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Molecular imprinting is a promising strategy to selectively adsorb viruses, but
it requires discerning and validating epitopes that serve as effective imprint-
ing templates. In this work, glycoprotein-imprinted particles were synthesized
for coronavirus capture. Adsorption was maximized at pH 6 (the glycoprotein
isoelectric point) where the glycoprotein-imprinted particles outperformed non-
imprinted particles, adsorbing 4.96 x 10 + 3.33 x 10° versus 3.54 x 10° +1.39 x 10°
median tissue culture infectious dose/mg of the target coronavirus, human coro-
navirus - organ culture 43, within the first 30 min (p = 0.012). During competitive
adsorption, with pH adjustment (pH 6), the glycoprotein-imprinted particles
adsorbed more target virus than non-target coronavirus (human coronavirus
- Netherland 63) with 2.34 versus 1.94 log removal in 90 min (p < 0.01). In
contrast, the non-imprinted particles showed no significant difference in target
versus non-target virus removal. Electrostatic potential calculation shows that
the human coronavirus - organ culture 43 glycoprotein has positively charged
pockets at pH 6, which may facilitate adsorption at lower pH values. Therefore,
tuning the target virus glycoprotein charge via pH adjustment enhanced adsorp-
tion by minimizing repulsive electrostatic interactions with the particles. Overall,
these results highlight the effective use of glycoprotein-imprinted particles for
coronavirus capture and discern the merits and limitations of glycoprotein
imprinting for the capture of enveloped viruses.
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1 | INTRODUCTION

Article Related Abbreviations: APTES,
(3-aminopropyl)triethoxysilane; FT-IR, Fourier-transform infrared
spectroscopy; GIP, glycoprotein-imprinted particle; HCoV-NL63, human
coronavirus — Netherland 63; HCoV-OC43, human coronavirus — Organ
Culture 43; MIP, molecularly-imprinted particle; NIP, non-imprinted
particle; PBS, phosphate-buffered saline; RT-qPCR, reverse
transcription-quantitative polymerase chain reaction; SARS-CoV-2,
severe acute respiratory syndrome coronavirus 2; TCIDs,, median tissue

culture infectious dose.

Advances in the adsorptive separation of viruses from solu-
tion are critical for biomonitoring in numerous fields,
including food production and safety, clinical diagnos-
tics, and wastewater-based epidemiology. Methods used
to concentrate viruses from solution often rely on size-
exclusion (advanced filtration), electrostatic attraction
(HA filtration), adsorption to salts (PEG precipitation),
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or density sorting (ultracentrifugation). The sensitivity of
subsequent quantification techniques, such as quantita-
tive polymerase chain reaction and median tissue culture
infectious dose (TCIDs) assay, that follow virus separation
depends on the efficiency of the virus concentration step
[1]. However, these concentration methods lack specificity
and thus do not selectively discern and separate the tar-
get from similar viruses. Furthermore, this non-specificity
can lead to the co-concentration of analysis inhibitors and
media components that hinder accurate quantification [2].
Thus, selective and specific methods for virus adsorption
are needed, particularly for the removal and quantifica-
tion of human pathogens such as severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) [3].

Molecularly-imprinted particles (MIPs) can impart
selectivity and specificity to adsorptive virus separa-
tion methods [4-7]. During MIP preparation, a template
molecule is embedded and then removed from a particle
to create highly specific adsorption sites containing resid-
ual functional groups and shape complementarity that
enhance adsorption. MIPs are typically centered around
imprinting small molecules. However, surface imprinting
strategies have been used to imprint macromolecular tem-
plates such as virus capsid proteins or whole viruses for
whole virus capture [6, 8]. Notably, epitope imprinting of
viral capsid protein was recently used to adsorb ~80% of a
target virus (adenovirus type 5) and <10% of the non-target
virus (minute virus of mice) when the blocking agent
BSA was present [8]. This was accomplished using a non-
enveloped virus as a target, with the off-target virus being
another non-enveloped virus with significantly different
capsid properties. In another study, up to 11 mutations
out of 35 residues in a peptide template could effectively
capture a non-mutated target protein peptide [9], which
further highlights the potential use of moderately dissimi-
lar proteins for templating selective and specific imprinted
particles.

