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A B S T R A C T   

As viruses constantly change due to mutation, variants are expected to emerge demanding development of 
sensors capable of detecting multiple variants using one single sensor platform. Herein, we report the integration 
of a synthetic binder against SARS-CoV-2 with a nanoplasmonic-based sensing technology, which enables the 
successful detection of spike proteins of Alpha, Beta and Gamma variants of SARS CoV-2. The recognition event is 
achieved by specific nanostructured molecularly imprinted polymers (nanoMIPs), developed against a region of 
the receptor binding domain (RBD) of the SARS CoV-2 spike protein. The transduction is based on the principle of 
localized surface plasmon resonance (LSPR) associated with silver nanostructures. The nanoMIPs-functionalised 
LSPR sensor allows for the detection of all 3 protein variants with a limit of detection of 9.71 fM, 7.32 fM and 
8.81 pM using wavelength shifts respectively for Alpha, Beta and Gamma spike protein variants. This can be 
achieved within 30 min from the sample collection, both from blood and using nasal swab, thus making this 
sensor suitable for rapid detection of COVID-19. Additionally, the turnaround time for sensor development and 
validation can be completed in less than 8 weeks, making it suitable for addressing future pandemic needs 
without the requirement for biological binding agents, which is one of the bottlenecks to the supply chain in 
diagnostic devices.   

1. Introduction 

With viruses fast evolving into lethal strains, developing new tech
nologies to detect viral infections from a mutated virus at an early stage 
is a significant challenge [1]. Major strides have been made in under
standing viruses from both immunological and biological perspectives, 
and in particular for SARS CoV-2 in recent times [2]. The new knowl
edge generated in this active research field has also helped in the vali
dation of advanced fundamental concepts in physical sciences for virus 
research. For instance, the functional and structural understanding of 

the spike proteins of SARS CoV-2 and its RNA has led to the development 
of highly selective and sensitive biosensing technologies to detect the 
virus [3–6]. These sensors are based on a variety of optical and elec
tronic transduction principles which, in the past, have served as diag
nostic platforms for detecting various diseases, with features such as 
portability, disposability and ease of operation [7]. 

During the course of the current pandemic, we have witnessed not 
only a shortage of critical reagents for diagnostics, but also the evolution 
of new viral variants that demanded for the development of new diag
nostic assays capable of detecting multiple variants of the virus. While in 
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principle several advanced sensors such as surface plasmon resonance 
techniques [8], quartz crystal micro balance [9], and electrochemical 
[10,11] techniques were available for detecting current viruses, the 
initial diagnostic method of choice, which is also the current 
gold-standard, was reverse transcription polymerase chain reaction 
(RT-PCR) [12]. This is mainly due to the fact that RT-PCR generally 
allows direct and accurate detection of small amounts of genetic mate
rial from the virus. However, RT-PCR is prone to false positive/negative 
(patient history dependent [13,14]) as also seen in our clinical study 
[15,16] and this issue gets amplified when the virus starts to evolve, 
requiring new time-consuming genetic studies and templates for 
upgrading the existing RT-PCR tests. 

Therefore, as the time progressed, a cheaper, faster and more 
accessible method of diagnosis was required, and COVID-19 rapid tests 
soon became part of everyday life, such as the lateral flow assay tests 
[17,18]. The latter are based on the direct antigen detection principle 
and have evolved to be a cost-effective method [19]. Most of the antigen 
detection is essentially based on antibodies [20]. Whilst antibodies 
remain the molecular recognition workhorse of choice for bio-sensing 
devices, their use can impose limitations on widespread technology 
adoption due to rapidly mutating viral proteins [21]. Issues such as cost, 
availability, and development time must be taken into consideration 
when designing a diagnostic device. Typically, developing a new diag
nostic device takes longer than for a given virus to mutate, thereby 
decreasing the sensitivity of the antibody-based assay. One 
long-championed ‘alternative’ to antibodies has been molecular 
imprinting [22,23]; despite few reported applications for viral antigen 
detection, the approach has had little impact due to limited capability so 
far [24]. Current published works utilize the use of on-chip polymeri
zation methods which are challenging to scale up into sensing technol
ogies capable of addressing pandemic needs. Therefore, there is a 
pressing need to develop new technologies that could be quickly 
implemented and integrated into sensors in order to detect a range of 
viral antigens, especially if the virus rapidly mutates and may need new 
binding agent [25]. 

