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1. Introduction

The COVID-19 pandemic, caused by the 
novel severe acute respiratory syndrome 
coronavirus SARS-CoV-2, created a global 
health care emergency with ongoing infec-
tions and public health measures. First 
discovered in December 2019 in Wuhan, 
China,[1] the World Health Organization 
(WHO) officially declared it a pandemic 
on the 12th of March 2020; with the infec-
tion spreading rapidly across the globe.[2] 
Between then and time of publication 
multiple variants have emerged.

Named for their surface crown-like pro-
tein spikes, Coronaviruses are enveloped, 
positive-stranded RNA (+RNA) viruses 
with a single-stranded genome that is 
among the longest known from RNA 
viruses.[3] Encoded within the genome of 
SARS-CoV-2 are sequences for four struc-
tural proteins: envelope (E), membrane 
(M), nucleocapsid (N), and spike (S). The 

Virus recognition has been driven to the forefront of molecular recognition 

research due to the COVID-19 pandemic. Development of highly sensitive 

recognition elements, both natural and synthetic is critical to facing such 

a global issue. However, as viruses mutate, it is possible for their recogni-

tion to wane through changes in the target substrate, which can lead to 

detection avoidance and increased false negatives. Likewise, the ability 

to detect specific variants is of great interest for clinical analysis of all 

viruses. Here, a hybrid aptamer-molecularly imprinted polymer (aptaMIP), 

that maintains selective recognition for the spike protein template across 

various mutations, while improving performance over individual aptamer 

or MIP components (which themselves demonstrate excellent perfor-

mance). The aptaMIP exhibits an equilibrium dissociation constant of 

1.61 nM toward its template which matches or exceeds published exam-

ples of imprinting of the spike protein. The work here demonstrates that 

“fixing” the aptamer within a polymeric scaffold increases its capability to 

selectivity recognize its original target and points toward a methodology 

that will allow variant selective molecular recognition with exceptional 

affinity.
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S protein is a type I fusion protein that forms trimers on the 
viral surface. These S proteins interact with the angiotensin-
converting enzyme 2 (ACE-2) receptor on the target cell surface, 
leading to cellular uptake. For the wild type SARS-CoV-2, the 
equilibrium dissociation constant (KD) between the S protein 
and ACE-2 receptor is reportedly between 4.7 and 14.7 nM.[4–6]

As with all viruses, genetic mutation is a natural reproductive 
process and helps to maintain infectivity. Since the original out-
break, there have been multiple reported mutations within the 
SARS-CoV-2 S-protein, with several variants becoming promi-
nent as these mutations offered evolutionary advantage.[7–9] As 
new mutant generation can give rise to different characteristics 
that may affect diagnostic and vaccine performance, ongoing 
monitoring of viral variants is critical. The Centre for Disease 
Control classify these viral variants as variants being monitored, 
variants of interest, and variants of concern (VOC).[10] These 
classifications are fluid as new variants emerge and supersede 
existing variants—for example classification of the Delta and 
Omicron variants superseded prior mutants (Alpha, Beta, etc.)

Polymerase Chain Reaction (PCR) remains the gold standard 
for the detection and classification of SARS-CoV-2 infection. 
However, molecular recognition agents have proven helpful for 
in situ testing, such as the use of antibodies in lateral flow tests 
(LFT). For these tests, the analytical selectivity and specificity 
provided by the internal affinity reagents are critical to the test 
performance.[11] Significant mutation of the target viral protein 
may lead to changes in target recognition by the affinity rea-
gents and a resulting reduction in the sensitivity or accuracy of 
the LFTs.[12] It is known that as variants mutate away from the 
original wild-type, the capabilities of certain types of detection 
(molecular testing) are reduced, leading to potential false-nega-
tives.[13] Further critical parameters to LFT performance include 
stability of the affinity ligand to temperature fluctuations (as 
seen during storage and transport), as these changes may result 
in degradation of the internal test antibodies, potentially leading 
to false negative results. Additionally, the fragile nature of anti-
bodies can limit their use in some field-testing applications, 
such as water testing and air monitoring. Therefore alternative, 
more robust binding agents need to be explored. In particular 
the ability to generate new, non-biological molecular recogni-
tion elements capable of differentiating between viral protein 
variants could offer several advantages in terms of development 
speed, storage and logistical improvements.

Aptamers are short, synthetic, single-stranded DNA or RNA 
molecules that are proven alternative affinity reagents for tar-
geting small molecules and proteins alike.[14,15] These synthetic 
oligonucleotide molecules form self-complementary three-
dimensional structures that allow specific binding to their 
targets through various non-covalent interactions. Benefits of 
aptamers compared with antibodies include their smaller size, 
low-cost manufacture, rapid development time, relative ease 
of modification, and the potential to develop aptamers against 
non-immunogenic or toxic targets. In addition, these synthetic 
reagents have excellent batch-to-batch consistency and long 
shelf life; however, without sequence modification, they are 
susceptible to degradation under some assay conditions (such 
as the presence of nuclease enzymes and extremes of pH).