Macromolecular imprinting may enhance biosensing
for coronavirus disease 2019 [10], but to our knowledge,
most of these methods developed thus far have only
imprinted and adsorbed dummy targets such as BSA [11],
peptides [12, 16], and antigens [13, 14]. In the only case
where SARS-CoV-2 glycoprotein was used as a MIP tem-
plate for the development of a sensor, the absorption
efficiency and specificity of the MIP for the target virion
and other intact enveloped viruses were not systematically
characterized [15].

Herein, we report glycoprotein-imprinted particles
(GIPs) for the capture of human coronavirus - organ
culture 43 (HCoV-0C43), a low pathogenicity virus with
morphological and physiological similarities to SARS-
CoV-2 [17]. For the analog non-target virus, we selected
human coronavirus - Netherland 63 (HCoV-NL63), which

is also a low pathogenic human coronavirus that shares
the same host receptor molecule (angiotensin-converting
enzyme 2) as SARS-CoV-2 [17] and is commonly found in
co-infection with HCoV-OC43 [18, 19]. Although HCoV-
0C43 and HCoV-NL63 are similar in size (~75-125 nm)
[20, 21] and morphology, the amino acid composition
and charge property of their surface glycoproteins differ
with an amino acid sequence identity of 38% [21, 22]. We
show that the most pronounced difference between the
HCoV-0OC43 and HCoV-NL63 glycoproteins relevant to
adsorption is their pH-dependent surface charge distribu-
tion, which allowed for moderately enhanced adsorption
of the target virus (HCoV-OC43) to the GIPs at pH 6.
However, even with pH adjustment, the selectivity and
specificity of the GIPs for HCoV-OC43 over HCoV-NL63
were not outstanding, which highlights the need for a
more selective separation strategy. Overall, this work
advances our understanding of the merits and limitations
of the unprecedented use of GIPs for enveloped virus
adsorption.

2 | MATERIALS AND METHODS

2.1 | Materials

Phosphate-buffered  saline  (PBS), glutaraldehyde
(25%), tetraethyl orthosilicate (TEOS, >99.0%), (3-
aminopropyl)triethoxysilane (APTES), hydrochloric acid
(HCl1), and Triton X-100 were purchased from Millipore
Sigma. All primers were purchased from Integrated DNA
Technologies. The HCoV-0C43 Spike S1 Protein (His Tag)
(> 90%) was purchased from Sino Biological. The iTaq
Universal SYBR Green 1-Step Kit was purchased from
Bio-Rad. HCoV-OC43 and BS-C-1 stocks were provided
by Dr. Kui Li from the University of Tennessee Health
Science Center, and HEK293T cells were provided in
passage 3 from the Dr. Isaac Hilton lab at Rice University.
HCoV-NL63 stocks were provided by BEI Resources.

2.2 | Preparation of viruses and template
molecules

GIPs were synthesized using the S1 subunit of the HCoV-
0C43 glycoprotein as the template molecule. The HCoV-
0C43 S1 glycoprotein was diluted to a concentration of 0.05
pg/ul in 1X PBS, aliquoted, and stored at —80°C until use.
For virus amplification, HEK293T cells were first grown to
50%—-60% confluency in a T75 flask. Stock HCoV-0OC43 was
added at a multiplicity of infection of ~0.01, and media
was added to a volume of 20 ml. Cells were grown in a
37°C incubator at 5% CO, for 5-6 days. At this time, cells
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showed a full cytopathic effect. To remove virus particles
from the cells, the flask went through 3 freeze/thaw cycles.
The media was collected and spun down to remove cellular
material at 500 x g for 5min at 25°C. The media containing
the virus was aliquoted and stored at —80°C. HCoV-NL63
stocks were prepared in the same way as the HCoV-0C43
but cultured in BS-C-1 cells. The virus propagation method
was adapted from Leibowitz et al. 2011 [23].

