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Abstract

The rapid and accurate detection of SARS-CoV-2 biomarkers remains a critical require-
ment for effective outbreak control and decentralized diagnostics. Although RT-PCR is
the current gold standard, its reliance on centralized laboratories and long processing
times limits its applicability in point-of-care settings. In this context, optical biosensing
platforms based on surface plasmon resonance (SPR) offer attractive features, including
label-free, real-time, and quantitative detection. This study explores the use of synthetic
receptors for the highly sensitive detection of the receptor-binding domain (RBD) of the
SARS-CoV-2 spike protein. Specifically, soft molecularly imprinted polymer nanoparticles
(nanoMIPs) were employed as synthetic receptors and integrated into a high-sensitivity,
portable plasmonic platform based on a D-shaped plastic optical fiber (POF) SPR sensor.
The nanoMIPs were selectively imprinted against the RBD, characterized by Dynamic
Light Scattering (DLS), Isothermal Titration Calorimetry (ITC), and Scanning Electron
Microscopy (SEM) to confirm nanoMIPs size, binding properties, and surface morphology.
Next, the nanoMIPs were immobilized onto a gold-coated sensing surface, enabling en-
hanced specificity, affinity, and signal amplification compared to conventional biological
recognition elements. The resulting RBD-SPR-nanoMIPs sensor demonstrated promising
analytical performance, exhibiting high selectivity against potentially interfering proteins
and an anticipated sensitivity suitable for RBD detection at femtomolar concentrations. The
inherent stability of nanoMIPs suggests the potential for reusable SPR sensing platforms,
paving the way for next-generation synthetic receptor-based plasmonic biosensors.

Keywords: SARS-CoV-2; surface plasmon resonance (SPR); molecularly imprinted
polymers (MIPs); portable sensor; D-shaped POF-SPR sensor

1. Introduction
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a positive-sense,

single-stranded RNA virus whose entry into host cells is mediated by the glycosylation of
the spike (S) protein [1]. The receptor-binding domain (RBD) of the S protein is essential
for viral attachment and entry and therefore represents a prime target for therapeutic and
diagnostic applications [2,3].
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The COVID-19 pandemic highlighted the importance of developing rapid and reliable
diagnostic tools [4,5]. Although RT-PCR remains the gold standard due to its high sensitiv-
ity, its reliance on time-consuming amplification steps and centralized laboratories limits
its applicability for point-of-care testing [6,7].

To address these limitations, a wide range of biosensing platforms has been explored,
including electrochemical, nucleic-acid-based, physical transduction, optical and plasmonic
techniques [8,9]. For instance, magnetoelastic immunosensors have demonstrated rapid
SARS-CoV-2 detection in complex matrices such as bioaerosols, highlighting the potential
of alternative label-free sensing strategies [10].

Surface plasmon resonance (SPR) is widely employed as a label-free method for
real-time monitoring of biomolecular interactions, combining rapid response with high
sensitivity in applications related to SARS-CoV-2 detection [11,12]. Moreover, SPR enables
the evaluation of binding kinetics, such as association and dissociation rates and affinity
constants of antigen–antibody interactions [13]. In addition, its compatibility with different
recognition strategies makes it particularly suitable for integrating innovative materials for
portable and point-of-care devices [14–16].

SPR platforms combined with MIPs have been proposed to selectively recognize SARS-
CoV-2 antigens, offering a promising approach toward low-cost, portable, and point-of-care
diagnostic devices [17–20].

Molecularly imprinted polymers (MIPs) are synthetic receptors obtained via template-
assisted polymerization, offering high selectivity, chemical stability, and cost-effectiveness
compared to biological receptors [21–23]. The synthesis of MIPs typically involves the
copolymerization of monomers and a cross-linker in the presence of a template molecule,
followed by template removal, which leaves imprinted binding sites complementary in
size, shape, and chemical functionalities to the target molecule [24,25].