In order to address the aforementioned challenges, we have used a 
newly developed synthetic binder against SARS-CoV-2 based on the 
molecular imprinting technology, which was then integrated in a silver 
nanoparticle (AgNP) based localized surface plasmon resonance (LSPR) 
sensor. In particular, the recognition event is accomplished by nano
structured molecularly imprinted polymers (nanoMIPs), developed 
against a region of the receptor binding domain (RBD). The RBD is a part 
of the spike protein that binds to a specific endogenous receptor 
sequence - the Angiotensin-converting enzyme 2 (ACE2) - in order to 
gain entry into the host cells [26,27]. Hence, developing specific re
ceptors to detect RBD portions (conserved across all variants so far) of 
the spike would facilitate in the detection of multiple infectious strains 
of a given virus. 

Traditionally, MIPs are produced by polymerizing monomers in the 
presence of a template molecule (which very often is the target analyte 
or part thereof). Monomers self- assemble based on the interactions of 
their functional groups with those present on the target molecule. After 
polymerization, the target molecule is removed from the polymer ma
trix, leaving behind imprinted binding sites specific for the size, shape, 
and functionalities of the target. As receptors, nanoMIPs have experi
enced a rise in popularity due to their quick development time, control 
over their surface chemistry, high affinity and robustness. These prop
erties have resulted in MIPs being utilized for various sensing applica
tions such as detection of medical biomarkers, antibiotics, 
microorganisms, toxins and viruses. However, MIPs tend to suffer from 
heterogeneous binding affinity, template leaching and slow binding ki
netics (particularly in the case of proteins). 

In this work, we employed a solid-phase approach for manufacturing 
nanoMIPs which allows to overcome these problems. Indeed, due to the 
fact the template molecule is covalently bound to a solid-support, the 
resulting solid-phase imprinted nanoMIPs possess a more homogenius 

distribution of binding site affinities and template leaching is therefore 
avoided. The template used in this work was rationally designed by 
analyzing in silico the conformation of the RBD domain, looking for the 
most exposed regions. Three epitopes were identified and produced. 
Following nanoMIP development, one peptide (around 10 amino acids) 
of the RBD revealed to be the ideal candidate in generating high affinity 
nanoMIPs specific for the spike protein. The use of short peptide se
quences (instead of the whole RBD or spike protein) allows for reduction 
in reagent costs and enables the formation of high affinity binding sites 
for a specific region of the target protein, therefore enhancing the 
“monoclonality” of the nanoMIPs. 

The architecture of our LSPR sensing scheme utilizes silver nano
particles (AgNP) on glass substrates (Fig. 1a). This LSPR chip is deri
vatised with nanoMIPs via drop-casting method (Fig. 1b). The size 
distribution of the AgNPs on the glass substrates showed an average 
diameter of 22.47 nm (Fig. 1c), with an aspect ratio (ratio of major to 
minor axis of the particle — where 1 denotes perfect circle) of 1.15. The 
average spacing between the particles was found to be 26.67 nm. The 
Alpha, Beta and Gamma variants of the SARS CoV-2 were detected in 
both blood serum and buffer solution (Fig. 1d-f). The possibility to use 
either nasal swabs or whole blood using a single measurement technique 
further highlights the advantage of the current system. 

2. Results and discussion 

As mentioned above, three epitopes were selected by in silico 
rational design. Details related to composition and preparation steps are 
shared in the supporting material and brief summary of fabrication steps 
is reported in Fig. 1g. Following their production, nanoMIPs were sub
ject to dialysis against DI water in order to remove any potential con
taminants collected with the hot fraction. Afterward, the nanoMIPs were 
analyzed using NanoSight in DI water at room temperature (22.8 ◦C). As 
reported in supporting information, the analysis revealed an average 
size of 69 nm (mode peak at 58 nm), also see Fig. 1h. SPR analysis 
revealed an apparent KD of 6.5 nM, indicating the developed binders 
possess high affinity, suitable for sensor implementation. The nanoMIPs 
used in this work are commercially available and can be purchased from 
MIP Diagnostics (product number: N108-SC2S-F6AU). 

