EXECUTIVE SUMMARY

We hypothesized that boronic acid-modified polymers (BAMPs) could effectively crosslink or
otherwise bind the spike glycoprotein of SARS-CoV-2 via its saccharide residues. Such binding
could potentially inhibit the intrinsic spike dynamics and complexation with the host ACE2
receptor, a key recognition event at the advent of the SARS-CoV-2 infection process. If true,
BAMPs would be of interest as antiviral materials, deployable in various ways to combat the
spread of COVID-19: as a coating incorporated into existing personal protective equipment such
as N95 masks, as a functional element of air filtration devices, or in decontamination sprays.

This LDRD was intended to probe the above hypothesis by studying the interactions between
various BAMPs and SARS-CoV-2 spike protein. Specifically, we sought to determine (i)
whether BAMPs can bind and/or aggregate the spike protein and, (i) more importantly, whether
BAMPs inhibit or otherwise affect the binding of the spike protein to ACE2. It was expected that
positive confirmation of either of these phenomena would spur future research into the antiviral
properties of BAMPs toward SARS-CoV-2 and other enveloped viruses.

We used two different BAMPs, derived from poly(ethylene glycol) (PEG) and
poly(ethylenimine) (PEI). We screened several approaches to evaluate binding of BAMPs to
SARS-CoV-2 spike, including functional gel tests, polyacrylamide gel electrophoresis, and
ellipsometry of functionalized surfaces. We were unable to obtain definitive information as to
whether BAMPs can bind and/or aggregate the spike protein. On the other hand, an enzyme-
linked immunosorbent assay (ELISA) designed to probe the effect of BAMP on binding of
ACE?2 to surface-adsorbed spike protein showed no benefit from the presence of boronic acid
(BA). This outcome was confirmed by a slightly different ELISA, although it was further
discovered that (PEI), whether BA-functionalized or not, does have a significant inhibiting effect
on spike-ACE2 binding.

We further tested the BAMPs as antiviral compounds against Dengue virus (DENV) and the
bacteriophage ®6. We were unable to obtain definitive information as to the effect of BAMPs on
DENV. However, there was a strong effect of the BAMPs against ®6, with BA-functionalized
PEI completely inhibiting ®6 infection. Due to critical differences in the surface chemistry of ®6
compared to DENV or SARS-CoV-2, the mechanism of inhibition is unclear and, hence, the
relevance of this outcome to SARS-CoV-2 is quite limited. In sum, our initial hypothesis, and the
potential of BAMPs as antiviral materials, remain open questions.

SUMMARY OF APPROACH AND RESULTS

Boronic acids (BAs) are mild Lewis acids with unique utility in biological applications due to
their ability to reversibly bind to molecules possessing 1,2-diol functionalities, of which all
saccharides and many related compounds constitute an important subset.!"!° The covalent
equilibrium between free BA and 1,2-diol versus the corresponding bound species — a cyclic
boronate ester — is shown in Figure 1. The equilibrium constant K depends on the choice of BA
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and diol, as well as the pH.'"'? In general, the boronate ester is favored at high pH, while the
free, unbound species are favored at low pH. The pH over which this reversibility occurs is a
complex function of several factors, but can be tuned over a broad range including physiological
pH.

Figure 1. Reversible binding of 1,2-diols, including saccharides, to BAs. The top scheme shows
a general equilibrium between the bound and unbound forms of arbitrary BAs and 1,2-diols. The
bottom scheme shows this specific equilibrium for phenylboronic acid and fructose. Note that the
BAs and boronate esters can exist in both trigonal and tetrahedral forms (uncharged and charged,
respectively), with significant implications for the binding equilibrium, but only the former are
shown.