MIPs can be synthesized in the format of a nanolayer, with a thickness of a few nm,
or nanoparticles (“nanoMIPs” or “plastic antibodies”), typically with a diameter ranging
from 10 to 500 nm [26]. Nanoformats with high surface-to-volume ratios ensure rapid mass-
transfer kinetics, while their chemistry can be precisely controlled, allowing the design
of responsive or functional materials [27,28]. When used to functionalize SPR sensors,
these soft nanoMIPs can generate significant refractive index changes upon target binding,
thereby enhancing sensor performance [29–32].

Concerning nanolayer-based approaches, previous studies developed an SPR sen-
sor based on a D-shaped plastic optical fiber (POF) transducer functionalized with an
acrylamide-based MIP nanolayer designed to selectively recognize the SARS-CoV-2 spike
protein S1 subunit. Preliminary tests on nasopharyngeal swab samples yielded higher
sensitivity and faster response times compared to conventional RT-PCR methods [31].

Moreover, a recent work presented a peptide epitope-imprinted polymer microarray
for the selective recognition of the SARS-CoV-2 RBD. This design relied on imprinting a
short peptide sequence (epitope) derived from the RBD onto a polyscopoletin nanofilm,
yielding binding sites with dissociation constants in the low nanomolar range. Together,
these features explain the superior analytical performance of nanoMIPs in SPR-based virus
sensing [33].

NanoMIP-based SPR sensors can detect whole SARS-CoV-2 virus particles with high
affinity, good sensitivity and strong specificity, compared to traditional MIP nano-films.
Indeed nanoMIPs provide greater accessible surface area, faster and stronger binding
signals, less diffusion limitation, and improved reproducibility and stability. Together,
these features explain why nanoMIPs yield higher analytical performance in SPR virus
sensing [8].
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In this work, nanoMIP receptors were exploited to develop a plasmonic sensor for the
detection of the SARS-CoV-2 RBD at ultralow concentrations. Soft nanoMIP recognition
elements were designed to realize a highly sensitive and portable SPR platform. The
proposed RBD sensor highlights the advantages of nanoMIPs in terms of specificity, affinity,
and sensitivity enhancement, resulting in improved overall biosensing performance. The
obtained results indicate that the analytical sensitivity and selectivity of the SPR–nanoMIPs
sensor are suitable for RBD detection at the femtomolar level in buffer.

2. Materials and Methods
2.1. Chemicals

Acrylamide (Aam), methacrylic acid (MAA), N-tert-butylacrylamide (TBAm), N,N′-
methylene bisacrylamide (BIS), N,N,N′,N′-tetramethyl ethylenediamine (TEMED), ammo-
nium persulfate (APS), (R)-α-lipoic acid, 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS), Tris-HCl, Trypsin-TPCK, Trizma, (R)-
α-lipoic acid, 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-
hydroxysuccinimide (NHS), 2-Morpholinoethanesulfonic acid (MES), Phosphate Buffered
Saline (PBS), and Tris (hydroxymethyl)-aminomethane (TRIS) were from Sigma-Aldrich
(Darmstadt, Germany). The human serum albumin (HSA) and cytochrome c proteins
were from Sigma-Aldrich (Darmstadt, Germany). RBD Tris-HCl was from Excellgene
(Monthey, Switzerland).