Utilizing atomic force microscopy (AFM), the bare LSPR substrate 
(Ag), Ag-MIPs and Ag-MIPs-protein substrates were investigated to 
ascertain their topography (Fig. 2a-c). We found that the LSPR substrate 
had a uniform distribution of AgNPs over the surface (Fig. 2a), with 
particle heights ranging from 5 nm to 20 nm and diameters varying from 
5 nm to 30 nm (after tip deconvolution) (Fig. 2d). Similarly, we 
analyzed Ag-MIPs complexes without (Fig. 2b and e, for topography and 
height analysis respectively) and with protein (Fig. 2c and f, for 
topography and height analysis respectively). The nanoparticle distri
bution on the Ag surface and their respective diameters, calculated from 
the AFM, revealed similar values to those shown by SEM analysis in 
Fig. 1c. The nanoMIPs deposited over the LSPR substrate form a non- 
continuous layer (Fig. 2b), with thickness ranging from 20 nm to 
40 nm. It should also be noted that it is quite challenging to distinguish 
between Ag-MIPs without and with protein simply based on their 
topography, and therefore we show phase differences between these 
conditions on the Ag surfaces. In Fig. 2, we observe the phase for bare Ag 
chip which can easily be distinguished from the phase of the Ag-MIPs 
complex without protein (Fig. 2). Our qualitative analysis show that 
the MIPs surface becomes softer upon attachment of the proteins as 
revealed by the tip/surface interaction of the AFM measurement [28]. 
We have avoided detailed interfacial analysis of the Ag/MIPs/protein 
interactions using AFM as we wish to focus on the detection performance 
of the nanoMIPs using the developed LSPR sensor. Nevertheless, our 
AFM results provide evidence, in addition to SEM, that nanoMIPs were 
successfully attached on the silver surface. 

After confirming the presence of the nanoMIPs on the sensor surface, 
we evaluated their LSPR performance by detecting spike proteins of 
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Alpha, Beta and Gamma variants of the SARS-CoV-2 virus (hereafter 
referred to as Alpha, Beta and Gamma) in phosphate buffer saline (PBS). 

As reported in Fig. 3, the sensor demonstrated successful detection of 
Alpha, Beta and Gamma. Fig. 3a shows a typical LSPR sensor response 
upon binding of various concentrations of protein together with the 
corresponding absorbances. Note that the absorbance shifts here refer to 
the total area under the LSPR curve obtained for a given concentration. 
From the obtained results, various trends in wavelength and absorbance 
are observed. For instance, the wavelength shifts for Alpha and Gamma, 
are found to have logistic response in comparison to a linear response in 
the case of Beta, Fig. 3b. The limit of detection (LOD) using wavelength 
data was found at 466.37 nm, 467.13 nm and 467.71 nm which corre
sponds to 9.71 fM, 7.32 fM and 8.81 pM respectively for Alpha, Beta and 
Gamma. The LOD was computed using empirical formula involving the 
use of limit of blank (LOB) and standard deviations of the measurements, 
where blank refers to the effect of PBS on the MIPs (without any pro
teins); further details are reported in the supporting information file. 

The absorbance shifts, on the other hand, show no typical dose- 
response see supporting information for more details. However, one 
can clearly observe the difference in absorbance obtained from the 
controls performed using spike proteins of human coronaviruses (HCoV- 
OC43, HKU1 and HCoV-229E) above 10 fM concentrations of Alpha and 
Beta, and 100 pM of Gamma, which are represented by the dotted line 
figures within supporting information. Nevertheless, we can still use 
absorbance data to indicate the presence of any of the 3 proteins above 
the concentration of 100 pM and therefore the absorbance data can still 
be used to develop ’on-off’ type sensor, where the presence of any spike 
protein above 100 pM can be considered as ’on state’ and anything 
below 100 pM, the sensor will be considered as the ’off- state’. We have 
summarized these wavelengths and absorbance measurements by plot
ting heat maps to compare all controls, including the blank PBS sample 
(called buffer) and dose- response for NIPS (non-imprinted polymers) in 
Fig. 3c, d. The heat maps show a pictorial representation of the LOD and 
the threshold of ’on-state’ discussed above, allowing the user to visualize 