We, and others, have shown that BA-modified polymers (BAMPs) can be used to capture and
aggregate cells via BA binding with saccharide residues of glycoproteins residing within the cell
membrane.'*>'® More recently, we have shown that the BAMPs can be utilized as functional
adhesives, for example, to bind articles to saccharide-rich materials such as cellulose paper or
plant leaves.!” At the advent of the infection process, enveloped viruses such as SARS-CoV-2
bind to host cells (e.g., respiratory epithelial cells) via a transmembrane spike protein rich in
glycans (polysaccharides).'®!” Conformational changes in the S1 and S2 subunits of the spike
protein are necessary for successful binding with the host receptor and viral uptake, making this
protein an ideal target for rapid viral inactivation.”’ We hypothesized that BAMPs could
effectively crosslink or otherwise bind the spike protein via its saccharide residues, inhibiting the
intrinsic subunit dynamics and complexation with the host ACE2 receptor. Of particular note,
recent published work has shown excellent antiviral activity against human coronavirus HCoV-
229E in carbon quantum dots functionalized with BAs.?!

This LDRD was intended to probe the above hypothesis by studying the interactions between
various BAMPs and SARS-CoV-2 spike protein. Specifically, we sought to determine (i)
whether BAMPs can bind and/or aggregate the spike protein and, (ii) more importantly, whether
BAMPs inhibit or otherwise affect the binding of the spike protein to ACE2. It was expected that
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positive confirmation of either of these phenomena would spur future research into the antiviral
properties of BAMPs toward SARS-CoV-2 and other enveloped viruses.

Two different BAMPs were used in this work (Figure 2), a BA-functionalized poly(ethylene
glycol) (PEG-BA) and a BA-functionalized poly(ethylenimine) (PEI-BA). These BAMPs were
prepared as previously described.!® Briefly, an 8-arm star, amine end-functionalized PEG of
number-averaged molecular weight M, ~ 40 kDa and a branched PEI of M, ~ 10 kDa were used
as starting materials. Phenylboronic acid was grafted to amine functional groups on both
polymers via reductive amination of 4-formylphenylboronic acid using sodium
cyanoborohydride as a reducing agent. The resulting PEG-BA and PEI-BA possessed 7.3 and 5.6
BA units per polymer chain, respectively, as determined by 'H nuclear magnetic resonance
spectroscopy.'® Furthermore, the successful introduction of BA units was confirmed through a
simple gel test.!> The BAMPs were dissolved in deionized water at 50 mg/mL and mixed with
equal volumes of aqueous 50 mg/mL solution of a linear PEG end-functionalized with catechol
(an aromatic diol that strongly binds BA'"), designated hereafter as PEG-CAT. Immediately after
mixing, a self-supporting hydrogel forms, confirming the successful generation of a cross-linked
polymer network through BA-diol interaction.*

Unfunctionalized Controls BAMPs
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Figure 2. Starting polymers (unfunctionalized controls) and corresponding BAMPs used in this
work. The BA functionalities are shown in red.
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For a simple initial test of potential interactions between BAMPs and SARS-CoV-2 spike
protein, buffered solutions of the two were mixed in a similar manner as the gel test described
above. In a representative example, 47 ng recombinant SARS-CoV-2 S1 subunit protein
(RayBioTech, Peachtree Corners, GA) was dissolved in 6 pL pH 7.4 phosphate buffered saline
(PBS) for a concentration of 7.83 mg/mL. Separately, PEG-BA was dissolved in pH 7.4 PBS at
94 mg/mL. 0.5 pL volumes of the PEG-BA solution were added to the spike protein solution
until a total of 2 uL. PEG-BA solution was added (final concentrations 5.9 mg/mL spike protein,
23.5 mg/mL PEG-BA). The resulting solution did not exhibit any visual indication of gelation,
nor the formation of a precipitate, and remained readily pipettable with each addition of PEG-
BA. However, it is important to note that the model system of PEG-BA and PEG-CAT combined
at 10 mg/mL also failed to produce a gel. Indeed, in these types of tests, macroscopic gelation
generally requires relatively high concentrations of the species responsible for crosslinking,
whereas dilute solutions typically yield soluble microgels.?* Unfortunately, due to the high cost
and limited availability of the spike protein (we obtained ~ 650 pg from RayBioTech and other
sources), we were unable to perform a gel test at higher concentrations.