2.2. Synthesis of RBD-NanoMIPs

RBD-nanoMIPs were prepared from a monomer mixture with an overall concentration
of 0.2% (w/v), in which Aam, MAA and TBAm were present at a molar ratio of 8:8:4 and
combined with BIS (80% mol/mol) in 50 mM phosphate buffer (pH 7.4). The template, RBD,
was added to the polymerization solution at a final concentration of 1 mg/mL. Vials were
closed with rubber caps and bubbled with N2 for 15 min. Polymerization was initiated
by the addition of APS (0.04% w/v) and TEMED (0.03% w/v), and allowed to proceed for
20 h at 20 ◦C. Upon completion of the polymerization, the template was removed by the
addition of 150 µL of 1.5 M Tris-HCl pH 8.8 and 80 µL of Trypsin-TPCK 2 mg/mL for 2 h at
RT. Subsequently, 500 µL of 1 M Trizma base was added and the mixture was incubated for
an additional hour. The resulting RBD-nanoMIPs were then extensively dialyzed (MWCO
10 kDa, Sigma-Aldrich, Darmstadt, Germany) against 3 L of Milli-Q water, freeze-dried
and stored at −20 ◦C. A polymerization yield of 85% was obtained, based on the weight
of lyophilized nanoparticles compared to the overall mass of monomers used during
the synthesis.

2.3. Dynamic Light Scattering of NanoMIPs-RBD

Dynamic light scattering (DLS) analyses were carried out using a Zetasizer Nano
ZEN3600 instrument (Malvern Instruments Ltd., Malvern, UK) equipped with a 633 nm
He-Ne laser and operating at a backscattering angle of 173◦. Samples were prepared by
dispersing the RBD-nanoMIPs in water or PBS to a final concentration of 1 mg/mL prior
to analysis. For data acquisition, a material refractive index of 1.490 and an absorption
coefficient of 0.01 were applied. The dispersant properties were set according to the
instrument software (Zetasizer v6.32), using an RI of 1.332 and a viscosity of 0.89 cP for
water. Measurements were carried out at 298 K, and each sample was analyzed in triplicate
to obtain size distribution and polydispersity index (PDI) values.
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2.4. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) images were acquired using Supra 40 Field
Emission Microscope (Zeiss, Oberkochen, Germany), equipped with a secondary electron
detector, at a beam energy of 15 keV. Samples were prepared by dispersing the RBD-
nanoMIPs in ultrapure water (150 µg/mL) and briefly ultrasonicated prior to imaging. A
5 µL aliquot of the suspension was then placed onto a silicon wafer mounted with carbon
double tape on an aluminum stub. Samples were dried either at 60 ◦C for 24 h or at 30 ◦C
for 72 h. To ensure adequate surface conductivity during observation, an ultrathin (≈2 nm)
platinum/palladium layer was applied by plasma sputter coating.

2.5. Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) measurements were performed using a MicroCal
PEAQ-ITC instrument (Malvern Panalytical Ltd., Worcestershire, UK). All solution samples
were filtered and degassed before analysis. RBD-nanoMIPs, RBD, HSA, and Cyt C were
prepared in 10 mM PBS pH 7.4. For each experiment, 200 µL of RBD-nanoMIPs at 2.5 µM
was titrated at 25 ◦C with 18 µM of RBD, 30 µM of HSA and 30 µM of Cyt C, and the
corresponding heat signals were recorded. Dilution heats were determined by titrating the
proteins into buffer alone. Raw injection heats were corrected by subtracting the dilution
baseline and subsequently integrated. The resulting integrated heats were plotted against
the molar ratio of titrant to titrand and analyzed using a one-set-of-sites binding model
implemented in MicroCal PEAQ-ITC Analysis Software (version 1.22.1293). The binding
constant (KD) and the enthalpy change associated with complex formation (∆H) were
derived from fitting the calorimetric isotherms.

2.6. Portable Surface Plasmon Resonance

Surface Plasmon Resonance (SPR) measurements were carried out using a portable
Spectra340 instrument (Moresense S.r.l., Milan, Italy), shown in Figure 1 [34]. The system is
based on a modified D-shaped plastic optical fiber (POF) (model RA1008, Moresense S.r.l.,
Milan, Italy), interfaced with the reader by means a custom-designed 3D-printed holder.
The optical setup consists of a VIS spectrometer operating in the 500–730 nm range and a
white light source covering 400–780 nm. SPR spectra were acquired and processed using
the manufacturer’s dedicated software (Capture Spectrum Data, version 2.4.8).

