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ARTICLE INFO ABSTRACT

Background: Norovirus is the leading cause of viral gastroenteritis worldwide, contributing to widespread disease
and financial burdens. However, current testing methods are unsuitable for on-site analysis, as they typically use
biological receptors, require specialized reagents, and skilled technicians. Proactive on-site testing of high-risk
food samples is essential to prevent outbreaks, requiring the development of innovative sensor systems.

Results: We have developed a thermal sensor capable of selectively detecting two recurrent norovirus genotypes,
GI.1 and GII.4, within a model food matrix. The sensor uses epitope-imprinted polymer nanoparticles (nanoMIPs)
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designed from a 10-amino-acid sequence derived from the conserved P1 region of the GIL.1 viral capsid. The
nanoMIPs demonstrated favorable detection capability to norovirus GI.1 and GII.4 virus-like particles in buffer

solutions, achieving detection limits of 1.53 and 2.28 pg/mL, respectively. The selectivity of the nanoMIPs was
evaluated against a panel of similar viruses, including murine norovirus, Tulane virus, and bacteriophage MS2,
each of which showed a reduced signal. Notably, the sensor achieved rapid detection (30 min) of norovirus GI.1
and GIL.4 virus-like particles in contamination prone spinach samples while maintaining comparable detection
limits (2.19 pg/mL and 2.69 pg/mL) to spiked buffer solutions.

Significance: The combination of rapid detection time, dual strain recognition, and simple sample preparation
makes this thermal sensor a promising tool for on-site testing in food safety and public health settings.
Furthermore, the ability to detect multiple strains using a single ligand represents a significant advantage,
enabling the development of straightforward systems capable of detecting various strains in complex

environments.

1. Introduction

The advancement of molecular technologies for straightforward and
cost-effective diagnostics has emerged as a key priority in the field of
biotechnology [1]. Additionally, the rise of point-of-care testing has
become an invaluable tool for proactive disease prevention [2]. The
need for these testing devices is particularly crucial in lower-income
areas, where diarrheal diseases significantly contribute to high mortal-
ity rates [3]. Norovirus is the leading cause of foodborne gastroenteritis
worldwide causing 5.5 million cases of foodborne illness annually in the
United States alone [4,5]. In developing countries, norovirus is esti-
mated to cause approximately 200,000 deaths each year, with around
70,000 of those being children [6]. A longitudinal study conducted
across eight developing countries reported that 89 % of children expe-
rienced at least one norovirus infection by age two, highlighting the
prevalence of infections in early childhood [7]. Efforts to prevent nor-
ovirus have grown, with significant progress toward a viable vaccine
[8]. Such a vaccine could shift attention to preventive strategies that
reduce the severe outbreaks frequently seen in healthcare settings,
schools, and other high-contact environments. While a vaccine has the
potential to significantly reduce norovirus cases, it is still under devel-
opment, and its global distribution may face limitations. As a result,
proactive testing of food samples remains crucial to manage outbreaks
effectively.

First identified in the early 1970s, norovirus is an enteric virus
composed of positive-sense single-stranded RNA and is part of the Cal-
iciviridae family [9]. Currently, there are ten genogroups of norovirus,
ranging from GI-GX, which are further divided into 48 genotypes [10].
Across the plethora of norovirus genotypes, GI.1 and GII.4, with GI.1
being the laboratory type strain and GII.4 being the most prevalent
genotype, are frequently responsible for the majority of infections
worldwide [11]. The persistent circulation of various genotypes leads to
frequent reinfections, as immunity generated by infection with one ge-
notype provides limited protection against others due to the consider-
able genetic and antigenic diversity among norovirus strains [4,6].
Therefore, the detection of multiple strains with high sensitivity is vital,
given the low infectious dose of the virus [12]. Historically, the lack of a
cultivation system for human noroviruses has hindered much of the
research surrounding it, including the development of efficient detection
systems. Consequently, studies often use related cultivable surrogate
viruses, which are organisms used in research to mimic the properties of
the virus of interest. Surrogate selection for noroviruses is primarily
based on the organism’s ability to be propagated in culture, as well as its
genetic, physical, or chemical similarity to human noroviruses [13].