We further sought to employ gel electrophoresis to probe potential interactions between BAMPs
and SARS-CoV-2 spike protein. Gel electrophoresis separates proteins and other
macromolecules on the basis of their molecular size and charge. We conjectured that any binding
of BAMP to saccharide residues of the spike would necessarily alter the molecular size of the
BAMP-spike conjugate relative to the neat spike protein and, thus, be revealed in analysis by gel
electrophoresis. We chose to use native polyacrylamide gel electrophoresis (native-PAGE),
rather than the more common sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), as the latter involves denaturation of the protein analyte, whereas the former preserves
the protein’s inherent structure. Unfortunately, our attempts to obtain a reproducible band for
even the neat spike protein were plagued by issues related to the use of old polyacrylamide gels.
In addition, we avoided the use of the standard glycerol-based loading buffer typically used in
native-PAGE, instead using low molecular weight PEG-based buffers, so as to avoid any
interference of glycerol in BA-saccharide interaction. We suspect that the use of an
unconventional buffer may have further contributed to our inability to reproducibly characterize
the neat spike protein.

As a third approach to investigate potential BAMP-spike interaction, we attempted to
functionalize surfaces with BAs, expose such functionalized surfaces to the spike protein, and
indirectly evaluate BA-spike binding by determining the thickness of the surface via
ellipsometry. Various methods for surface functionalization were attempted. Au surfaces were
exposed to 4-mercaptophenylboronic acid, in order to graft the BA via the well-known Au-thiol
interaction.>* Alternatively, Si surfaces were exposed to an epoxide-functional silane, (3-
glycidyloxypropyl)trimethoxysilane, after which the grafted epoxide was reacted with 3-
aminophenylboronic acid. To illustrate the challenges associated with this general surface
functionalization approach, Figure 3 shows the thickness (height) of the grafted BA for four
replicates of Si surfaces identically functionalized by the latter method. The error bars indicate
the standard deviation from several measurements in different locations across the same sample.
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The thickness of the grafted BA cannot be evaluated by ellipsometry within an accuracy of ca. 1
nm, which is on the order of the size of the spike protein.?® Therefore, it was unsurprising to find
that measurements next performed after subsequent exposure of these surfaces to the spike
protein did not produce an increase in thickness within the error of the measurement. Thus, this
method was insufficient to evaluate whether or not the spike protein binds to BAs.

Height (A)

Replicate 1  Replicate2 Replicate 3  Replicate 4

Figure 3. Representative example of thicknesses of BA-functionalized Si surfaces determined by
ellipsometry.

While we were unable to obtain definitive information as to whether BAMPs can bind and/or
aggregate SARS-CoV-2 spike protein, we were successfully able to evaluate, in part, the effect
of BAMPs on the key spike-ACE2 interaction through the use of enzyme-linked immunosorbent
assays (ELISAs). Figures 4 and 5 show the results of ELISAs performed on SARS-CoV-1 and
SARS-CoV-2 spike proteins. The spike is adsorbed on polycarbonate surfaces in a 96 well plate,
exposed and incubated to a solution of the polymer of interest, then exposed to ACE2, followed
by a secondary antibody and an appropriate substrate to convert the amount of bound ACE2 to a
quantitative optical readout.

The control curves in Figure 4(a) and Figure 5(a) clearly show that ACE2 binds to both spike
proteins; increasing ACE2 concentration yields a larger absolute amount of bound ACE2, as
evidenced by the increased absorbance of the sample. In the remaining panels, the polymer (or
antibody, in the case of Figure 4(b) and Figure 5(b)) concentration is varied, while the
subsequent ACE2 concentration is held constant. The positive control curves in Figure 4(b) and
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Figure 5(b) illustrate the outcome of the ELISA in a scenario where spike-ACE2 is effectively
inhibited. The antibody m396 is known to inhibit spike-ACE2 binding for SARS-CoV-1, but not
SARS-CoV-2. Confirming this notion, increasing concentration of m396 produced no significant
change in the amount of ACE2 bound by SARS-CoV-2 spike, whereas increasing concentration
of m396 clearly decreased the amount of ACE2 bound by SARS-CoV-1 spike.