 

Figure 1. Picture of portable POF-SPR platform. Reprinted with permission from [34].

2.7. Functionalization of D-Shaped Plastic Optical Fiber (POF)

The gold-coated D-shaped POF surface [35] was first subjected to plasma cleaning
and subsequently incubated overnight at room temperature (RT) with 0.3 mM α-lipoic
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acid prepared in 8% ethanol, allowing the formation of a self-assembled monolayer (SAM).
Surface activation was then performed through a two-step EDC/NHS coupling procedure.
Initially, 100 µL of EDC (20 mM in 50 mM MES buffer, pH 5.5) was applied for 30 min
at RT. In parallel, NHS (20 mM in 50 mM MES, pH 5.5) was mixed with RBD-nanoMIPs
(1 mg/mL) and allowed to react for 10 min at RT. Subsequently, 100 µL of this NHS/RBD-
nanoMIPs solution was deposited onto the activated gold surface and incubated for 2 h
at RT. Finally, the EDC/NHS reaction was blocked by the addition of TRIS-free base for
10 min [30]. Then, the functionalized POF was rinsed with MilliQ water and kept in MilliQ
water ON at RT to remove all non-reacted materials. SAM formation and RBD-nanoMIPs
immobilization were evaluated by monitoring plasmonic wavelength variations at each
step, which were computed in relation to the bare POF.

2.8. RBD-NanoMIPs-POF-SPR Sensor Response to RBD

Dose–response curves for the RBD-nanoMIPs-POF-SPR sensor were generated by
exposing the functionalized POF to RBD solutions prepared in PBS (10 mM, pH 7.4) at
concentrations ranging from 1 fM to 1 pM. For each measurement, 100 µL of the RBD
solution at the selected concentration was deposited onto the functionalized POF. SPR
spectra were recorded every 3 min over a total incubation time of 15 min. Between
consecutive concentrations, the surface was gently rinsed three times with PBS to remove
residual analyte. SPR spectra were normalized by dividing the transmitted signal by a
reference spectrum acquired in air. The absolute resonance wavelength shift (|∆λ|) for
each RBD concentration (c) was calculated relative to the blank (i.e., buffer without analyte)
using the expression |∆λ| = λc − λ0, where λc is the resonance wavelength measured at
concentration c, and λ0 is the resonance wavelength of the blank. The resulting dataset was
fitted using a Hill equation model, described by Equation (1):

λ = λmax
cn

(EC50 + cn)
(1)

where λ is the wavelength at concentration c of the ligand; λmax is the value at binding
saturation; n is the Hill parameter, which correlates with the number of binding sites; EC50

is the half-maximal effective concentration that represents the analyte concentration that
produces 50% of the maximum measurable signal. OriginPro software (version 9.0, Origin
Lab. Corp., Northampton, MA, USA) was used for the fitting.

2.9. Selectivity Test

The selectivity of the RBD-nanoMIPs-POF-SPR sensor was assessed using HSA and
Cyt C as non-target proteins. For each experiment, 100 µL of HSA or Cyt C solutions
at concentrations ranging from 1 fM to 1 pM was deposited onto the RBD-nanoMIPs-
functionalized POF. Measurements and data analysis were performed following the same
procedure described in the “NanoMIPs-POF-SPR Sensor Response to RBD” section.

3. Results
3.1. Synthesis and Characterization of RBD-NanoMIPs

RBD-nanoMIPs were synthesized using a total monomer concentration of 0.2%
w/v. Aam, MAA and tBAm were admixed to BIS, acting as a reticulating agent. RBD
(1 mg/mL) was selected as a template and added to the pre-polymerization mixture (Vfinal

10 mL) [29,36].
The RBD-nanoMIPs’ dimensions were estimated by means of DLS (Figure 2A). The

averaged hydrodynamic size of the nanoparticles resulted in 200 ± 19 nm, while the
PDI was 0.246, indicating a fairly homogeneous distribution. As confirmation, Figure 2B
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presents the SEM image of the RBD-nanoMIPs, which shows spherical nanoparticles with
dimensions in agreement with the DLS data.