2.3 | Synthesis of GIPs and
non-imprinted particles

Due to their facile synthesis and adaptability to new
templates, silica-based GIPs and non-imprinted particles
(NIPs) were synthesized according to previous methods
which were adapted for the HCoV-OC43 Sl glycoprotein
template [6, 8, 24]. To a suspension of 4 mg silica/ml, 120 pl
of 0.05 ug/ul glycoprotein was incubated for 1 h. TEOS
(2 pl/mg silica) was first added and reacted for 2 h before
lowering the water bath temperature to 10°C and react-
ing with APTES (0.4 ul/mg silica) for 1 h. The particles
were washed once with water and cured for 24 h at 4°C.
Finally, the particles were washed with clearing solution
(HCl and Triton X-100) to remove the template and washed
three times with 1X PBS before being oven dried at 40°C
overnight. NIPs were produced in the same way with the
omission of glycoprotein.

2.4 | Virus adsorption experiments

Adsorption experiments were conducted in 0.5X PBS
adjusted to pH 6, 7.4, or 10. The pH of the PBS solutions was
adjusted using either 1M HCI (for pH < 7.4) or 0.1 M NaOH
(pH > 7.4) dropwise. Then according to Equation (1), the
ionic strength was adjusted using NaCl. For Equation (1),
I is the ionic strength, c; is the molar concentration of the
ion, z; is the charge of the ion, and n is the number of ions.

n
Z ¢z} €))
i=1

The GIPs or NIPs were resuspended by sonication into
the adsorption buffer to a concentration of 5 mg/10 ml
and magnetically stirred at 300 rpm throughout the exper-
iment. At time zero 5 ul of the HCoV-0C43 stock solution
(final concentration on the order of 10°-10° TCID5,/ml)
was added to each vial. Throughout the course of the
experiment, 200 pul of the sample was taken at timepoints
0, 1, 2.5, 10, 30, 60, and 90 min. The samples were cen-
trifuged at 8000 rpm for 1 min to settle the GIPs or
NIPs and the supernatant was stored at 4°C until reverse
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transcription-quantitative polymerase chain reaction (RT-
gPCR) analysis. Positive virus controls were run for every
experiment in which all conditions were followed as above
without the addition of the GIPs or NIPs. For competi-
tive adsorption, HCoV-OC43 and HCoV-NL63 were added
in equal parts to a final concentration on the order of
10'% TCIDs,/ml. Data are reported as log removal (Equa-
tion (2)) or adsorption capacity (Equation (3)), fitted using
the least squares method to pseudo-second-order kinetics
(Equation (4)), and validated using the Shapiro-Wilk test.
In Equation (3) and Equation (4) q; is the adsorption capac-
ity at time ¢, C, is the concentration of the GIPs or NIPs, q,
is the equilibrium adsorption capacity and K is the adsorp-
tion rate constant. The theoretical adsorption density was
calculated according to Equation (S1) where Cgpy is the
final concentration of the spiked virus in solution, SA is
the surface area in m?2/ g, and C, is the concentration of the
GIPs or NIPs.

C

Log Removal = —Log <Lple> 2
CO, virus control
Co—C,
t Ca
t

®="7N 1 )

B

Je Kqg

. . . Cspike
Theoretical adsorption capacity = ArC. (S1)
a

2.5 | Virus quantification

RT-gPCR was performed to quantify HCoV-OC43
(forward primer: 5-ATGTCAATACCCCGGCTGAC-3’,
reverse: 5-GGCTCTACTACGCGATCCTG-3') [25] and
HCoV-NL63 (forward primer: 5'-GATAACCAGTCGAAG-
TCACCTAGTTC-3', reverse: 5'-ATTAGGAATCAATTCA-
GCAAGCTGTG-3’) [25] on a CFX96TM Real-Time System
(Bio-Rad, USA) in 96-well plates. RNA was extracted by
heating at 95°C for 5 min. Each RNA sample was run in
triplicate with standard curves (virus diluted in 0.5X PBS)
and no template controls on each plate. Negative controls
(DNase&RNase-free DI water) were run in triplicate.
The RT-qPCR mixture for each reaction contained 5 ul
reaction mix (2x), 0.125 ul iScript reverse transcriptase,
1 ul forward and reverse mix primers (1 uM), and 3.875 ul
template RNA to achieve a total volume of 10 ul. The cycle
conditions used were: 50°C for 10 min, 95°C for 1 min 15 s
followed by 40 cycles of 95°C for 15 s to anneal and extend
before plate reading at 60°C for 30 s and a final melting
curve to ensure that no nonspecific RT-qPCR products
were generated. Cq values were converted to TCIDs, using
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a standard curve where the virus concentration of the
stock virus solution was measured using a traditional
coronavirus TCIDs, assay [23].