Real-time reverse transcription-polymerase chain reaction (RT-PCR)
is widely regarded as the “gold standard” for detecting norovirus in both
fecal and food samples [14]. Numerous real-time RT-PCR assays are
available globally, offering varying levels of sensitivity and selectivity
[15]. While advancements can reduce RT-PCR processing time, the need
for expensive laboratory equipment, specialized training, and the
method’s lack of portability limit its applicability in real-world settings
[16]. More straightforward immunoassay methods are available, such as

commercial enzyme-linked immunosorbent assays (ELISAs) [17-20].
However, these methods often have limitations in sensitivity that reduce
their ability to be used for viral detection in foods. Additionally, alter-
native detection methods are emerging, including electrochemical and
colorimetric biosensors [21-23], which vary in sensitivity, capability to
detect multiple strains, and portability [23,24]. However, most of these
immunoassays and sensors use biological receptors, such as antibodies
and peptides, which have several drawbacks. One significant issue is
their thermal instability, which requires the assays/reagents to be stored
under refrigerated conditions (~4 °C) with a limited shelf-life [25-27].
This temperature sensitivity not only complicates the logistics of storage
and transportation but also limits the applicability of these assays in
regions with limited resources, contributing to healthcare inequalities.

The inherent complexity of food samples presents additional chal-
lenges for developing effective norovirus biosensors and immunoassays.
Food matrices often contain a plethora of compounds and have a broad
range of pH levels, which can inhibit endpoint detection methods.
Although ligand-based methods are often much simpler and faster than
DNA-based techniques, developing a universal sensor is challenging
[28]. This is because of the highly specific nature of antibodies makes it
difficult to achieve broad reactivity across different norovirus strains/-
genotypes. This specificity, while advantageous for targeted detection,
becomes a limitation when trying to create a sensor capable of recog-
nizing multiple variants, which is particularly where the challenge lies
with norovirus detection. Consequently, the use of biological
ligand-based assays in food testing can be limited, as careful consider-
ation of these factors is required to ensure reliable and accurate
detection.

Due to their synthetic nature, molecularly imprinted polymers
(MIPs) possess much greater thermal and chemical stability compared to
their biological counterparts [29,30]. These polymers mimic the
recognition capabilities of antibodies and comprise of functional
monomers, crosslinker monomers, porogens, initiators, and the target
analyte. The recognition cavity is formed via the self-assembly of the
monomers around the target therefore creating cavities with comple-
mentary spatial orientation and functional groups that facilitate a va-
riety of interactions [31,32]. Additionally, a solid-phase approach has
been developed to produce molecularly imprinted polymer nano-
particles (nanoMIPs), thus improving template removal, target orien-
tation consistency, and binding site homogeneity [33-35]. NanoMIPs
have the key advantage of offering a long shelf life at ambient temper-
atures and being able to withstand harsh conditions without losing their
binding capabilities. Consequently, this makes them ideally suited for
integration into portable sensors [29,36].

Combining MIPs with a thermal detection platform has the potential
to form an on-site testing system [36-39]. Our previous work demon-
strated the ability to easily integrate nanoMIPs into a thermal device via
the electrografting of nanoMIPs to low-cost screen-printed graphite
electrodes (SPGEs) [38]. The heat transfer method (HTM) measures
thermal resistance (Ry,) at the solid-liquid interface, detecting changes
in resistance upon target rebinding. This straightforward method re-
quires minimal training, uses low-cost components, and offers rapid
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detection [37]. Previously, we have used nanoMIPs for the electro-
chemical and thermal detection of norovirus GII.4 [40]. In this work, we
have developed novel norovirus nanoMIPs that were produced using a
specifically chosen epitope to facilitate cross-reactivity of norovirus GI.1
and GII.4. The selection of the new epitope sequence was derived using
literature information on cross-reactive antibodies capable of binding to
multiple norovirus genotypes. The nanoMIPs cross reactivity was then
investigated against a suite of norovirus strains and common surrogates.
This literature highlighted a 10-amino acid sequence as a key binding
region from the P1 domain of the GL.1 genotype (SEQAPTVGEA) [41,
42]. Additionally, we explored the practical applicability of this
approach for on-site testing by evaluating the detection capability of the
nanoMIPs against two prevalent norovirus genotypes and within a
relevant food sample. Leafy greens are considered high-risk foods for
norovirus contamination due to their frequent raw consumption and
large surface area that can easily harbor pathogens, therefore spinach
samples were selected [43]. This work showcases the potential of
nanoMIPs for in real-world diagnostic settings, addressing both accuracy
and ease of deployment in diverse environments. Ultimately, the sensor
demonstrated the ability to rapidly detect trace levels of norovirus GI.1
and GII.4 virus-like particles (VLPs) in a food matrix, achieving detec-
tion within 30 min alongside achieving limits of detection of 2.19 pg/mL
and 2.69 pg/mL for GI.1 and GII.4 VLPs, respectively.