Fig. 1. Sensor architecture and sensing scheme: a) LSPR silver chip and SEM image of its top surface; b) SEM image showing LSPR chip surface immobilized with 
nanoMIPs. Note that in both a) and b), the red scale bar indicated 500 nm. The image is acquired at 10 kV with a 35,000 X magnification; c) diameter, spacing and 
aspect ratio of the Ag nanostructures on the LSPR chip; d) schematic showing blood sample collection with a centrifuge to generate serum; e) shows the LSPR 
measurement with light source and spectrometer; f) depicts the sample collection from nasal cavity to buffer. Both d) and f) point towards the measurement setup in 
e) indicating that the chip is suitable for detection of analyte collected in buffer by swabs or directly from the blood; g) steps in nanoMIPs development; h) shows the 
size of nanoMIPs measured using NanoSight particle analyzer. 

N. Bhalla et al.                                                                                                                                                                                                                                  



Sensors and Actuators: B. Chemical 365 (2022) 131906

4

the distinction between controls and samples. The heat map data could 
also potentially be used to encourage implementation of machine 
learning in the measurement system, developing automatic ’on-off’ type 
of sensors for rapid detection of the analyte above a certain (clinically 
relevant) concentration. 

Following the successful detection of virus samples in PBS, we 
extended our experiments to clinically relevant fluids by evaluating the 
performance of the sensor in human serum. In particular, serum was 
spiked with 100 fM, 10 pM, 1 nM and 100 nM concentrations of Alpha, 
Beta and Gamma and wavelength and absorbance shifts were measured 
as shown in Fig. 4. Control experiments were also conducted with 
human coronavirus proteins at a concentration of 100 nM. Fig. 4a shows 
a typical LSPR sensor response to blood serum spiked with various 
concentrations of the Alpha. Alpha and Beta revealed logistic and linear 
trends in the data as shown in the Fig. 4b. The LOD computed for Alpha 
and Beta using wavelength data was found to be at 457.54 nm and 
460.49 nm. These LOD values correspond to concentrations of 14 fM for 
Alpha and 94 fM for Beta. The calculated LOD was 130 fM (at 
457.37 nm) for wavelength changes observed for Gamma binding, as 
also shown in Fig. 4b. Note that for LOB calculation, necessary for 
computing LOD, measurements in serum without protein were consid
ered as blank samples, (see details in the supporting information file). 
These LOD values were lower than the wavelength shifts measured from 
the controls (with human coronavirus). We attribute this to low wave
length shifts measured for the blank samples (blank sample measure
ment is required for LOD calculation). Therefore, the LOD here should 
be considered only as a mathematical value obtained using the empirical 
formula of LOD. In such scenarios, a more relevant sensor parameter is 
the limit of quantification (LOQ)— referred to as the lowest concen
tration at which the analyte can be reliably detected whereby some 

predefined goals for bias are also met. In our case if we consider values 
which can be distinguished from the controls as a bias for LOQ, we can 
clearly see that the concentration of 10 pM can easily be distinguished 
from the controls and therefore we can consider 10 pM as LOQ of our 
sensor in serum based on wavelength shifts. 

Similarly, for absorbance shifts, even though we do not observe a 
specific dose-response trend, the controls can easily be distinguished 
from the concentration of 10 pM in all 3 protein samples tested (see 
supporting information) which further suggests that the developed LSPR 
sensor can reliably detect spike proteins in human serum at a concen
tration of 10 pM. To visualize our analyses, we plot heat maps to reveal 
differences between controls and the experiment of interest for both 
wavelength shifts (Fig. 4c) and absorbance shifts (Fig. 4d) of the LSPR 
sensor including dose-response for NIPS. 