2.6 | Virus and particle characterization
Intact HCoV-0OC43 and HCoV-NL63 virions were imaged
using TEM on a JEOL 1230 High Contrast. The GIPs
and NIPs were visualized using environmental SEM (FEI
Helios NanoLab 660 DualBeam) at a magnification of 80
000X and a voltage of 1 kV. Particles were pressed into
conductive tape prior to imaging to increase sample con-
ductivity. The zeta potential of the virion and particles were
measured in 0.5X PBS on a Zetasizer Nano (Malvern Zen
3600). For these measurements, 1.8 mg of particle or 10°
TCIDs,/ml of the virus was sonicated for 5 min in 10 ml of
solution (either PBS at pH 6, 7.4, or 10) prior to measure-
ment. The specific surface area and pore characteristics
of the GIPs and NIPs were measured on a Quantachrome
Autosorb-iQ-MP/KR BET Surface Analyzer and fit to the
Brunauer-Emmett-Teller method and Barret, Joyner, Hal-
enda method, respectively. The particle infrared spectra
were measured via Fourier-transform infrared (FT-IR)
spectroscopy on a diamond plate (Nicolet).

2.7 | Protein modeling

PyMOL was used for protein modeling of the HCoV-OC43
S glycoprotein (PDB: 60HW) and HCoV-NL63 S glyco-
protein (PDB: 7KIP). Electrostatic analysis at varying pH
values (6, 7.4, and 10) was done through the APBS Electro-
statics plugin [26]. Blue to red regions varies from +5kT to
—5kT.

2.8 | Statistical analysis

For each adsorption experiment, three individual batches
of particles (GIP or NIP) were tested independently.
Results from individual runs were averaged and were
found to be statistically significant at a 95% confidence
interval using two-way analysis of variance (p < 0.05).
Data were fit using the least squares method and the
Shapiro-Wilk test.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis of coronavirus GIPs

The main goal of glycoprotein imprinting was to impart
selectivity on an adsorbent (SiO,) for binding HCoV-OC43

D) sio2

~fSi02 K
-NIP A
-GIP

+3680-21904

Intensity (a.u.)

3500 2500 1500 500
Wavenumber (cm-')
FIGURE 1 SEM images of the (A) glycoprotein-imprinted

particle (GIP) and (B) non-imprinted particle (NIP). (C) Schematic
of the imprinting process and (D) corresponding FT-IR

virions in solution. Glycoprotein imprinting circumvents
the use of pathogenic viruses as imprinting templates, and
instead uses a template that is commercially available at a
high purity, which can enhance reproducibility and bulk
synthesis. The glycoprotein-imprinted silica-based parti-
cles (GIPs) were synthesized using the S1 subunit of the
HCoV-0C43 glycoprotein (HCoV-OC43 Sl1 glycoprotein)
as the template molecule as shown by SEM (Figure 1A).
The NIP (Figure 1B) exhibited a relatively smooth surface
compared to that of the GIP which showed small imprints
that matched the size of the templated HCoV-OC43 S1 gly-
coproteins (Figure S1), on the order of 10 nm. The NIP
and GIP had similar specific surface areas of ~14 m?/g
(Table S1), yielding the same theoretical adsorption density
(Equation (S1)) for the HCoV-OC43 virions (i.e., 6.93 x 10’
TCIDs,/m?). The pore characteristics (Table S2) show that
the NIP and GIP had an average pore diameter of ~3.96 nm
and were mesoporous (pore sizes between 2 and 50 nm).
This implies that the 75-125 nm diameter virions would
bind to the surface of the particles, where the imprints
are located, rather than within the pores of the material.
Therefore, GIP and NIP performances can be compared
to discern the effects of the surface imprints on specific
and selective adsorption, without confounding effects of
differences in surface area or pore characteristics of the
particles.