Molecularly imprinted polymers (MIPs) offer another option 
for robust molecular recognition. Creating a MIP involves the 

self-assembly of functional monomers around the template 
molecule to form a complex, which is entrapped within a 
large polymer matrix. Removal of the template leaves behind 
a complementary (steric and chemical) binding pocket. MIPs 
have been previously limited by high levels of heterogeneity 
and laborious synthetic manufacturing methods,[16] but with 
substantial advances in molecular modelling and increased 
understanding and control of the polymer chemistry and nano-
chemistry (e.g., development of nanoMIPs),[17] they have over-
come many of these issues.[18] Though MIPs have traditionally 
favored small molecule targets, protein imprinting, acknowl-
edged to be more complex, is rapidly expanding with a number 
of different methods being actively researched.[19]

Recently, hybrid materials, that is, materials that utilize both 
aptamer and MIP properties, have been developed.[20] Jolly 
et al. demonstrated a method using an electrochemical sensor 
to detect PSA using an aptamer as a capture agent within an 
imprinted film,[21] while Rad demonstrated similar abilities with 
tetracycline.[22]

Our group has taken this work a stage further: through direct 
modification of the aptamer sequence, by incorporation of 
polymerizable groups on modified thymine residues, aptamers 
can be directly and covalently incorporated into the polymer 
matrix (Figure 1). This has been successfully demonstrated for 
small molecule,[23,24] nucleic acid sequence,[25] and protein tar-
gets,[26] using a nanoparticle solid-phase synthetic method. The 
developed apta-MIP reagents have previously shown improved 
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Figure 1. Schematic representation of the solid-phase synthesis of 
aptaMIP NPs. Red circles indicate the modified polymerizable base, blue 
circles indicate normal bases, orange semi-circle indicate solid support, 
and the green ribbon represents the spike protein subunit template mol-
ecule. I) Synthesis of aptamer sequence to include polymerizable moie-
ties. II) Complexation of aptamer with subunit target moiety attached 
to an inert solid phase. III) Addition of polymer scaffold components, 
poly merization, and formation of polymer scaffold. IV) Thermal (60 °C) 
release of the aptamer incorporated nanoparticle. Notes: 1) The spike 
protein subunit template is left affixed to support for re-use. 2) Non-
aptamer bearing control nanoMIPs made using the same solid-phase 
method as shown, but without the aptamer present. 3) Where an epitope 
has been used as a template it replaces the green ribbon. 4) Aptamer 
sequence is not to scale, but is representative of method.
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performance (in terms of both KD and selectivity) over both 
constituent parts, with an average of a tenfold improvement 
over standard nanoparticle MIP (without the aptamer present) 
and up to 100-fold improvement over the aptamer recognition 
element alone, when sensing the antibiotic moxifloxacin.[23]

MIPs to the SARS-CoV-2 S protein have been imprinted 
in several formats.[27] Bognár et  al. used an epitope process to 
imprint films onto a surface plasmon resonance (SPR) sensor. 
A novel spotting method was used to deposit the epitope, fol-
lowed by an electropolymerized layer to form the imprint. The 
sensor demonstrated nM KD values for the receptor binding 
domain (RBD) of the protein and, when using virus-like par-
ticles, estimated fM equilibrium constants.[28] Similarly, Syri-
tyski’s group demonstrated an electrochemical approach using 
surface imprinting[29] that performed well compared to existing 
electrochemical techniques. Using this method, selectivity was 
shown to be possible between different protein targets, but dis-
tinguishing between SARS-CoV-2 viral variants was not pos-
sible. Further testing on clinical samples revealed some varia-
tion in performance.

Puoci proposed the use of imprinted nanoparticles,[30] which 
has been considered by several groups and represents the core 
of this study. The same group used a microemulsion polymeri-
zation method to develop nanoparticles that were able to inhibit 
viral replication.[31] The Peeters group alongside MIP Discovery 
demonstrated a nanoMIP with a KD values of 7–18 nM which 
offered fg mL−1 level detection using a thermal detection meas-
urement system. Here the different variants studied showed 
similar levels of detection.[32,33]

In this work, we have explored the ability of different nano-
materials to potentially differentiate between variants of the 
SARS-CoV-2 spike protein. Using the wild type SARS-CoV-2 S 
protein as a target for affinity ligand generation, we compared 
the reagent’s recognition via affinity and selectivity against 
known mutations (from early stages of the pandemic) and 
against other coronavirus spike proteins. We have developed 
four new entities: a new aptamer; a nanoMIP imprinted against 
the whole spike protein; a nanoMIP against a selected epitope 
from within the RBD; and an aptaMIP combining our new 
aptamer and nanoMIP methodologies. Finally, the performance 
of these reagents in terms of target recognition is compared, 
and we discuss the capabilities of these technologies to distin-
guish between SARS-CoV-2 S protein variants.

2. Results and Discussion

Using an automated selection method, a truncated DNA 
aptamer (commercially known as an Optimer binder) was 
generated against the S1 domain of the wild-type (WT) SARS-
CoV-2 spike protein through 8 successive rounds of selection 
and preferential amplification. This was carried out by the team 
at Aptamer Group. The final optimized sequence (protected 
for commercial reasons) was 33 bases long (5′-**T***T****
****T***T*******T***T*-3′) with the 6 thymines shown in 
bold chosen as modification sites for aptaMIP generation. The 
thymines are distributed throughout the sequence, giving mul-
tiple binding points for covalent incorporation into a polymer 
backbone.