Furthermore, we compared all LSPR data acquired from the protein 
in buffer (PBS) with those achieved in serum as reported in Fig. 5a-e. We 
then performed a Šídák multiple comparison (which assumes that each 
comparison is independent from the others) test using 2-way ANOVA 
method built within Graphpad prism. For Alpha, Fig. 5a, significant 
differences between buffer and serum are only observed at higher con
centrations (at 100 nM) where large standard deviations are observed 
within the tests conducted in the buffer. For Beta, Fig. 5b no significant 
differences are observed in our statistical analysis and for Gamma, 
Fig. 5c we observe statistical difference only at 10 nM. These differences 
are attributed to the changes in the differences in blank serum as seen 
from Fig. 5d. Perhaps non-specific attachment from the other proteins in 
the serum may lead to some differences in the buffer and serum mea
surement values. However, it should be noted that the non-specific 
binding is insignificant since our experiments can be distinguished 
from the controls carried out using human coronaviruses and blank 

Fig. 2. Atomic force microscopy analysis: a), b), c) show the topography of the Ag, Ag-MIPs and Ag-MIPs with spike protein of Alpha variant of SARS CoV-2 
respectively; d), e), f) correspond to the height of the line scans shown in the subfigure a), b) and c) respectively; g), h) and i) show the phase differences 
observed in the surfaces of Ag, Ag-MIPs and Ag-MIPs with spike protein of Alpha variant of SARS CoV-2 respectively. 
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buffer/serum. To further assess the buffer and serum experiments, we 
compared all measurements conducted for individual concentrations in 
buffer, serum and control experiments (Fig. 5e). We observed a quasi 
linear trend between the values of serum and buffer. We use the term 
quasi linear because linear regression showed a low regression coeffi
cient (0.89) within confidence level of 95%. Nevertheless, the compar
ison still reveals a similar trend between the LSPR measurements 
acquired in buffer and serum samples. A possible algorithm which 
considers offsets between 2 different sets of data can potentially be used 
to compare these measurements which would allow the user to input 
buffer or serum during the measurement in a given display unit. We also 
performed stability tests of the AgNP-MIPs surface to evaluate the shelf 
life of the developed sensor. As shown in Fig. 5 f, we observed a blueshift 
from 462.31 to 461.92 over 30 days, which is less than 0.5% in the 
resonance characteristics of the Ag chip. With such minute differences in 
wavelength, we consider our fictionalized chip to be stable over a period 
of 30 days. 

3. Conclusion 

Herein, we described the development of a new synthetic binder 
based on the molecular imprinting technology specific for the Spike 
protein of the SARS-CoV-2 virus, and its successful integration into an 
LSPR sensor for a rapid detection of COVID variants. Molecularly 
imprinted nanoparticles (nanoMIPs) were developed against an epitope 
of the RBD region, showing high affinity (KD at 6.5 nM) and selectivity 
towards the Spike protein. Exploiting the high affinity and selectivity of 
these synthetic binders, our sensor platform demonstrated to be capable 
of detecting multiple variants of the SARS CoV-2 virus. Such proof of 
concept was achieved both in buffer and serum, with the developed 
sensor being able to distinguish between SARS CoV-2 and other human 

coronaviruses. Additionally, the LSPR substrate is cost effective (can be 
mass-produced at a price of less than £0.10), disposable, and compatible 
with portable readouts for LSPR. Furthermore, compared to antibodies 
our sensor showed a relatively long shelf life, thanks also to the intrinsic 
robustness of the integrated nanoMIPs. It is worth highlighting that the 
development and validation of the sensor system reported here was 
achieved in less than 8 weeks. The rapid turnaround time makes our 
technology ideal for those scenarios in which new binders or sensors are 
required to be developed promptly, such as when new variants or strains 
emerge. The ease of use and short analysis time of our sensor can also be 
potentially beneficial in implementing Track and Trace systems during 
pandemics [29]. The LSPR sensor described in this work represents an 
important innovation in the field of point of care for viral strain detec
tion and can potentially help keeping epidemics under control if testing 
is carried out at an early stage. 