The synthesis of these GIPs and NIPs was achieved via
the imprinting process outlined in Figure 1C, and the suc-
cessful progression of the imprinting process was further
confirmed by FT-IR (Figure 1D). First, the SiO, was func-
tionalized using APTES and crosslinker glutaraldehyde to
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FIGURE 2 The adsorption capacities of human coronavirus - organ culture 43 (HCoV-0C43) for the (A) glycoprotein-imprinted particle

(GIP) and (B) non-imprinted particle (NIP) at different solution pH values. (C) Zeta-potential measurements of the polymers and viruses

create a functional layer (fSiO,) that anchored the HCoV-
0OC43 S1 glycoprotein to the surface before polymerizing
around the glycoprotein. This is observed in the FT-IR
spectra where the bare SiO, exhibits peaks at 1049 cm™!
and an -OH stretch across 3680-2190 cm~! while the fSiO,
shows functional peaks at 1470, 2918, and 2846 cm™!, and
a reduced peak at 1049 cm~'. Imprints were created by
washing the glycoprotein off the particles to produce GIPs,
and the same procedure was conducted in the absence of
glycoprotein to produce NIPs. The resulting GIP and NIP
showed similar peaks for SiO, (1049 cm™') and an -OH
stretch (3680-2190 cm ™). The GIP showed a distinct peak
at 860 cm™! in the fingerprint region and had a higher
intensity. Thus, the FT-IR spectra corroborate the success-
ful imprinting of the HCoV-0C43 S1 glycoprotein into the
particles.

3.2 | Selective coronavirus adsorption to
the GIPs was maximized at pH 6

The use of GIPs in environmental applications requires
adsorption to be rapid and performed across a wide pH
range; thus, adsorption kinetic studies were conducted at
three pH values (6, 7.4, and 10) for up to 30 min. The
best selectivity was achieved when the solution pH was
adjusted to a value of 6, which is near the pI of the HCoV-
0OC43 S glycoprotein (5.52), as this minimizes electrostatic
repulsion between the particles and virion (see surface
charge measurements in the next section). At pH 6 the
GIPs adsorbed a significantly greater (p < 0.05) number of
HCoV-0C43 virions than the NIPs as shown in Figure 2.
Additionally, the GIPs reached an adsorption capacity of
4.96 x 10° + 3.33 x 10° TCID5,/mg in less than 10 min
(k = 4.93 X 107> TCIDs, mg~' min~'). In comparison, the
NIPs took 30 min to reach a lower adsorption capacity of
3.54 x 10° + 1.39 x 10° TCIDs,/mg. This selectivity was

not observed at pH 7.4 or pH 10 where the GIPs and NIPs
adsorbed comparable amounts (~7-9 X 10° TCIDs,/mg)
of the HCoV-OC43 virions. In all cases, adsorption fit
well with pseudo-second-order kinetics (Table 1), and an
adsorption capacity > 10° TCIDs,/mg was reached in
under 30 min. This illustrates the potential use of the GIPs
and NIPs in applications requiring rapid adsorption and
the use of the GIPs in lower pH environments for selective
virus capture.

The lack of selectivity at pH 7.4 and 10 suggest that
electrostatic interactions overwhelmed any significant
imprinting effect, underscoring the need to minimize elec-
trostatic repulsion. Specifically, at pH 7.4 and 10 the virions
and particles were both negatively charged (« 8.58 mV)
(Figure 2C) and therefore likely to be repelled from one
another. This was also the case at all pH values for the NIPs.
In contrast, the zeta potential was positive for the GIPs at
pH 6 (15.57 mV), which can facilitate adsorption via elec-
trostatic attraction to the negatively charged HCoV-0C43
virions.

Differences in surface charge of the GIPs and NIPs at
pH 6 and resulting adsorption behavior may be due to the
residual functional group, shown as the 860 cm~' FT-IR
peak in Figure 1, left behind on the GIPs after imprint-
ing. To further elucidate the role of surface charge, the
contribution of the glycoproteins to the negative charge of
the HCoV-0OC43 virion and subsequent adsorption behav-
ior was assessed through protein modeling in PyMOL
(Figure 3B-D). The simulations revealed that the HCoV-
0C43 glycoprotein surface charge varies spatially with pH
and becomes increasingly negative with increasing pH.
This agrees with the adsorption kinetics behavior and zeta
potential measurements. Therefore, although the particles
and virus were in close range in all cases (zeta potentials
between —20 and 20 mV), electrostatic repulsions had to
be minimized using pH adjustment to achieve selectivity
using the GIPs.