During the development process, the selectivity of the identi-
fied SARS-CoV-2 aptamer was assessed using Bio-Layer Infer-
ometry (BLI) by comparing binding affinities with recombinant 
S1 protein domains of the homologous coronaviruses SARS-
CoV, MERS-CoV, and SARS-CoV-2 (data not shown). Due to 
the continuous evolution of the SARS-CoV-2 virus, interaction 
analysis was also performed to determine its binding affinities 
to the S1 domain of SARS-CoV-2 VOC. The truncated aptamer 
(Optimer) exhibits nanomolar binding affinities toward spike 
(S1) proteins derived from the SARS-CoV-2 WT virus (10.64 +/− 
0.04 nM), as well as, the Alpha (11.96 +/− 0.18 nM), and Beta 
(8.46 +/− 0.12 nM) variants (Figure  2). The curves associated 
with this data are shown in Figure S1, Supporting Information. 
Interestingly, the three values are very similar, suggesting a sim-
ilar folded conformation interaction with each target, despite 
the mutations, with some potential flexibility in aptamer con-
formation. Cross-reactivity of this SARS-CoV-2 S1 aptamer was 
also tested with SARS-CoV S1 and MERS-CoV S1. In each case, 
the aptamer was shown to be highly specific to SARS-CoV-S2 
(Figure  S2, Supporting Information). This matches the selec-
tivity against the SARS and MERS subunits observed in devel-
opment process.

With an effective selective aptamer displaying excellent 
affinity established, we looked to explore its incorporation into 
a polymeric scaffold. The aim of this was to investigate whether 
the “aptaMIP” process increased the affinity and stability of the 
aptamer, these parameters being important for potential envi-
ronmental and clinical sensor applications. This innovative 
strategy, adapted from our previous work,[23,26] was utilized for 
the synthesis of water-soluble hybrid aptamer-MIP nanopar-
ticles for the SARS-COV-2 S1 subunit (known henceforth as 
the aptaMIP). The 33-mer active sequence as described above 
(redacted for commercial sensitivity) was produced, with several 
carboxyvinyl polymerizable functional groups integrated into 
the thymine residues. This method, enabling covalent attach-
ment of a nucleic acid sequence into a polymeric scaffold, has 
been shown previously to be capable of “fixing” an aptamer into 
a favored conformation, thus increasing its affinity.[23,24,26] Based 
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Figure 2. Equilibrium dissociation constants (KD) of identified SARS-
CoV-2 aptamer to SARS-CoV-2 WT and variants of concern, determined 
via BLI. N = 5.
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on this prior work, we decided to modify all 6 thymines on the 
aptamer with anchoring points to provide an optimal binding 
performance over single-point linkers at the 5′ or 3′ ends.[24,26]

Two control MIP nanoparticles (nanoMIPs) to compare 
against the aptaMIP were also made, using a method adapted 
from Safaryan et al.[34] This was achieved by following the same 
process as described in Figure 1, but the aptamer sequence was 
not added to the standard polymerization mixture.

The first control (protein nanoMIP) was targeted at same WT 
spike protein subunit as used for the aptaMIP synthesis. The 
second (epitope nanoMIP) was targeted at an epitope PCNG-
VEGFNC (positions 479–488 of the spike protein). This epitope 
was selected as it is part of the receptor binding motif within the 
RBD of the spike protein. The accessible nature of this sequence, 
along with the finding that it has been shown to be important 
in interactions between the ACE-2 receptor and the spike pro-
tein, made it a suitable candidate for an imprinting target.[4] A 
second short peptide sequence GGC was attached to this epitope 
sequence to enable attachment either to a solid phase through 
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/NHS 
chemistry (via a terminal COOH) or, if required, directly onto 
a gold surface (via the thiol residue on the cysteine). Two gly-
cine residues were used as minimal small non-functionalized 
R-group spacers to ensure the epitope was more accessible and 
less sterically hindered by solid-phase attachment.

From the synthesis above, the concentration of the aptaMIP, 
protein nanoMIP and epitope nanoMIP nanoparticles were 
calculated to be 270 ± 12.4 µg mL−1, 253.3 ± 7.1 µg mL−1 and 
330 ± 22.6 µg mL−1, respectively. These concentrations were 
calculated by incubating 3 mL of the resultant sample at 60 °C 
until dry, measuring the particle mass and calculating the con-
centration (per mL). These concentrations are within the yield 
levels expected based on earlier reports from our group and 
others.[23,26]

Dynamic light scattering (DLS) was used to size the mate-
rials. The diameters observed were for the aptaMIP (117.2 ± 9.2 
nm), protein nanoMIP (102.4 ± 8.4 nm), and epitope nanoMIP 
(72.8 ± 7.4 nm) in water at 25 °C. The DLS curves (Figure S3, 
Supporting Information) show excellent Gaussian distribu-
tions, confirming that the production protocol creates homog-
enous particles with acceptable size ranges. The slight differ-
ence in size between the aptaMIP and the protein nanoMIP 
is consistent with previous work[23,26] and can be ascribed to 
the aptamer interacting with the protein template as intended 
before the subsequent polymerization process (Figure  1). 
This would be expected to offer a superior (larger) nucleation 
site compared to the random orientation of monomers in the 
polymerization of the nanoMIP. This phenomenon is currently 
under further investigation as it could be important in the 
optimization of the design of this new class of nanomaterial. 
The smaller diameter of the epitope nanoMIP can be readily 
explained by the smaller size of the templating molecule.