2. Experimental
2.1. Materials

Spheriglass 2429 CP0O0 glass beads, with a diameter ranging from 53
to 106 pm, were purchased from Blagden Chemicals (Westerham, United
Kingdom, UK). 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
(CAS:25952-53-8), N-hydroxysuccimide (NHS) (98 %, CAS:6066-82-6),
PierceTM bicinchoninic acid assay BCA protein assay kit, 4-aminoben-
zoic acid (4-ABA) (99 %,150-13-0), potassium hexacyanoferrate(II) tri-
hydrate (>99.5 %, CAS:14459-95-1), potassium ferricyanide(III) (99 %,
CAS:13746-66-2), potassium chloride (KCl) (99 %, CAS:7447-40-7),
OXOID phosphate buffered saline (PBS) tablets, sodium hydroxide
(NaOH) (98 %,1310-73-2), succinimidyl iodoacetate (SIA) (CAS:39028-
27-8), acetone (99 %, CAS:67-64-1), isopropanol (extra pure, CAS:67-
63-0), sodium nitrite (98 %, CAS:7632-00-0), hydrochloric acid 33 %
(HCl), ammonium persulfate (APS) (CAS:7727-54-0), methanol (99.9 %,
CAS:67-56-1), acetonitrile (99.9 %, CAS:75-05-8), and anhydrous
toluene (99 %, CAS:108-88-3) were acquired from Fisher Scientific
(Loughborough, UK). N-isopropylacrylamide (NIPAM) (CAS:2210-25-
5), N-(3-aminopropyl)methacrylamide hydrochloride (NAMPA) (98 %,
CAS:72607-53-5), N,N-methylenebisacrylamide (Bis) (99 %, CAS:110-
26-9), acrylic acid (AAc) (CAS:79-10-7), N-tert-butyl acrylamide
(TBAm) (97 %, CAS:107-26-9), N,N,N,N-tetraacetylethylenediamine
(TEMED) (99 %, CAS:110-18-9), Supelco polypropylene solid-phase
extraction tubes (60 mL), (3-aminopropyl) trimethoxysilane (APTMS)
(97 %, CAS:13822-56-5), ethylenediaminetetraacetic acid (EDTA) (99
%, CAS:60-00-4) were obtained from Sigma-Aldrich (Gillingham, UK).
All experiments utilized deionized water (DI) with a resistivity of >18.2
MQ cm at 25 °C. The epitope sequence was synthesized and purchased
from Abnova (Taipei, Taiwan) via Caltag MedSystems (Buckingham,
UK). Recombinant norovirus GI.1 VP1 virus-like particles (VLPs) (100
pg at >90 % purity) were purchased from the native antigen company
(Kidlington, UK). Recombinant norovirus GII.4 VP1 virus-like particles
(VLPs) with purity >95 % were purchased from Abcam (Cambridge,
UK).

Three human norovirus surrogates were used for specificity testing:
bacteriophage MS2 (ATCC 15597-B1), Tulane virus (provided courtesy
of L.A. Jaykus, N.C. State University), and murine norovirus (ATCC VR-
1937). MS2 stocks were prepared using a method adapted from Su et al.
[44], in which phages were propagated in Escherichia coli C-3000 (ATCC
15597) cultured in tryptic soy broth supplemented with 0.1 % glucose,
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2 mM calcium chloride, and 10 pM thiamine. After propagation, cultures
were centrifuged to separate cell debris, aliquoted, and stored at —80 °C.
Murine norovirus was propagated in RAW 264.7 cells (ATCC TIB-71)
grown with Gibco DMEM media supplemented with 10 % FBS, 1 %
HEPES, 1 % penicillin-streptomycin, 1 % i-glutamine, and 10 %
non-essential amino acids as described in the method reported by
Gonzalez-Hernandez et al. [45]. Tulane virus was propagated in
LLC-MK2 cells (ATCC CCL-7) grown with Gibco’s Medium 199 supple-
mented with 10 % fetal bovine serum and 1 % penicillin-streptomycin,
based on the method first reported by Farkas et al. [46]. Both eukaryotic
cell types were cultured in a 37 °C incubator with 5 % CO5 and were
moved to a 32 °C incubator for virus propagation. Upon reaching ~90 %
cytopathic effect, cultures were subjected to three freeze-thaw cycles to
lyse cells. Cultures were then centrifuged for 5 min at 3000 rpm to pellet
cell debris, and virus-containing supernatant was aliquoted and stored
long-term at —80 °C.