Figure 2. (A) Exemplificative SEM image of RBD-nanoMIPs; (B) DLS by intensity distribution profile
of RBD-nanoMIPs.

Isothermal titration calorimetry (ITC; Figure 3) was employed to evaluate the recog-
nition properties of RBD-nanoMIPs towards their putative ligand, RBD. This technique
detects the heat exchanges associated with complex formation, providing thermodynamic
information on the interaction between the analyte and nanoparticles. In this experiment,
2.5 µM of RBD-nanoMIPs was titrated in 12 sequential injections of a solution of RBD
template or non-related proteins, such as human serum albumin (HSA) or cytochrome C
(Cyt C). The heat generated upon each injection was recorded, integrated, and corrected by
subtracting the heat of dilution contribution (i.e., the heat of the injectant titrated into pure
buffer). The corrected heat areas, expressed in kJ/mol, were plotted as a function of the
molar ratio between titrand and injectant and subsequently fitted using a one-set-of-sites
binding model equation.

Table 1. Thermodynamic parameters obtained from the nanocalorimetric titrations of RBD nanoMIPs
with RBD and HAS. Data were fitted via an independent binding site model equation.

Titrand Titrant n KD
(µM)

∆H
(kcal/mol)

∆G
(kcal/mol)

RBD 18 µM
RBD

nanoMIPs
2.5 µM

0.88 ± 0.20 0.285 ± 0.100 −110 −37.4

HSA 30 µM
RBD

nanoMIPs
2.5 µM

3.76 ± 1.58 4.93 ± 3.30 414 −30.3
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Figure 3. Energetics of the interaction between RBD-nanoMIPs and (A) RBD, or (B) HSA, or (C) CytC.
Upper panel: heats associated with the interactions recorded over time. Lower panel: heat contri-
butions integrated and plotted as a function of the molar ratio RBD-nanoMIPs/titrant (filled dots).
Fittings with a single point equation are plotted as a line. Enthalpic-driven interactions are observed
for RBD-nanoMIPs and RBD (A). Entropic-driven interactions are observed for RBD-nanoMIP and
HSA (B). No interactions are observed for RBD-nanoMIPs and CytC (C). Fitting parameters are
reported in Table 1. Data are the mean value of triplicates.

The titration of RBD nanoMIPs with their template, RBD, resulted in negative heat
exchanges with a typical saturation course (Figure 3A), suggesting a target-specific enthalpi-
cally driven interaction. Instead, the titration of RBD nanoMIPs with the non-template
protein HSA showed an entropically driven interaction, given by the positive heat contribu-
tions (Figure 3B), and a quasi-saturation course, which could be ascribed to the non-specific
adsorption properties of HSA. Finally, no clear trend was observed for RBD nanoMIPs
titrated with Cyt C (Figure 3C). As Cyt C is a highly charged protein characterized by a pI
of 10.6, this suggested the establishment of only weak non-specific interactions.

The analysis of the thermograms allowed the estimation of the binding constant and
the thermodynamic parameters, according to [37,38], for the RBD nanoMIPs/RBD pair, and
the results were compared with those estimated for the RBD nanoMIPs/HSA pair. Data
are reported in Table 1.

The RBD nanoMIPs/RBD interaction was confirmed to be a spontaneous enthalpy-
driven process, having a negative Gibbs free energy variation. The estimated dissociation
constant (KD) was 2.85 ± 1.10 × 10−9 M. The average number of binding sites per particle
(n) estimated for RBD recognition was close to 1. In contrast, the KD estimated for HSA
was 4.93 × 10−6 M, indicating 3 orders of magnitude weaker preference of RBD nanoMIPs
for serum albumin. The non-specificity of the interaction was also supported by the
high n number (Table 1) estimated for the RBD nanoMIPs/HSA pair, suggesting multiple
weak interactions.