2.1. Binding Performance of the Aptamer-Molecularly Imprinted 
Polymers and nano-Molecularly Imprinted Polymers

200 µg of each of the synthesized imprinted nanoparticles 
(aptaMIPs and both nanoMIPs) were individually dissolved 

in Phosphate Buffered Saline running buffer (PBST), in the 
presence of sodium acetate (to activate the amine functional 
groups within the polymer matrix), and covalently deposited 
onto a gold Surface Plasmon Resonance) SPR chip, coated with 
a carboxymethyl dextran hydrogel layer (whose COOH func-
tional groups were activated using NHS and EDC). Residual 
unreacted carboxyl groups were quenched by an injection of 
ethanolamine and washed to remove any unbound nanopar-
ticles. Due to the EDC/NHS coupling chemistry used in the 
immobilization of the amine functionalized nanoMIPs to the 
SPR chip surface, a monolayer of the nanoMIPs is expected to 
be deposited on the surface, as the polymers will bind only to 
the surface, and not to themselves (see Figure S4, Supporting 
Information, schematic). Adding the initial deposition of 
nanoMIPs in excess, in a relatively slow flow, achieves maximal 
coverage on the chip. Given the nature of this deposition reac-
tion, a single layer of nanoparticles is achieved. These bound 
nanoparticles were then challenged with a range of analytes at 5 
different concentrations.
Figure 3 shows representative SPR sensorgrams for the three 

different imprinted polymers aptaMIP (3A), protein nanoMIP 
(3B), and epitope nanoMIP (3C) with the SARS-CoV-2 Spike 
protein S1 subunit. The SPR sensorgrams show a sharp and 
complete dissociation of the target analyte, which is consistent 
with our previous work.[23,26,35,36] This shape of curve is often 
observed with antibody-analye interactions and highlights the 
“on/off” nature of strong association/dissociation profile in 
highly specific host/guest models. The comparative calculated 
equilibrium constants for the nanoparticles (from triplicate 
experiments) are shown in Figure 4.

The protein nanoMIP and epitope nanoMIP polymers pro-
duced in this study have calculated KD values of 24.4 nM and 
28.0 nM, respectively for their interactions with the original 
spike protein (in PBST). This is consistent with prior work,[32,33] 
and is comparable to that of monoclonal antibodies.[37] It is also 
in the same order of magnitude (10−8 M) as the aptamer gener-
ated in this study.

The calculated KD value for spike protein rebinding onto the 
epitope nanoMIP (28.0 nM) is comparable to that of the cal-
culated KD value for spike protein rebinding onto the protein 
nanoMIP (24.4 nM). This validates the selection of the epitope, 
and highlights that imprinting the epitope is an attractive alter-
native to imprinting the whole protein. This strategy reduces 
cost as protein production and purification is high, their sta-
bility is low, and the imprinting process for proteins could 
potentially be long and complex. Using smaller epitopes allows 
the focus of the nanoMIP synthesis to be on the primary struc-
ture of the peptide instead of the more complex tertiary and 
quaternary structures of a target protein. This is similar to the 
use of representative peptide fragments often used to generate 
epitope selective antibodies.[38]

The interaction between the original spike protein and the 
aptaMIP produced a much lower KD value of 1.61 nM (Figure 4). 
This is an increase in binding affinity compared with protein 
nanoMIP and epitope nanoMIP (24.4 nM and 28.0 nM, respec-
tively). The ratio of KD values clearly justifies the inclusion of 
a pre-target macro-monomer to improve performance, with a 
KD Protein nanoMIP/KD aptaMIP value of 15.2 and KD epitope nanoMIP/
KD aptaMIP value of 17.4. This increase in binding strength is 
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consistent with, and an improvement, on our previous work 
where higher affinities were observed when incorporating 
aptamers into polymer scaffolds to generate a trypsin aptaMIP 
(KD nanoMIP/KD aptaMIP of 1.80) and a moxifloxacin aptaMIP (KD 

Protein nanoMIP/KD aptaMIP of 13.3), respectively.[23,26] This shows 
that fixing the aptamer into the scaffold of the polymer matrix 
improves binding, when compared to a nanoMIP, made in 
the same way but in the absence of the polymerizable DNA 

aptamer. The KD aptamer/KD aptaMIP value of 6.60 when targeting 
the wild type spike protein shows that the aptaMIP process 
also improves binding performance against the aptamer only. 
This is hypothesized to be due to the aptamer being fixed in 
an optimal binding conformation within the polymer matrix, 
hence reducing entropic effects (flexing and reorientation of the 
aptamer).

With sensitivity established, the next task was to evaluate 
specificity. This was done by examining cross-reactivity and 
non-specific binding, using the non-target spike proteins 
SARS-CoV[39] and MERS-CoV[40] (Figure  5). Although these 
targets share some characteristics with SARS-CoV-2,[4,41] they 
are sufficiently structurally dissimilar for good selectivity to be 
demonstrated here in all three cases, with KD values in the 10−7 
to 10−6 M range (summarized in Table 1).

In terms of spike protein sequence, SARS-CoV has a closer 
structural similarity to the WT SARS-CoV-2 protein than 
MERS-CoV. This is consistent with the binding data, where 
MERS-CoV binds less strongly than SARS-CoV, though some 
non-specific binding is observed as is common for MIPs. This 
arise through interactions with the polymer matrix outside of 
the binding pocket. However, this data also highlights a further 
benefit of applying an aptameric “macromonomer” into the 
binding pocket, with a KD SARS-CoV/KD SARS-CoV-2 ratio of 223 for 
aptaMIP vs 16.8 for protein nanoMIP, demonstrating a clear 
improvement in selectivity. Interestingly, epitope nanoMIP 
gives a KD SARS-CoV/KD SARS-CoV-2 ratio of 37.5, which is better than 
the imprint from the entire subunit. Given the difference in 
target sequence in the same epitope loop: PCTP-PALNC versus 
PCNGVEGFNC for SARS-CoV and SARS-CoV-2 respectively 
(highlighted bold residues are altered), this is to be expected. 
This highlights the benefits of the epitope process, but signifi-
cantly demonstrates the benefit of the aptameric monomer in 
improving the imprinting selectivity.