4. Methods 

4.1. Materials 

All buffer solutions were prepared using deionized (DI) water 
(18.2 MΩ), and chemicals were used as purchased, unless specified. 
nanoMIPs were purchased from MIP Diagnostics, product number: 
N108-SC2S-F6AU. The peptide used as template to generate nanoMIPs 
was purchased from Ontores Biotechnology (China). Monomers for the 
nanoMIP synthesis, sodium hydroxyde, (3-Aminopropyl)triethox
ysilane, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N- 
hydroxysuccinimide (NHS) were purchased from Merck (UK). All pro
teins were purchased from antibodies-online.com: Alpha, SARS-CoV-2 
Spike protein lineage B.1.1.7, product number: ABIN6963738; Beta, 
SARS-CoV-2 Spike protein lineage B.1.351, product number: 

Fig. 3. LSPR detection of spike proteins in PBS: a) LSPR spectrum in wavelength vs absorbance plot for concentrations ranging from 10 aM to 100 nM of the Alpha 
variant of SARS CoV-2. b) change in LSPR wavelength of the Ag-MIPs complex upon varying the concentration of Alpha, Beta and Gamma from 10 aM to 100 nM. 
Note that it also shows the controls performed using human coronavirus spike proteins. c) and d) show the heat map comparing LSPR wavelength and absorbance for 
all concentrations of tested spike proteins, controls with human coronavirus and blank buffer. 
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Fig. 4. LSPR detection of spike proteins in serum: a) LSPR spectrum in wavelength vs absorbance plot for concentrations ranging from 100 fM to 100 nM for Alpha 
variant of SARS CoV-2; b) change in LSPR wavelength of the Ag-MIPs complex upon varying the concentration of Alpha, Beta and Gamma from 100 fM to 100 nM. 
Note that we also show the controls performed using human coronavirus spike proteins. c) and d) show the heat map comparing LSPR wavelength and absorbance for 
all concentrations of the tested spike proteins, controls with human coronavirus and blood serum. 

Fig. 5. Sensor analysis: a), b), c) show performance comparison of the developed LSPR sensor (wavelength shifts) for Alpha, Beta, Gamma variants of SARS CoV-2 
virus; d) shows comparison of controls including effect of buffer and serum on the sensor surface. The statistical analysis is performed using 2way ANOVA multiple 
comparisons using Šídák multiple method where Alpha value is 0.05 for the test. Note that ’ns’ indicates that data is not significant and ’*’ denotes the significant 
level for p < 0.05; e) shows the comparison between the buffer and serum measurements where each dot indicates mean values of multiple measurements for a given 
concentration. The line is fitted with a linear regression (Buffer = 0.4150 × Serum + 274.9, R squared value of 0.89). The interval, shown in the shaded region 
indicates confidence level of 95%; f) shows the stability of the Ag-MIPS complex over a period of 30 days with LSPR spectrum of day 1, day 15 and day 30. 

N. Bhalla et al.                                                                                                                                                                                                                                  



Sensors and Actuators: B. Chemical 365 (2022) 131906

7

ABIN6963739; Gamma, SARS-CoV-2 Spike protein lineage P.1, product 
number: ABIN6964442; Coronavirus OC43 Spike protein (HCoV-OC43 
S), product number: ABIN4976647; Coronavirus HCoV-229E S1 protein, 
product number: sin-v52h4; Coronavirus HCoV-HKU1 S1 protein, 
product number: sin-v52h6. Ag chips were purchased from NanoSPR 
devices, USA, product number: BA3220. CRP free blood serum was 
purchased from Fitzgerald, product number 90R-100, batch number 
S18050417. 

4.2. nanoMIPs production 

The synthesis method was adapted from Canfarotta et al. [30] and it 
relies on the immobilization of the target peptide on a solid support 
(glass beads with a diameter between 70 and 100 micrometers). This is 
accomplished by activating such glass beads with sodium hydroxide 
(4 M) and then functionalizing them with an amino-silane to obtain 
primary amine groups on their surface. Epitopes of the RBD region were 
identified by in silico analysis. These epitopes were then produced and 
immobilized onto the amine-derivatized glass beads via 
succinimidyl-iodoacetate coupling. Immobilization of the peptide was 
confirmed by monitoring color changes with a bicinchoninic acid assay. 
Polymerization was then initiated by ammonium persulfate (Fig. S1). 
After polymerization (1 h), the solid support was used to isolate high 
affinity nanoMIPs from the remaining monomers, oligomers, and 
low-affinity polymers. This was achieved via a low temperature elution 
(20 ◦C), followed by an elevated temperature elution step (60 ◦C). 