Figure 4 reports the estimated energetic contributions given by the software of ITC
Malvern for the RBD nanoMIPs/RBD pair (Figure 4A) in comparison to those for the RBD
nanoMIPs/HSA pair (Figure 4B).
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Figure 4. Thermodynamic contributions derived from ITC measurements for the interaction between
RBD-nanoMIPs and (A) the RBD template and (B) the non-template protein HSA. The bar plots report
the Gibbs free energy change (∆G, blue), enthalpy change (∆H, green) and the entropic contribution
(−T∆S, red). Representative graph. Standard deviation calculated on three different independent
measurements was 10%.

It is evident that enthalpy drives the template-nanoMIPs interaction, indicating the
formation of weak bonds between the RBD nanoMIPs/RBD pair, whereas HSA interacts
with the nanoMIPs mainly by a possible desolvation mechanism, which is entropically
driven. Overall, these data demonstrate the success of the imprinting of RBD-peptide in
RBD nanoMIPs and supports the selectivity of the formed recognition nanomaterials.

3.2. Preparation of the RBD-NanoMIPs-POF-SPR Sensor

In this work, RBD-nanoMIPs were utilized to develop a portable POF-SPR sensor
for the detection of the RBD domain. For this purpose, the gold-coated POF surface was
functionalized with RBD-nanoMIPs, as schematically illustrated in Figure 5. Firstly, SAM
was formed on the gold surface using α-lipoic acid [39]. The carboxyl groups of the SAM
were then activated via EDC chemistry, followed by deposition of an NHS/RBD-nanoMIPs
mixture, enabling covalent immobilization via stable amide bonds. Finally, any remaining
activated sites were blocked with Tris-free base to minimize non-specific adsorption [30].

Figure 5. Schematic representation of the functionalization steps of the gold-coated POF surface with
RBD-nanoMIPs. Figure reprinted/adapted from [40].

The success of the surface functionalization was evaluated by monitoring the variations
in the plasmonic resonance wavelength (|∆λ|) relative to the bare probe (i.e., bare gold
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surface). The bare gold surface (n = 10) displayed an initial resonance at 606.32 ± 1.32 nm.
After the formation of the α-lipoic acid SAM, a red shift to 610.38 ± 1.55 nm was de-
tected, confirming effective monolayer assembly. Subsequent immobilization of the RBD-
nanoMIPs induced an additional shift to 613.21 ± 1.42 nm, in line with the expected increase
in thickness and refractive index at the interface resulting from the polymer coating.

This functionalization workflow was repeated on multiple POFs to assess the re-
producibility of the surface modification. Figure 6 illustrates the plasmonic wavelength
shifts associated with each functionalization step. In particular, SAM formation with α-
lipoic acid resulted in a |∆λ| of 4.06 ± 0.20 nm, which increased to 6.89 ± 0.20 nm upon
immobilization of the RBD-nanoMIPs.

Figure 6. Absolute plasmonic resonance wavelength shifts (|∆λ|) of the POF-SPR after each function-
alization step for the immobilization of RBD-nanoMIPs: solid black bar indicates bare gold; striped
bar indicates SAM; grey bar indicates RBD-nanoMIPs.