Molecular imprinting is a technique that relies on both 
steric and chemical complementary principles, therefore it was 
interesting to consider whether this selectivity could be used 
to discriminate between different variants of the same spike 

Global Challenges 2023, 2200215

Figure 3. Representative SPR sensorgrams of molecular interactions of 
various nanoparticles immobilized on carboxymethyl dextran hydrogel 
coated Au chips, to solutions containing 5 concentrations of SARS-
CoV-2 Spike protein S1 subunit. A) SARS-CoV-2 Spike protein S1 Subunit 
binding to aptaMIP. B) SARS-CoV-2 Spike protein S1 Subunit binding 
to protein nanoMIP. C) SARS-CoV-2 Spike protein S1 Subunit binding 
to epitope nanoMIP. The SPR running buffer (PBST) was a phosphate 
buffered saline made at 10 mm, pH 7.4, supplemented with 0.01% (v/v) 
Tween 20. Tween 20 is included to reduce non-specific binding during 
rebinding studies. Regeneration buffer was 10 mm Glycine-HCl at pH 2. 
All rebinding at 25 °C. All experiments in triplicate.

Figure 4. Equilibrium dissociation constants (KD) of analyzed polymers 
toward the SARS-CoV-2 WT S1 protein (Example data shown in Figure 3). 
N = 3.
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protein—a variation in a small number of residues might be 
expected to offer subtle differences in structure and electro-
statics. To study the ability of the nanoparticles to discrimi-
nate between different SARS-CoV-2 variants, Alpha (B.1.1.7)[42] 
and Beta (B.1.351),[43] were captured by the aptaMIP, protein 
nanoMIP, and epitope nanoMIP (Figure  6). A comparative 
chart is shown in Figure 7.

The data presented in Figure  7 and summarized in Table  1 
shows that all imprinted materials are able to bind different 

variants of the spike protein. In all cases, the aptaMIP shows 
the greatest affinity for each of the variants, followed by the 
whole protein imprint, and then the epitope. It is accepted 
that the type of molecular recognition present with MIPs is an 
induced fit so some cross-reactivity of such similar large struc-
tures is expected. Note the difference in the shape of the curves 
between those of the wild-type (Figure 3), which exhibit the best 
selectivity (sharpest association/dissociation), and the non-tem-
plate targets in Figure  6 where both association and dissocia-
tion are less pronounced. In terms of specificity, the benefits of 
using the aptamer as a macromonomer is once again clearly 
demonstrated. The selectivity ratio of KD Alpha/KD WT is ≈15 for 
aptaMIP, while it is only ≈2 for both the protein nanoMIP and 
epitope nanoMIP. The same pattern is observed for the Beta 
variant, though to a lesser, but still significant degree where 
only the aptaMIP is able to distinguish between variants 
(aptaMIP =  ≈5 vs ≈1 for both nanoMIPs). This highlights the 
significant potential here to develop variant-specific imprints 
capable of recognizing individual variants through the aptaMIP 
process.

Key to the idea that it is possible to create variant specific 
imprints is the differences between the aptamer data on its 

Global Challenges 2023, 2200215

Figure 5. Representative SPR sensorgrams of molecular interactions of various nanoparticles immobilized on carboxymethyl dextran hydrogel coated 
Au chips, to solutions containing five concentrations of SARS-CoV-2 Spike protein S1 subunit. A) MERS-CoV binding to the aptaMIP. B) MERS-CoV 
binding to the protein nanoMIP. C) MERS-CoV binding to the epitope nanoMIP. D) SARS-CoV binding to the aptaMIP. E) SARS-CoV binding to the 
protein nanoMIP. F) SARS-CoV binding to epitope nanoMIP. The SPR running buffer (PBST) was a phosphate buffered saline made at 10 mm, pH 
7.4, supplemented with 0.01% (v/v) Tween 20. Tween 20 is included to reduce non-specific binding during rebinding studies. Regeneration buffer was 
10 mm Glycine-HCl at pH 2. All rebinding at 25 °C. All experiments in triplicate.

Table 1. Summary of all calculated equilibrium dissociation constant 
(KD) of imprinted materials; All of these experiments were repeated in 
triplicate and the SPR curves were fitted to a 1:1 interaction model.