2.2. NanoMIP synthesis

2.2.1. Rational design

The selected epitope sequence (Fig. 1a) was capped with an addi-
tional cysteine to enable attachment to amine-functionalized glass beads
using SIA (Fig. 1b) [42]. The predicted epitope structure (Fig. 1a) was
modelled using the I-TASSER protein prediction server based on
deep-learning models [47]. The linear structure of the epitope mini-
mizes the risk of distortion during the polymerization process, allowing
for more accurate cavity formation within the nanoMIP. The functional
monomers were selected to achieve a range of potential interactions
throughout the amino acid sequence. To promote ionic interactions, AAc
and NAMPA were incorporated, while TBAm was included to support
hydrophobic interactions. Finally, NIPAM was selected to facilitate
hydrogen bonding.

2.2.2. Synthesis of the nanoMIPs

For nanoMIP synthesis, the protocol established by Canfarotta et al.
[33] was followed. After the epitope-derivatized beads (60 g) were
prepared (see supplementary information for details), the nanoMIPs
were then synthesized (Fig. 1c). A monomer solution was prepared
containing NIPAM (39 mg), NAMPA (5.3 mg), Bis (2 mg), and AAc (2.2
pL) in 5 mM PBS (99 mL). To this, TBAm (33 mg), dissolved in ethanol
(1 mL), was added. The monomer solution was sonicated under vacuum
(10 min) and then purged with nitrogen (20 min). Epitope-derivatized
glass beads (60 g) were added to the monomer solution with
continued nitrogen purging. To initiate the polymerization, a solution of
APS (48 mg) and TEMED (30 pL) in DI water (800 pL) was added to the
glass beads and monomer solution, continuing nitrogen purging for 10
min. Polymerization was carried out at room temperature (~20 °C) and
the solution was incubated for 4 h. Afterward, the glass bead solution
was transferred into a 60 mL solid-phase extraction cartridge fitted with
a 20 pm porosity frit. The beads were washed with room temperature
(~20°C) DI water (10 x 20 mL) to remove any unreacted monomers and
low affinity nanoMIPs. High affinity nanoMIP elution was performed by
the addition of 30 mL of prewarmed water (65 °C) and placing the
solid-phase extraction cartridge into a water bath set to 65 °C for 30 min.
After, this solution was collected under vacuum. The glass beads were
further washed with warm water (65 °C) until approximately 150 mL of
high affinity nanoMIP solution was collected.

2.3. Characterization

The hydrodynamic diameters of the nanoMIPs were measured using
a Malvern Zetasizer Nano ZS (Malvern Panalytical, Malvern, UK). The
instrument used a scattering angle of 173° and a laser wavelength of
632.8 nm, performing experiments at 25 + 0.1 °C. Electrochemical
impedance spectroscopy (EIS) measurements were conducted on the
Reference 3000™ potentiostat/galvanostat (Gamry Instruments, PA,
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Fig. 1. NanoMIP solid-phase synthesis using epitope imprinting. a) The structure of the norovirus capsid, norovirus VP1 protein, P domain, and epitope sequence/
structure (highlighted in pink in previous images). The selected epitope sequence (CSEQAPTVGEA) b) Reaction scheme for coupling the silanized glass beads and the
cysteine-capped epitope. ¢) Solid-phase synthesis: i) Glass beads are activated using NaOH, and then the chosen template is immobilized onto the surface. ii)
Polymerization was initiated at room temperature (~20 °C) by sequential addition of functional monomers, crosslinker, and initiator. iii) The beads were washed
with water at room temperature (20 °C) to elute any unreacted monomers and low affinity nanoMIPs. iv) High affinity nanoMIPs are eluted using deionized water at
65 °C. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

USA) with an Ag/AgCl reference electrode, an SPGE or glassy carbon
electrode as the working electrode, and a Pt wire counter electrode.
Measurements were performed at each stage of the immobilization
protocol with a fixed frequency range of 0.1 Hz-100 kHz using PBS with
[Fe(CN)G]g'/ 4 (1 mM) and KCI (0.1 M). Equivalent electrical circuit
model fitting was performed using Gamry Echem analyst software. The
model included a combination of elements such as solution resistance
(Rs), double layer capacitance (Cq), and Warburg resistance (W), which
was used to calculate charge transfer resistance (R).