Curiously, for both spike proteins, the addition of PEI and PEI-BA resulted in increasing
amounts of ACE2 bound with increasing polymer concentration (Figure 4(c)-(d) and Figure 5(c)-
(d)). Both PEI and PEI-BA are strong polyelectrolytes, possessing a high density of protonated
amines in the buffered conditions (PBS) used in this ELISA. We suspect that a significant
amount of PEI became attached to the surface-bound spike through electrostatic interactions, in
turn enhancing the amount of ACE2 deposited through the same mechanism. This outcome
precludes (for the specific case of PEI) any determination of the effect of the BA on spike-ACE2
binding through this particular ELISA. On the other hand, Figure 4(e)-(f) and Figure 5(e)-(f)
clearly show that both PEG-NH; and PEG-BA had no effect on the amount of ACE2 bound by
either SARS-CoV-1 or SARS-CoV-2 spike. More explicitly, these data indicate that the presence
of BA in PEG-BA did not inhibit spike-ACE2 binding in either case.
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Figure 4. ELISA results for SARS-CoV-2 full trimeric spike protein attached to surface and
exposed to (a) ACE2 (control curve), (b) m396 antibody, (¢) PEL (d) PEI-BA, (e) PEG-NH,,
and (f) PEG-BA. For (b)-(f), the ACE2 concentration used was 0.01 pg/mL.
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Figure 5. ELISA results for SARS-CoV-1 full trimeric spike protein attached to surface and
exposed to (a) ACE2 (control curve), (b) m396 antibody, (¢) PEL (d) PEI-BA, (e) PEG-NH,,
and (f) PEG-BA. For (b)-(f), the ACE2 concentration used was 0.033 pg/mL. The higher ACE2
concentration used here, relative to the SARS-CoV-2 ELISA was intended to more closely match
the inflection point in the control curve.

We also tested the same BAMPs in a commercial, ELISA-based SARS-CoV-2 inhibition kit.
This test differed slightly from the ELISA depicted by Figures 4 and 5 in that the spike protein
and polymer of interest were incubated together and simultaneously exposed to surface-bound
ACE2. The results are shown in Figure 6. Note that, in this case, the data are expressed as a
percent inhibition; in other words, 100% inhibition corresponds to no bound spike protein.
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Figure 6. Inhibition of SARS-CoV-2 receptor binding domain recognition by surface-bound
ACE2 after incubation of the former with BAMPs or unfunctionalized controls.

In this test, both PEI and PEI-BA strongly inhibited spike-ACE2 binding. We conjecture again
that this outcome is derived from the polyelectrolyte nature of PEI. Electrostatic interactions may
potentially disrupt the activity or structure of the spike, thereby reducing the efficacy of binding
with ACE2. Nevertheless, the presence of BA does not impart any improvement in inhibition for
PEI-BA relative to PEI In contrast, PEG-NH> and PEG-BA both exhibited a marginal capacity
to inhibit spike-ACE2 binding. More importantly, however, the presence of BA again does not
impart any improvement in inhibition for PEG-BA relative to PEG-NHa,.

It is important to emphasize that the ELISAs are intended to interrogate only the spike-ACE2
binding event. The data presented here provide evidence that, contrary to our intended purposes,
BAMPs do not interfere with this binding event. Lacking definitive information regarding the
interaction of our BAMPs with the spike itself, two possible scenarios must be considered. On
one hand, the BA moieties present in the BAMPs may simply have failed to form the desired
boronate esters with spike saccharide residues under the conditions used for these ELISAs. In
particular, the accessible residues in the spike protein, as well as the particular BA chemistry
chosen, may perhaps require a higher working pH for appropriate binding. Alternatively, it may
be possible that the BA moieties are, in fact, binding the spike protein via saccharide residues,
yet the spike can still efficiently bind ACE2 in such a modified form.
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Despite the fact that the presence of BA did not inhibit or otherwise affect spike-ACE2 binding
in the ELISAs, we remained curious as to whether the presence of BA could disrupt other key,
downstream processes associated with viral infection, such as membrane fusion and viral entry.
Therefore, two viral inhibition tests were further pursued, using Dengue virus (DENV) and
bacteriophage @6 as surrogates in lieu of SARS-CoV-2. DENV is, of course, a mosquito-borne,
enveloped virus that, like SARS-CoV-2, is amply decorated with glycoproteins.?® Our test
protocol with DENV involved infecting Vero cells with DENV; unfortunately, however, we
were unable to obtain a proper control condition for successful infection of the Vero cells over
the short duration of the project.