KD [nM]

Variant AptaMIP Protein nanoMIP Epitope nanoMIP

Wild type spike protein 1.61 (±0.4) 24.4 (±3.6) 28.0 (±2.6)

Alpha (B.1.1.7) 24.9 (±2.1) 59.0 (±1.5) 65.2 (±5.9)

Beta (B.1.351) 8.57 (±0.7) 24.2 (±6.4) 30.4 (±2.8)

SARS-CoV 359 (±42) 411 (±29) 1050 (±110)

MERS-CoV 860 (±71) 700 (±31) 1540 (±630)
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own (Figure 2) and when it is embedded in the polymer scaf-
fold (Table 1). When on its own, the aptamer shows the ability 
to recognize the variants with approximately equal affinities, 
suggesting that the aptamer has sufficient flexibility to alter its 
binding conformation as appropriate; however, when entrapped 
into a set binding conformation through the imprinting pro-
cess, significant differences in affinities begin to emerge. 
We can hypothesize that this is due to: a) The aptamer no 
longer having the ability to alter its conformation as it is fixed 
throughout; and/or b) the additional steric recognition effect 
(shape specific binding pocket) afforded by the proximate 
MIP polymer scaffold—it is likely that a combination of both 
reduces the relative the affinities for the two variants. The latter 
shape is observed in the two nanoMIP systems (protein and 
epitope), which perform to a reasonable extent, but only when 
the aptamer is added does the system really demonstrate it’s 
potential.

Overall the data suggests that increased variant specificity 
is possible, suggesting that through further tailoring (e.g., 
using variant-specific aptamers, molecular modelling, and/or 

alternative monomer composition) materials with selectivity 
for particular variants can be developed with exceptional 
affinity, with all the benefits of the stability granted by the 
MIP process.

3. Conclusion

In this study we have successfully demonstrated the synthesis 
of a new SARS-CoV-2 aptamer, two nanoscale MIPs that target 
the SARS-CoV-2 spike protein subunit; and a hybrid aptamer-
MIP material (an aptaMIP) that incorporates the biorecognition 
features of both. The aptaMIP displays superior performance 
compared to its separate components. The production of these 
hybrid materials is relatively straightforward, utilizing accepted 
SELEX technology, and an adapted solid-phase MIP synthesis 
methodology. The gentle polymerization conditions employed 
allow for both the aptamer monomers and protein template to 
retain their activities, thus removing the possibility of denatura-
tion during the polymerization process.

Global Challenges 2023, 2200215

Figure 6. Representative SPR sensorgrams of molecular interactions of various nanoparticles immobilized on carboxymethyl dextran hydrogel coated 
Au chips, to solutions containing five concentrations of SARS-CoV-2 Spike protein S1 subunit. A) Alpha (B.1.1.7) binding to the aptaMIP. B) Alpha 
(B.1.1.7) binding to the protein nanoMIP. C) Alpha (B.1.1.7) binding to epitope nanoMIP. D) Beta (B.1.351) binding to the aptaMIP. E) Beta (B.1.351) 
subunit binding to the protein nanoMIP. F) Beta (B.1.351) binding to epitope nanoMIP. The SPR running buffer (PBST) was a phosphate buffered 
saline made at 10 mm, pH 7.4, supplemented with 0.01% (v/v) Tween 20. Tween 20 is included to reduce non-specific binding during rebinding studies. 
Regeneration buffer was 10 mm Glycine-HCl at pH 2. All rebinding at 25 °C. All experiments in triplicate.
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These hybrid spike protein binders could lead the way for 
potential sensor applications for novel virus detection. The 
improvements in binding affinity demonstrated by these mate-
rials are comparable to those of monoclonal antibodies (which 
offer KD values in the pM/nM range) making them potential 
substitutes for antibodies in lateral flow systems. We are cur-
rently exploring the use of these materials as the recognition 
element in an SPR-based sensor platform with a range of rele-
vant samples, under different environmental and physiological 
conditions (temperature and pH).

Excitingly, we have shown that these aptaMIP materials offer 
excellent and consistent recognition toward the Covid-19 spike 
protein, with exceptional specificity toward the WT imprinted 
variant retained, which is essential when new variants emerge. 
The potential of mutations and variants escaping regular detec-
tion (via antibodies) is of great concern and this work offers a 
potential way to develop a rapid response technology that can 
be achieved in a matter of weeks. The simplicity and ease of 
use for this robust synthetic methodology, supported by our 
previous work, means that new aptaMIP materials could be 
quickly produced for any new variants or new viruses.

Furthermore, with KD values comparable to those obtained 
using monoclonal antibodies, the opportunity to use these high 
performing aptaMIPs within virus neutralizing therapies is now 
a possibility. Taylor et  al. showed that monoclonal antibodies 
have promising potential for Covid-19 treatment,[44] combined 
with the work of Graham et  al., who showed that a hydrogel-
based MIP was capable of specifically neutralizing infectivity 
in vitro.[45] This indicates the potential of our aptaMIPs to spe-
cifically neutralize virus activity and to be clinically relevant. 
Puoci and co-workers have previously shown the potential of 
nanoMIPs to inhibit ACE-2—spike protein interactions.[31] 
Given that our data shows affinities between the aptaMIP 
and spike protein that are greater than (lower KD that of the 

ACE-2/spike protein interaction, with added variant selectivity 
there is significant potential for therapeutic applications to be 
readily developed, especially given the relatively straightforward 
and rapid nature of the aptaMIP design and synthesis stage.

This work also demonstrates the strength of the imprinting 
process in general. While antibodies still occupy the main-
stream, MIPs have proven themselves to be commercially suc-
cessful with several companies exhibiting excellent MIP-based 
products and application of MIPs are growing. This means 
that routes to market for this technology exist and are being 
explored.