4.3. Sensor fabrication 

50 µl of a nanoMIP stock solution (5 µg/ml in DI water) was 
dispensed on the Ag-LSPR chips. Afterwards, the Ag chips were placed 
inside a humidified chamber for 3 h to ensure that the nanoMIPs were 
immobilized on the surface of the Ag nanoparticles. Since the nanoMIPs 
bear amine groups, electrostatic interactions between the negative LSPR 
Ag surface and the positively charged nanoMIPs (-Ag with NH3 +)re
sulted in binding of the nanoMIPs to the surface [31]. After this the Ag 
substrates were thoroughly rinsed with DI water to remove any 
loosely-bound polymers from the electrode surface. The chips were the 
stored at 4 oC until further use. Note that we found that the developed 
Ag-MIPs chips could be reliably used for 30 days without loss in 
performance. 

4.4. Scanning electron microscopy analysis 

The morphology of the Ag LSPR chip-with and without nanoMIPs 
was characterized with a field emission scanning electron microscope 
(Hitachi SU5000) in low-vacuum mode using back-scattered electron 
(BSE) detector at a 10 kV accelerating voltage. Prior to mounting the 
chip on a circular stub inside the instrument, sputter-coating with a 
20 nm palladium film was performed using an Emitech K500X sputter
ing system in order to avoid electron charging during the imaging pro
cess. The image analysis is used to reveal morphological features such as 
diameter of the particles, their aspect ratio and spacing and it was per
formed using in-built functions within the ImageJ software. 

4.5. Atomic force microscopy analysis 

Topographic characterization was performed in air using a com
mercial atomic force microscope (AFM) system (D3100 Nanoscope III 
Digital Instruments, now Bruker) in amplitude modulation AFM (tap
ping mode). Images of 2 µm scan size were acquired with a silicon probe 
for soft tapping mode (FMV-A Bruker, spring constant 2.8 Nm− 1, reso
nance frequency 78 kHz). Lateral dimensions evaluation was performed 
by convolution, assuming the nominal radius of curvature (8 nm) is 
preserved throughout the investigations. 

4.6. LSPR data acquisition and analysis 

The LSPR signal was acquired using setups used in our previous 
works [32]. This is a home made setup which consists of components 
purchased from Ocean Optics: spectrometer FLAME-T-XR1-ES, reflec
tion probe QR400-7-SR-BX, UV-Vis patch connectors, DH-2000 Deu
terium-Tungsten Halogen lamp (DH 2000-S-DUV-TTL), RTL-T stage, and 
Ocean View software. Prior to the acquisition of the LSPR spectrum, 
dark and reference signals for background noise cancellation were 
measured using glass slide as a reference. This glass slide was the same 
substrate on which Ag were deposited. We generated this reference 
substrate by complete removal of Ag nanoparticles from one of the 
substrates by sonicating the substrate in acetone for 1 hr and then using 
isopropanol wipes to clean the surfaces. All generated data were 
analyzed and plotted using the in-built functionality of the GraphPad 
Prism 9 software. Some figures presenting our schemes to show LSPR 
setups were drawn by modifying components available in the source 
smart servier medical art (smart.servier.com). 

4.7. Bioassay protocol 

All spike proteins including those of the human coronavirus used as 
controls were pre- pared or diluted with PBS/serum at different con
centrations according to our range (10 aM to 100 nM). To perform the 
dose response in the assay, the Ag-MIPs functionalised substrate was 
exposed to different concentrations of the respective protein. This was 
done by simply drop-casting 50 µl of the sample on the Ag-MIPs. After 
exposing the surface of the sensor to a given concentration, we provided 
20 min of incubation time to allow the protein to interact with the MIPs. 
Thereafter, the surface of the sensor was washed with PBS (for both PBS 
and serum samples) and then measured the LSPR signal. To acquire the 
signal, we waited for 30 s during which the ocean view software ac
quired multiple spectrum and displayed an average of 10 spectrums with 
a box car width of 5. The LSPR spectra were later saved and wavelength/ 
absorbance shifts were recorded, analyzed and plotted using Graphpad 
Prism software. 
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