In contrast, the bacteriophage @6 is a well-known virus that infects Pseudomonas bacteria.”’” ®6
is relatively unique among bacteriophages in that it possesses a lipid membrane, similar to
DENYV and SARS-CoV-2. However, the spike protein of @6 is not glycosylated, and the process
by which @6 recognizes and infects Pseudomonas is much different from SARS-CoV-2 and its
characteristic spike-ACE2 process. Nevertheless, and quite interestingly, we found a significant
inhibitory effect of BAMPs to @6 infection. Pseudomonas syringae were cultured and exposed
to samples of ®6 containing ca. 107 viral particles per sample, previously incubated with BAMP
at 0.05 mg/mL. After allowing infection to occur for 2 days, the amount of ®6 was evaluated as
shown in Table 1. Relative to the control experiment in the absence of any polymer, the presence
of the unfunctionalized polymers PEI and PEG-NH> caused roughly an order of magnitude
decrease in the quantity of @6 detected after infection. For PEG-BA, there was a further order of
magnitude decrease in @6 relative to PEG-NHa. For PEI-BA, the polymer completely inhibited
the @6 infection process, as no @6 was ultimately detected. There was a clear effect of the BA
functionality in inhibiting ®6 infection, particularly in the case of PEI-BA. It is important to note
that Table 1 shows the result of a single experiment, the only experiment with @6 successfully
completed over the short duration of this project; hence, to increase confidence in the
reproducibility and associated outcome, this result should ideally be confirmed through future
repetition.

Sandia National Laboratories is a multimission laboratory managed and operated by National Technology and
Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell International, Inc., for the U.S.
Department of Energy’s National Nuclear Security Administration under contract DE-NA-0003525.

Sandia National Laboratories

U.S. DEPARTMENT OF

'ENERGY



fORD

Table 1. @6 counts after incubation with BAMPs for the indicated duration followed by
infection of Pseudomonas syringae.

PEI PEI-BA PEG-NH2 PEG-BA | Control
5 min 9eb 0 le6 1.9e5 1.2e7
15 min 1.3e6 0 1.9e6 2.2e5 1.2e7
30 min 2.0e6 0 1.7e6 1.8e5 7e6
45 min 1.0e6 0 le6 1.2e5 1.2e7

To reiterate, the spike protein of @6 is not glycosylated. Therefore, the inhibitory effect of the
BA was somewhat surprising. It may be that the BA interacts with an alternative component of
®6, such as its characteristic phospholipids. However, in truth, the mechanism by which the
inhibitory effect of the BA is derived is wholly unclear at this point. If the BA targeted a
component of @6 that is universally found in a wide variety of viruses, then these BAMPs would
reasonably be expected to exhibit broad anti-viral behavior. Until additional information
regarding the specific mechanism is uncovered, or inhibition tests are successfully completed
with other viruses, such a notion is purely speculative.

CONCLUSIONS

It remains unclear from the experiments attempted as to whether BAMPs can effectively
crosslink or otherwise bind SARS-CoV-2 spike protein. Regardless, initial results from two
different ELISAs clearly show no appreciable effect of the BA functionality in inhibiting spike-
ACE2 binding relative to unfunctionalized controls. In contrast, an initial test of the effect of
BAMPs on ®6 bacteriophage infection showed a marked inhibitory effect due to the BA
functionality, although this outcome is of dubious relevance to SARS-CoV-2. We recommend
that any future efforts to evaluate the fundamental nature of interaction between BAMPs and the
spike proteins of enveloped viruses focus on the development and implementation of
experimental protocols that enable determination of the appropriate conditions (e.g., pH, BA
selection) necessary to enforce BA-spike binding.
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