2.4. Electrografting

To adhere the nanoMIPs to the surface of the electrode (SPGEs/
glassy carbon electrode), an electrografting method developed in pre-
vious work was used [38]. The SPGEs were produced by screen-printing
a graphite ink formulation (Gwent Electronic Materials Ltd., Mon-
mouthshire, UK) onto a polyester substrate, followed by curing at 60 °C
for 30 min. The SPGEs were submerged in a solution of 4-ABA (2 mM)
and sodium nitrite (2 mM) in aqueous HCl (0.5 M) while cyclic vol-
tammetry was performed from +0.2 V to —0.6 V at 100 mV/s. The SPGE
was removed from the solution, rinsed with DI water, and dried with
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nitrogen. A solution of EDC (100 mM) and NHS (20 mM) in PBS,
adjusted with HCI to pH 5, was prepared and drop cast (8 pL) onto the
working surface of the SPGE and left for 1 h. Afterward, the SPGE was
washed with DI water and gently dried with nitrogen before 8 L of the
nanoMIP solution was added to the surface. This was left to incubate for
3 h at room temperature and then rinsed with the DI water to remove
any excess material.

2.5. Epitope rebinding

To achieve initial conformation of binding between the nanoMIPs
and epitope, EIS was employed with a functionalized glassy carbon
electrode. Using the same parameters as stated in Section 2.4, the R.; of
the nanoMIP-functionalized electrode was measured. Epitope solutions
in PBS, with concentrations ranging from 1 to 10,000 pg/mL, were
prepared and incrementally added (10 pL) to the electrode surface,
allowing a 10 min incubation period. Prior to each measurement, the
electrode was rinsed with DI water to remove any unbound material.
Calibration plots were then generated based on the change in Rt upon
the rebinding of the epitope relative to the baseline of the functionalized
electrode.

2.6. Thermal detection

A resin measurement cell was fabricated using an Anycubic Photon
3D Mono 4K printer with Anycubic clear standard resin (Shenzhen,
China). The cells were designed in Blender 3.0.0 with external di-
mensions of 18.2 mm (W) x 30.0 mm (L) x 10.3 mm (D), featuring an
internal liquid reservoir with a diameter of 5.7 mm (Fig. 2) [48]. Slicing
was performed using Lychee Slicer 7.1, where bottom layer exposure
was set to 25 s and normal layer exposure was set to 2.8 s. Immediately
after printing, the cells were washed in isopropanol for 20 min and cured
for 6 min using an Anycubic Wash & Cure device. A
nanoMIP-functionalized SPGE was placed on the copper block, with an
O-ring positioned above to form a sealed sample reservoir (Fig. 2a). The
cell was then secured tightly with four nuts and bolts. The device was
controlled using LabView software and a
proportional-integral-derivative (PID) controller attached to a power
resistor (22 Q). Two Type K thermocouples (RS Components, London,
UK) were used: T; was inserted into the copper block, which acted as a
heat sink, and T was placed into the sample chamber (Fig. 2b). The PID
controller regulated the temperature of the copper block (T;), which was
maintained at 37.0 4 0.02 °C [39]. The thermal resistance (R¢,,°C/W) at
the solid-liquid interface was determined by subtracting the tempera-
ture of the sample (T) from the temperature of the copper block (T;)
and dividing this difference by the power input (P) required to keep T
constant.

(T1 - To)

Ry = —p Equation 1

a)
Copper lid ------------------- I
@ -y Nuts
Resin cell ------ 38
O —Ring --------
Ay Y o. Electrode
------ Bolts
Copper block ---
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For the measurements, PBS solution (150 pL) was initially pipetted
into the reservoir, and the thermal resistance signal was allowed to
stabilize for 15 min. The reference solution was then removed using a
pipette, and the sample (150 pL) was added. The change in thermal
resistance (ARy,) was calculated by subtracting the sample Ry, for the
PBS baseline signal. The normalized thermal resistance was considered
to eliminate the influence of external factors. Measurements of epitope
samples were taken in triplicate using the concentrations stated in sec-
tion 2.5. Spiked samples of VLPs were produced (0.1-1000 pg/mL or 5.7
x 10% - 5.7 x 107 particles/mL) with measurements performed in trip-
licate. The limit of detection (LoD) was calculated by utilizing the three-
sigma technique (36/S), where ¢ is the standard deviation of the base-
line of a blank concentration of analyte, and S is the slope of the cali-
bration plot.