TABLE 1 Fitting of the adsorption kinetics data to a pseudo-second-order model
k (TCID;, mg! min') qe (TCID;,/mg) R?
pH6 pH7.4 pH10 pH6 pH7.4 pPH10 pH6 pH7.4 pPH10
GIP 4.93E-05 6.26E-05 2.87E-06 4.95E+06 9.84E+05 8.60E+05 1.00 1.00 0.96
NIP 2.67E-06 3.15E-03 1.30E-06 3.39E+06 1.00E+06 8.60E+05 0.98 1.00 0.78

FIGURE 3

Protein modeling showing (A) surface charge of the human coronavirus — Netherland 63 (HCoV-NL63) S1 glycoprotein and

(B) progression of the surface charge of the human coronavirus - organ culture 43 (HCoV-OC43) S1 glycoprotein at pH 6, (C) at pH 7.4, and

(D) at pH 9.8. Blue to red regions vary from +5kT to —5kT

The overwhelming role of electrostatics, even once min-
imized by pH adjustment, has also been shown for perflu-
orooctanesulfonic acid adsorption to MIPs functionalized
in a similar manner [27]. They attributed the adsorption
of perfluorooctanesulfonic acid to the MIP/NIP largely to
electrostatic interactions, instead of selective MIP binding,
based on the decreasing adsorption at increasing pH [27].
Similarly, highly successful imprinted particles, such as
adenovirus hexon protein imprinted particles [8], require
the addition of blocking agents, such as BSA, to be selec-
tive. Therefore, our work corroborates and highlights that
there is still a need for methods that enhance adsorp-
tion without relying on changes to the system such as pH
adjustment or the addition of blocking agents.

3.3 | At pH 6 the GIPs enhance the
removal of the target virus in the presence
of two morphologically similar
coronaviruses

To assess the specificity of the GIPs for only the target virus,
adsorption of HCoV-OC43 from solution (at pH 6) in the
presence of a competing virus (HCoV-NL63) was assessed.
The GIPs adsorbed more HCoV-OC43 than HCoV-NL63
but were not highly selective. The GIPs removed 2.34-log
(~99%) of HCoV-OC43 compared to 1.94-log (~90%) of

HCoV-NL63 (p < 0.01) within 90 min (Figure 4). However,
the NIPs also adsorbed about 2-log (99%) of the HCoV-
OC43 and HCoV-NL63 virions within 90 min. This lack
of selectivity (GIPs performing similarly to NIPs) and rela-
tively slow adsorption time highlight the need for further
optimization of the GIPs to be selective in the presence of
similar (shape, size, charge, and so forth) viruses. However,
the displayed specificity of the GIPs and not the NIPs for
the target virus suggests the potential value of the GIPs
when two or more viruses are co-occurring and should
be separated, such as when diagnosing co-infections (e.g.,
HCoV-0C43 and HCoV-NL63) or distinguishing commin-
gled environmental viruses (e.g., murine coronavirus and
Pseudomonas virus phi 6).

The basis of molecular imprinting is shape recognition,
which plays a major role in adsorption to the GIPs. HCoV-
0OC43 and HCoV-NL63 are similar in morphology and
size (~75-125 nm) [20, 21] (Figure SI), but HCoV-NL63
is coated with glycoproteins that have a larger mass and
different pI values (Table 2). Thus, reduced adsorption of
HCoV-NL63 to the GIPs may be due to its larger glyco-
protein size and dissimilar configuration to the imprint
which reduces shape recognition to the imprints. We found
that the role of surface charge also played a prevalent role
in adsorption and selectivity, as shown in other works
[28]. In the medium tested (0.5X PBS, pH 6) both viruses
had an overall negative surface charge (Figure 2C) but
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FIGURE 4 Adsorption of human coronavirus — organ culture 43 (HCoV-OC43) and human coronavirus — Netherland 63 (HCoV-NL63)
in a mixed virus solution to (A) the glycoprotein-imprinted particles (GIPs) or (B) non-imprinted particles (NIPs)