4. Experimental Section

Materials and Equipment: EDC, 3-aminopropyltrimethyloxy-
silane (APTMS), acrylic acid, ammonium persulphate (APS), 
dipotassium phosphate, disodium phosphate, ethanolamine, 
ethylenediaminetetraacetic acid, glutaraldehyde (GA), glycine, N,N’-
methylenebisacrylamide (BIS), N-hydroxysuccinimide (NHS), 
N-isopropylacrylamide (NIPAm), N-tert-butylacrylamide (TBAm), 
tetramethylethyldiamide (TEMED), and trypsin were all purchased and 
used without purification from Sigma-Aldrich, Poole, Dorset, UK. Acetone, 
acetonitrile (dry), methanol, potassium chloride, and sodium hydroxide 
were all purchased and used without purification from Fisher Scientific UK 
Ltd, Loughborough, UK. All chemicals and solvents were analytical or high-
performance liquid chromatography (HPLC) grade and were used without 
further purification. Double-distilled water was used for the analysis.

Glass beads (75 µm diameter) were purchased from Microbeads 
AG, (Brugg, Switzerland) and used as supplied. Carboxymethyl 
Dextran Hydrogel Surface Sensor chips were purchased from Reichert 
Technologies Life Sciences, Buffalo, New York, USA.

The SPR running buffer (PBST) was a phosphate buffered saline 
made at 10 mm, pH 7.4, supplemented with 0.01% (v/v) Tween 20. 
Tween 20 is included to reduce non-specific binding during rebinding 
studies. Regeneration buffer was 10 mm Glycine-HCl at pH 2.

Recombinant SARS-CoV-2 Spike Protein, S1 Subunit and recombinant 
SARS-CoV-2 Spike Protein, S1 subunit and host cell RBD were purchased 
from Cambridge Bioscience (Cambridge, UK). Other spike proteins 
targets were purchased from Sino Biological, Eschborn, Germany. The 
epitope sequence was purchased from Pepceuticals (Leicester, UK).

Aptamer Identification: Aptamers were generated by in vitro selection, 
from a diverse starting library of 1014 different sequences. Aptamer 
selection was performed by Aptamer Group (York, UK) according 
to proprietary automated selection methods. These aptamers are 
commercially known as Optimer binders. Briefly, DNA aptamers 
were selected against the S1 domain of the SARS-Cov-2 Spike protein 
(Sino Biological, Eschborn, Germany) through 8 successive rounds 
of selection and preferential amplification. Following identification 
of the best performing individual aptamer sequences, the minimal 
functional fragment of the aptamers (the Optimers), were identified 
and assessed for binding to the SARS-CoV-2 S1 domain and the 
SARS-CoV-2 Spike protein trimer (Peak Protein, Macclesfield, UK) by 
Bio-Layer Interferometry (BLI) using an Octet Red 384 system (Sartorius, 
Goettingen, Germany). Cross-reactivity to the homologous SARS-CoV, 
and MERS-CoV (Sino Biological), was also assessed.

Assessment of Aptamer Performance Using Bio-Layer Interferometry: The 
truncated SARS-CoV-2 binding aptamers were synthesized with a biotin 
modification at the 5′ terminus to allow subsequent conjugation to the 
streptavidin-coated biosensor (Octet Red 384, Sartorius, Germany). Briefly, 
the selected truncated, biotinylated aptamer against wild-type SARS-CoV-2 
S1 was immobilized to streptavidin-coated biosensors, to a loading 
response between 1.5 and 1.9 nm. The probes were washed and the 
assay baseline established in an MES-based selection buffer. Interaction 
kinetics were then assessed by monitoring the association with each of 
the respective spike proteins, using an 8-point, twofold serial dilution 

Global Challenges 2023, 2200215

Figure 7. Equilibrium dissociation constants (KD) of analyzed polymers 
toward the studied variants. Blue = aptaMIP; Orange = protein nanoMIP. 
Green = epitope nanoMIP. N = 3.
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series, starting at a concentration 10x above an estimated KD (established 
during aptamer pool validation); followed by dissociation in the MES-
based assay buffer. The resulting BLI traces were fit to a global 1:1 binding 
model to determine the dissociation constant (KD) of the aptamer for each 
protein variant. Cross-reactivity to SARS-CoV and MERS-CoV S1 was also 
determined using immobilized aptamers and monitoring their interaction 
with 0.2–0.4 µM of each of the respective spike proteins in solution.

Synthesis of Polymerizable Aptamer Sequence: The Covid-19 Spike 
Protein aptamer was synthesized under standard conditions at  
1 µmol scale using modified polymerizable T bases (5′-**T***T*
*******T***T*******T***T*-3) on an Applied Biosystems 394 
oligonucleotide synthesizer. The polymerizable base used in this 
study was carboxy-dT, a thymine modified with a carboxyvinyl moiety 
on the 5′ position. This was used in previous studies and has 
demonstrated excellent incorporation in the polymer matrix.[23,24,26] 
The synthesized oligomers were deprotected and released from the 
support by treatment with concentrated aqueous ammonia at 60 °C for 
24 h. The solutions were concentrated to dryness, resuspended in water, 
and purified by semi preparative HPLC on an Agilent 1260 infinity system 
with a Phenomenex Clarity 5 µm Oligo-RP LC 250 × 10 mm column. 
Collected fractions were desalted using NAP-10 columns (GE Healthcare) 
and oligo purity was determined by analytical HPLC on an Agilent 1260 
infinity system with a Phenomenex Clarity 5 µm Oligo RP LC 250 × 4.6 
mm column. Oligonucleotide masses were verified using a Waters Xevo 
G2-XS, and concentrations were determined by optical density at 260 
nm using a BioSpec-nano micro-volume UV-Vis spectrophotometer 
(nanodrop, Shimadzu), and the Beer Lambert law, with extinction 
coefficients obtained from OligoAnalyzer (Integrated DNA Technologies).