Spinach was selected for this study to replicate real-life contamina-
tion scenarios. A solution of 10:1 (w/w) of PBS and chopped spinach,
purchased from a local store (Marks & Spencer, Newcastle, UK), was
prepared. Following our previously established protocol [40], the vial
contents were thoroughly mixed using an orbital shaker at 75 rpm for 5
min, followed by vortex mixing for 30 s and sonication for 480 s. The
mixing procedure was performed twice, after which the sample was
filtered through a 10 pm mesh before use. With this solution, spiked
samples of VLPs were produced at the same concentrations as previous
experiments (0.1-1000 pg/mL), and measurements were performed in
triplicate. For each surrogate experiment, Tulane virus, murine nor-
ovirus, and bacteriophage MS2 dilutions in spiked PBS were produced
with measurements performed in triplicate. Paired t-tests were per-
formed, assuming normal distribution and equivalent standard devia-
tion. Using a basic local alignment search tool (BLAST), the sequence
similarity of the capsid proteins was determined.

3. Results and discussion
3.1. NanoMIP and functionalized electrode characterisation

The nanoMIPs were synthesized using the epitope sequence immo-
bilized on a solid-phase support and subsequently eluted through a two-
step process. Using dynamic light scattering, we measured the hydro-
dynamic diameter (Dy) of the nanoMIPs to be 178 nm (Fig. 3a). The
nanoMIPs also exhibited a polydispersity index of 0.217, indicating a
narrow size distribution and, thus, a high degree of homogeneity. This
uniformity in nanoMIP size is essential in achieving consistent and
reproducible sensing performance. Free carboxylic acid groups were
introduced to the SPGE surface via the electrografting of 4-aminoben-
zoic acid (4-ABA). The nanoMIPs were then attached via EDC/NHS
coupling utilizing a free amine group (Fig. 3b). The decreasing current
observed with each successive scan indicates the progressive deposition
of 4-ABA, demonstrating the modification to the electrode surface
(Fig. 3¢). To confirm the attachment of nanoMIPs to the SPGEs, EIS was
used to obtain Nyquist plots for each stage of the electrografting process

b)

------ Sample reservoir

- e Thermocouple 2

----Thermocouple 1

Fig. 2. Schematic design of the thermal measurement cell. a) Configuration of the 3D-printed cell, a copper lid, the functionalized SPGE, and a copper heat sink to
which a resistor is attached. b) The cell is sealed for measurements, and two thermocouples are added.
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Fig. 3. a) Dynamic light scattering spectrum. of the nanoMIPs in DI water. b) Schematic diagram showing nanoMIP coupling to SPGEs. c) Cyclic voltammogram
showing the electrodeposition of 4-ABA onto the SPGEs. d) Nyquist plots from EIS confirming the successful immobilization of nanoMIPs to SPGEs. The plots show a
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NHS (orange squares), and 4) nanoMIP coupling (green diamonds). (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

to monitor changes in R throughout the process (Fig. 3d). At each stage,
the increase in resistance arises from the formation of an additional
layer, which hinders electron transfer (Table S1).

3.2. Epitope rebinding

EIS was employed as a screening technique, using a glassy carbon
electrode, to confirm the rebinding capabilities of the nanoMIPs to their
targeted epitope and the formation of complementary binding sites
within the nanoMIPs. The R values increased with increasing epitope
concentration (Fig. Sla and b), which can be attributed to the epitope
binding to the nanoMIP-functionalized electrode, obstructing electron
flow from the redox solution ([Fe(CN)6]3'/ 4'). A corresponding dose-
response curve demonstrated (Fig. S1b) that the nanoMIPs could suc-
cessfully rebind the target epitope across a wide concentration range
(1-100000 pg/mL). These results, obtained using a well-established
electrochemical technique, confirmed the effective binding capability
of the nanoMIPs. This validation provided the basis for their integration
into the bespoke thermal sensor, where epitope rebinding studies were
subsequently repeated. The thermal experiments shifted to the use of
SPGEs based on their low-cost and ease of integration into the thermal
device. The increasing epitope concentrations resulted in a stepwise
increase in Ry, with an LoD of 0.79 pg/mL (Fig. S1c and d). After con-
firming successful rebinding through EIS and thermal detection, the
system was validated for subsequent virus-like particle (VLP) thermal
analysis.

3.3. Virus particle detection

After confirmation of the detection of the target epitope, experiments
were repeated using VLPs, which consist of the fully assembled viral
capsid without the internal genetic material, to better reflect real-world
measurements. Therefore, thermal experiments were performed using a
wide concentration range of VLP-spiked PBS solutions (0.1-1000 pg/
mL). A monotonic increase in Ry, with increasing VLP concentration was
observed, which can be attributed to VLPs binding to nanoMIPs on the
SPGE surface. Both GI.1 and GII.4 strains exhibited similar binding re-
sponses, with consistent changes in Ry, observed across the analysis