TABLE 2 Virus and protein characteristics of the target and
analog viruses used
Target virus Analog virus
HCoV-0C43 HCoV-NL63
Virus Shape spherical spherical
Enveloped Y Y
Virus Diameter (nm) 125 75-155
Protein IEP 5.528 6.29°
Protein Mass (Da) 81984 149850

Isoelectric point of the HCoV-OC43 spike glycoprotein (GenBank ID:
QQY99210.1)
PIsoelectric point of the HCoV-NL63 spike glycoprotein (GenBank ID:
YP_003767.1)

different surface charge distributions on their glycopro-
teins (Figure 3A,B), which may also lead to the observed
differences in adsorption behavior. At pH 6, both HCoV-
0OC43 and HCoV-NL63 had widespread negatively charged
regions that can facilitate adsorption based on the gly-
coprotein conformation during adsorption. However, the
HCoV-0C43 glycoproteins had negatively charged edges
that may be more accessible for adsorption to the particles,
and lead to enhanced adsorption as compared to HCoV-
NL63. It is important to note that the negative charge
of the virions stems from all components on the surface
including glycoproteins and exposed phospholipids; there-
fore, complex molecular interactions are at play when
considering enveloped virus adsorption to MIPs.
Additional surface features of the virions apart from the
glycoprotein have implications when designing imprinted
particles for enveloped viruses. For example, for SARS-
CoV-2, which is a homolog of HCoV-0C43, there is a low
density of glycoproteins, with approximately one S protein

trimer per 1000 nm? of membrane surface [29]. Therefore,
exposed phospholipids may play a large role in adsorption
and serve as good imprinting templates to separate SARS-
CoV-2 from non-enveloped viruses. On the other hand,
the influenza A virus has a higher glycoprotein density
with approximately one HA protein trimer per 100 nm?
[30] and may be adsorbed well using GIPs with HA as
an imprinting template. Although beyond the scope of the
experimental and modeling aspects of this work, elucidat-
ing the specific binding events between the glycoprotein
imprint and the diverse surface features of the target virion
could help determine which features are good candidates
for imprinting templates that can impart selectivity to
enveloped viruses and therefore enhance adsorption. It is
important to note that imprinting using intact enveloped
viruses, rather than selected surface features, is probably
impractical in most cases due to the large particle size and
polymorphic shape of these viruses.

4 | CONCLUDING REMARKS

This work illustrates the merits of macromolecular
imprinting for the adsorptive removal of two coronaviruses
and the limitations in the selectivity and specificity of the
particles when pH adjustment was not employed. This
latter limitation of using functionalized silica for molec-
ular imprinting is due to the inherent non-specificity of
the material, which contains non-selective hydroxyl and
amine groups. Whether future improvements in selectivity
could be made by incorporating organosilanes with addi-
tional functional groups specific to the target virus protein
[6] remains to be determined. Nevertheless, the advantage
of molecular imprinting in capturing two coronaviruses
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(HCoV-0C43 and HCoV-NL63) with high affinity was evi-
dent by fast removal (within 30 min) and an adsorption
capacity ~10° TCID5,/mg when the pH was adjusted near
the HCoV-0C43 S1 glycoprotein isoelectric point.

Although certain attributes such as the surface charge of
the glycoprotein may enhance target-coronavirus adsorp-
tion when repulsive electrostatic interactions are sup-
pressed, the specific adsorption mechanisms within the
imprint, such as which pockets of the glycoprotein are
adsorbing to functional groups within the imprint, need to
be further elucidated. Developing a comprehensive under-
standing of the role of surface glycoproteins in adsorption
will help enhance the design of imprinted materials that
could be applied to physical separation methods, such as
filtration, to selectively separate co-occurring and simi-
larly shaped enveloped viruses, especially of public health
importance such as SARS-CoV-2, HCoV-OC43, HCoV-
NL63, Ebola, and human immunodeficiency virus.

To retrieve and reuse or analyze the SiO, particles, a
process such as centrifugation, filtration or magnetic sep-
aration would be required. The latter could be enabled
by imparting superparamagnetism, as previously demon-
strated for proteins [31]. Once an appropriate particle
separation method is selected, MIPs could also be used as
a pretreatment or concentration step to enhance the sen-
sitivity of subsequent quantification methods that play a
vital role in biomonitoring for food safety, disease control,
and wastewater-based epidemiology.
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