3.3. RBD-NanoMIPs-POF-SPR Sensor Response to RBD

Prior to evaluating the binding performance of the RBD-nanoMIPs-POF-SPR sensor,
the temporal stabilization of the plasmonic response was investigated in order to determine
an appropriate measurement time. The resonance wavelength shift was monitored at
different incubation times (0, 3, 5, and 10 min), as shown in Figure 7C. The signal rapidly
increased within the first few minutes and reached a stable plateau already after 3 min
of incubation, with no significant additional variation observed at longer times. This
fast stabilization indicates rapid binding kinetics between the RBD and the nanoMIPs’
recognition layer and supports the feasibility of short measurement times. The binding
performance of the RBD-nanoMIPs-POF-SPR sensor was then evaluated in PBS using RBD
concentrations ranging from 1 fM to 1 pM. The plasmonic spectra acquired after 10 min
of incubation at increasing RBD concentrations are shown in Figure 7A. A progressive,
concentration-dependent red shift of the resonance wavelength was observed, with values
ranging from 614.42 to 619.86 nm. This behavior reflects an increase in the local refractive
index at the gold surface induced by the interaction between RBD and the immobilized
RBD-nanoMIPs. Binding data were analyzed using the Hill equation model (Figure 7B),
and the extracted fitting and sensor parameters are summarized in Table 2. Specifically,
the sensor exhibited a maximum |∆λ| of approximately 5.44 nm, with half-saturation
(EC50) occurring at 4.99 × 10−15 M. The Hill coefficient n was 1.07, suggesting that, al-
though RBD-nanoMIPs may contain multiple imprinted cavities, only one binding site
per nanoparticle appears to be effectively accessible or to significantly contribute to the
sensor response under the experimental conditions. Regarding analytical performance, the
RBD-nanoMIPs-POF-SPR sensor showed a limit of detection (LOD) of 1.10 × 10−16 M, a
limit of quantification (LOQ) of 3.66 × 10−16 M, and a sensitivity at low concentrations of
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1.09 × 1015 nm/M. The LOD and LOQ values demonstrate outstanding sensitivity for the
sensor, indicating the potential to detect SARS-CoV-2 in the attomolar range.

Figure 7. (A) Plasmonic spectra of RBD-nanoMIPs-POF-SPR sensor incubated with increased concen-
trations of RBD (from 1 fM to 1 pM). The arrow indicates the direction of the red-shift upon addition
of the analyte. (B) Binding curve obtained by plotting the plasmonic wavelength shift (|∆λ|) as a
function of RBD concentration. Experimental data points were fitted using the Hill equation model
(blue line). (C) Time-dependent evolution of the plasmonic response, expressed as |∆λ|, measured
at 0, 3, 5 and 10 min of incubation for a representative RBD concentration (i.e., 10 fM).

Table 2. Fitting parameters and sensor parameters related to the RBD-nanoMIPs-POF-SPR sensor’s
response to RBD.

Parameters Value

λ_min (nm) 614.42 ± 0.04

λ_max (nm) 619.86 ± 0.04

EC50 (M) 4.99 ± 0.35 × 10−15

n 1.07 ± 0.06

R2
adj 0.9996

X2
red 0.1875

Sensitivity at low
concentration (nm/M) 1.09 × 1015 |λ_max − λ_min|/EC50

LOQ (M) 3.66 × 10−16 10 × St.Dev.blank/Sensitivity
low conc *

LOD (M) 1.10 × 10−16 3 × St.Dev.blank/Sensitivity
low conc *

* St.Dev. blank represents the standard deviation measured when buffer is added to the sensor.

A comparison with previously reported MIP-based sensors highlights the advantages
of the nanoMIP strategy adopted in this work. Cennamo et al. [31] reported an SPR sensor
based on a planar MIP nanolayer targeting the S1 subunit of the SARS-CoV-2 spike protein,
achieving a limit of detection of 0.058 µM, several orders of magnitude higher than the
attomolar LOD obtained here. This difference can be attributed to the intrinsic limitations
of continuous MIP layers, in which a significant fraction of binding sites may be buried
within the polymer matrix and weakly coupled to the evanescent plasmonic field.