Preparation of Affinity Media: Following previous protocols,[18,46] 
30 g of glass beads were activated in alkaline conditions, washed and 
then incubated in 3% (v/v) APTMS in anhydrous toluene overnight 
at 60  °C. After washing in acetone and methanol and drying, 10 g of 
the amine-functionalized beads were then incubated in a 7% (v/v) 
glutaraldehyde solution (1 mL of solution per gram of beads) for 2 h at 
room temperature. To 5 g of these GA-modified beads, either: i) 500 µg 
of SARS-COV-2 S1 Subunit (Spike Protein) in 3 mL PBS solution; or 
ii) 500 µg of epitope PCNGVEGFNCGGC in 3 mL PBS solution; were 
sealed under nitrogen, and incubated at room temperature overnight. 
Derivatized beads were washed thoroughly with doubled-distilled water 
and dried under vacuum. After this step, beads were used straight away 
for the synthesis of nanoMIPs without further storage.

Solid-Phase Synthesis of Covid-19 Spike Protein/Epitope Imprinted 
Molecularly Imprinted Polymers (NanoMolecularly Imprinted Polymers): 
Following previously established protocols, a polymerization mixture 
consisting of NIPAm (20 mg), BIS (1 mg), and AA (2.2 µL) in 49 mL of 
double distilled water was produced. In a separate vial 17 mg of TBAm 
was dissolved in 250 µL of ethanol and this was added to the previous 
solution and adjusted to 50 mL with water. After degassing, and bubbling 
with nitrogen, this solution was added to 5 g of selected affinity media in 
a sealed nitrogen atmosphere bottle under a nitrogen purge. 12.5 µL of 
TEMED and 15 mg of APS dissolved in 250 µL of double distilled water 
was added, and left to polymerize for 1 h at room temperature.

After synthesis, the beads were filtered through an 11 µm filter paper, 
using gravity filtration, and then washed with water aliquots (5 × 20 mL), 
initially at ambient temperature in order to remove the impurities, 
unreacted monomers and low-affinity nanoMIPs, and then with 
100 mL (5 × 20 mL) of water at 60 °C (in aliquots) to elute high affinity 
nanoMIPs. This high affinity nanoMIPs solution was stored at 4 °C.

To make the aptaMIP, the procedure above was followed except 
1.74 µmol of the polymerizable modified aptamer was added to the 
polymerization mixture.

Physical Characterization of Imprinted Nanoparticles: Effective 
hydrodynamic diameters (dh) of the particles were determined by DLS 
with a NanoBrook Omni spectrometer (Brookhaven, United States) at 
25 °C in water, and using Particle Solutions (v2.6) software.

The shape and surface topography of the nanoparticles were 
determined using a Carl Zeiss SEM EVO High Definition 15 Scanning 
Electron Microscope (Carl Zeiss, Germany) operating at 15 kV. The 

samples were mounted on a metal stub with double-sided adhesive 
tape and gold-coated under vacuum in an argon atmosphere prior to 
observation.

Surface Plasmon Resonance Analysis of nanoMolecularly Imprinted 
Polymers/Aptamer-Molecularly Imprinted Polymer Affinity/Selectivity: A 
3 mL aliquot of the nanoparticle solution was dried and weighed, then 
resuspended as needed allowing for a concentration (in µg mL−1) of the 
solution to be calculated.

The affinity and specificity of the imprinted nanoparticles for the 
different targets were studied using a Reichert 2 SPR system (Reichert 
Technologies, Buffalo, USA) with attached autosampler; and Reichert 
TraceDrawer software,

To immobilize the nanoMIPs, a carboxymethyl dextran hydrogel coated 
Au chip was preconditioned in PBS for 10 min, then PBST, both at 10 µL 
min−1. Tween was added to limit non-specific binding. 1 mL of aqueous 
EDC/NHS solution (40 mg EDC and 10 mg NHS respectively) was then 
introduced to the chip (6 min at 10 µL min−1); followed by 1 mL of 300 µg 
mL−1 of nanoMIPs in PBST (with 10 mm sodium acetate). The materials 
were incubated in the working channel of the chip for 1 min to immobilize. 
A quenching solution (1 m ethanolamine, pH 8.5) was then added over 
both channels for 8 min; followed by a continuous flow of PBST at 10 µL 
min−1 to wash the surface. All injections were taken from a stable baseline.

Here we use an existing rebinding method enabling kinetics of rebinding 
to be measured.[26] Briefly this was a 2-min association, 5-min dissociation, 
and a 1-min regeneration cycle (RGB) followed by a final stabilization cycle 
(PBST for 1 min). PBST was used throughout with the association ranges 
of analyte between 4 and 64 nM; alongside a blank association to baseline 
zero. In all cases, this measurement was carried out in triplicate.

Signals from the right reference channel were subtracted from signals 
from the working (left) channel to elucidate the MIP specific binding. 
The SPR responses were fitted to a 1:1 Langmuir fit bio-interaction (BI) 
model. Association rate constants (ka), dissociation rate constants 
(kd), and maximum binding (Bmax) were fitted globally, whereas the BI 
signal was fitted locally. Equilibrium dissociation constants (KD) were 
calculated from kd/ka.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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