range (Fig. 4). The sensor exhibited LoD of 1.53 pg/mL (0.87 x 10°
particles/mL) for GL.1 and 2.28 pg/mL (1.30 x 10° particles/mL) for
GIL.4. The LoD achieved in this work improves upon our prior study,
where thermal detection of GII.4 yielded a LoD of 6.5 pg/mL. The results
highlight the sensor’s ability to detect two genotypes of norovirus using
a single ligand, representing an important advancement on our previous
work. The ability to detect noroviruses from two genogroups greatly
enhances the practicality of the sensor as it allows for broader detection
of noroviruses, without requiring multiple assays. The similarity in
amino acid sequences within the selected P1 domain of the two strains
(Table S4) is likely to enable the binding. While sensors capable of
detecting multiple strains have been developed, they can face chal-
lenges, such as requiring specialized training and utilizing biological
receptors, which limits their practicality [49,50]. The total time needed
to complete the analysis using our sensor (30 min) is significantly
shorter than that of RT-PCR methods (several hours) [51]. Furthermore,
our sensor exhibits a lower LoD compared to traditional ELISA assays
[51-54] and a comparable LoD to alternative emerging biosensors in the
literature, such as lateral flow and colorimetric assays (Table S5) [54,
55].

3.4. Surrogate selectivity

The selectivity of the nanoMIPs was explored by repeating thermal
measurements using a panel of viruses that progressively differ geneti-
cally from the GI.1 strain used to imprint the nanoMIPs (Table S2).
Based on the molecular weight of the VP1 protein (~59 kDa) and that
each VLP consists of 180 copies of VP1, the total weight of one VLP is
estimated at 10.62 MDa. The VLP concentration could then be converted
to particles/mL, enabling comparisons with other molecules. The ther-
mal responses (Fig. 5a) for murine norovirus, Tulane virus, and bacte-
riophage MS2 showed a statistically significant difference (Table S3)
when compared to the GI.1 VLPs, reflecting the increased genetic
divergence of these viruses (Fig. 5b). Murine Norovirus, while still
belonging to the Norovirus genus, showed a reduction in ARy, compared
to GI.1 and GII.4. The genetic variations among viruses can be quanti-
tatively assessed by analyzing differences in the amino acid sequences of
their capsid proteins. Norovirus GII.4 and murine norovirus showed 44



A. Dann et al.

Analytica Chimica Acta 1368 (2025) 344331

2 _ 2.
a) 0dm R“=0.94 b) 0.4 =0.96
y=(0.0618)In(x)+(0.1536+0.0897) I y=(0.0539)In(x)+(0.1320+0.0810)
0.3 T 03 3
£ Lo -
z R s L
o { S
. < 0.2
&_; 0.2 ’ T
& } 4
<
01 oad
30 36
0.0 T T T 1 0.0 T T T 1
0.1 1 10 100 1000 0.1 1 10 100 1000
GI.1 VLP concentration (pg/mL) GIIL.4 VLP concentration (pg/mL)
C
0.5 )
Norovirus GI.1 VLP
0.4 I B Norovirus GIL.4 VLP
Z 031
g I
= (.2 I
= I
01 = I I
0-0"—I'I T T T T
0.1 1 10 1

00 1000

VLP concentration (pg/mL)

Fig. 4. a and b) Dose-response curves of SPGEs functionalized with nanoMIPs upon addition of VLP concentrations and the ARy, for two norovirus genotypes, GI.1
and GIIL.4, in a PBS solution. The error bars represent the standard deviation of the three repeats with the pink dotted line representing three times the baseline
standard deviation of the control injection ¢) A comparative bar chart of the results for the two strains. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

a) 0.4' I

0.3 Norovirus GI.1 VLP
g i B Norovirus GI1.4 VLP
8 0.2 I I Murine Norovirus
& = B Tulane Virus
< 0.1 I Bacteriophage MS2

0.0- L I !

10° 10° 107

b)

Concentration (particles/mL)

/ Norovirus GIL.4

Murine Norovirus (GV)

Tulane Virus

Bacteriophage MSZ\

Degree of genetic difference from Norovirus GI.1

Fig. 5. a) Mean ARy, for Norovirus GI.1 VLP, Norovirus GII.4 VLP, Murine Norovirus, Tulane Virus, and Bacteriophage MS2 with error bars representing the standard
deviation of the three repeats. b) Models of the capsids of each virus in order of genetic difference from Norovirus GI.1 reproduced using data from RCSB Protein Data

Bank (RCSB PDB) [56-59].