More advanced planar architectures have been proposed by Bognár et al. [33], who
developed epitope-imprinted MIP microarrays on gold SPR imaging chips using surface im-
printing and oriented template immobilization. Although strong affinities in the nanomolar
range were reported for RBD recognition, the sensor performance remains constrained by
the planar nature of the recognition layer. Overall, these comparisons underline how the
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use of nanoMIPs as discrete recognition elements provides a decisive advantage in terms
of sensitivity, owing to their high surface-to-volume ratio.

3.4. Selectivity of RBD-NanoMIPs-POF-SPR Sensor

The selectivity of the RBD-nanoMIPs-POF-SPR sensor was assessed by using Cyt C
and HSA as non-target proteins. The selection of these proteins was motivated by their high
abundance in human plasma and their relevance as potential interfering species in complex
biological samples. When tested at concentrations ranging from 1 fM to 1 pM, neither Cyt C
nor HSA produced appreciable resonance wavelength shifts (Figure 8), indicating negligible
non-specific interactions and confirming the high selectivity of the sensor toward RBD.

Figure 8. (A) Plasmonic resonance wavelength shifts (∆λ) as a function of protein concentrations for
RBD (black square), Cyt C (red circles) and HSA (blue triangles). (B) Comparison of the plasmonic
resonance wavelength shifts (∆λ) of RBD-nanoMIPs-POF-SPR sensor incubated with 100 fM of RBD
(red bar), HSA (green bar) and Cyt C (blue bar).

As shown in Figure 8A, a clear concentration-dependent response was observed
exclusively for RBD (black squares), whereas only minimal signal variations were recorded
for Cyt C (red circles) and HSA (blue triangles) across the entire investigated range.

A comparative visualization of the sensor response at a fixed concentration of 100 fM
is reported in Figure 8B. Under these conditions, RBD induced a pronounced wavelength
shift of 5.25 nm, while substantially smaller responses were measured for HSA and Cyt C,
−1.34 nm and 1.35 nm, respectively. The negligible positive or negative wavelength shifts
observed for non-target proteins indicate the absence of effective binding interactions, with
the recorded variations attributable to minor baseline fluctuations or weak, non-specific
interfacial effects at the nanoMIPs layer rather than to bulk refractive index changes or
specific binding events.

These results demonstrate the sensor’s capability to effectively discriminate the target
analyte from abundant plasma proteins, even at ultra-low concentrations.

3.5. Regeneration and Reuse of the NanoMIPs-POF-SPR Sensor

The regeneration capability of the sensor was assessed by reusing the same nanoMIPs-
POF-SPR sensor over multiple days. After each binding experiment, nanoMIPs-functionalized
POF was incubated in CHES buffer (20 mM) for 30 min at room temperature, followed by
rinsing in Milli-Q water for 2 h.

As shown in Figure 9, the resonance wavelength measured in PBS was consistently
recovered after each regeneration process, remaining within a narrow range (variation
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below ~1 nm) across different days. These results indicate that the proposed regeneration
protocol enables effective removal of the bound analyte while preserving its selectivity.

Figure 9. Resonance wavelength measured in PBS for the same nanoMIPs-functionalized POF over
four consecutive days after the regeneration step.

4. Discussion
In this work, a surface plasmon resonance sensor based on plastic optical fiber func-

tionalized with RBD-imprinted nanoMIPs was developed and investigated for the detection
of the receptor binding domain. The experimental results demonstrate that the proposed
sensing platform is capable of detecting the target analyte at ultra-low concentrations, as
reflected by the femtomolar-range EC50, and has excellent analytical performance, with
limits of detection and quantification in the sub-femtomolar range.

In addition to its high sensitivity, the sensor showed a rapid response, with stable
plasmonic signals reached within a few minutes, and a high degree of selectivity against
potentially interfering plasma proteins. These features, combined with the use of nanoMIPs
as robust and synthetic recognition elements and the intrinsic advantages of the SPR-POF
configuration, such as compactness, low cost, and ease of use, make the proposed sensor a
promising tool for addressing the increasing demand for rapid, early-stage, and accurate
detection strategies.
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