% and 40 % amino acid similarity to GI.1, respectively. The selected
epitope region exhibits similarities between GI.1 and GIL.4 (Table S4),
whereas the reduced response of murine norovirus may be due to much
of the sequence similarity being located in the shell domain or non-

binding regions, leaving key differences in the binding region critical
for interaction with the sensor. Tulane virus capsid protein was calcu-
lated to have a 29 % similarity which reflects the reduced response of the
sensor. Bacteriophage MS2, the most genetically distant virus in the
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panel, displayed no significant similarity and produced the smallest
change in thermal resistance, indicating selectivity of the nanoMIPs for
members of the Caliciviridae family and reduced response to other vi-
ruses that have similar capsid symmetry and structural properties.
Interestingly, the fact that some cross-reactivity was observed with
murine norovirus and Tulane virus suggests that nanoMIPs may be well
suited as ligands for broad detection of diverse pathogens in general.

3.5. Food samples

To further evaluate the sensor’s suitability, nanoMIP performance
was evaluated in a representative food sample, specifically spinach
rinsate. The spinach rinsate preparation simply required combining the
spinach with PBS and agitating. The change in color and pH of the so-
lution (Fig. 6a), along with the increase in Ry, of spinach samples
(Fig. 6b), indicates the addition of food matrix components, such as
proteins and carbohydrates into the suspension. Across the three ratios
of PBS to spinach, 50:1, 25:1, and 10:1, the baseline standard deviations
over a 100-s period were 0.0295, 0.0296, and 0.0308, respectively
(Fig. S2). A 10:1 ratio of PBS to spinach was selected as, even with the
highest percentage of food content, this ratio maintained the stable
baseline necessary for the experiments. To further evaluate the sensor’s
suitability, the spinach rinsate samples were spiked with VLPs
(0.1-1000 pg/mL) and analyzed as a representative practical sample.
The cumulative addition of increasingly concentrated VLP solutions

U e -

50:1 25:1 10:1
pH 6.7 pH 6.7

pH 6.9
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demonstrated a stepwise increase in Ry, (Fig. 6¢). Dose-response curves
showed linear detection across a concentration range spanning many
orders of magnitude (Fig. 6e and f). The obtained LoD values in the
spinach rinsate were 2.19 pg/mL (1.25 x 10° particles/mL) for nor-
ovirus GL.1 and 2.69 pg/mL (1.53 x 10° particles/mL) for norovirus
GIL.4. These thermal detection results and corresponding LoD values
were very similar to those obtained when using only spiked-PBS, which
demonstrates the nanoMIPs retain their excellent sensing performance
even within a complex food matrix. This work provides further support
for the excellent stability and robustness of the nanoMIPs in food sam-
ples, creating high potential for expanding the sensor into other food
matrices. Moreover, achieving detection within 30 min (Fig. 6d) is
significantly faster than alternative methods, demonstrating the nano-
MIP sensors’ potential for rapid detection and making it highly suitable
for on-site testing applications.

4. Conclusions

In this work, we have advanced the development of an on-site nor-
ovirus sensor based upon polymeric recognition elements integrated
into a thermal detection method. By using epitope imprinting, nanoMIPs
were successfully imprinted with a short amino acid sequence derived
from the more conserved region of the norovirus capsid protein. As a
result, the nanoMIPs successfully demonstrated rebinding of the epitope
and subsequent binding to norovirus GI.1 and GII.4 VLPs. This method
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achieved favorable LoDs, of 1.53 and 2.28 pg/mL for GI.1 and GII.4 VLPs
in the control buffer, respectively. Comparable LoDs were observed in
spinach samples, with values of 2.19 and 2.69 pg/mL, demonstrating
consistency across matrices. This supports the method’s applicability for
real-world norovirus detection in contaminated food samples. By flag-
ging samples that may harbor these common norovirus strains, our
sensor has the potential to enable timely interventions to prevent out-
breaks. Importantly, this method provides a rapid analysis protocol with
detection completed within 30 min along with simple sample prepara-
tion. This work further demonstrates that a small target epitope can be
used to generate norovirus ligands with cross-genogroup binding ac-
tivity. This has implications for future work in the development of li-
gands, as such a short peptide epitope can be readily synthesized
compared to other traditional targets. Further, the ability to generate
ligands that have affinity for GI and GII genogroups has been a challenge
in detection; however, the work reported here suggests that nanoMIPs
may display an ideal balance of allowing broad reactivity of noroviruses
at the genogroup level while still maintaining specificity to non-target
proteins that are closely related. Further, the ability to withstand a
complex matrix suggests that this technology also could show particular
promise for in-field detection of viruses in foods with crude sample
processing in a truly portable manner.
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