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Abstract: Nowadays, the development of simple, fast, and low-cost selective sensors to detect
substances of interest is of great importance in several application fields. Among this kind of sensors,
those based on surface plasmon resonance (SPR) represent a promising category, since they are
highly sensitive, versatile, and label-free. In this work, an SPR probe, based on a poly(methyl
methacrylate) (PMMA) slab waveguide covered by a gold nanofilm, combined with a specific
molecularly imprinted polymer (MIP) receptor for bovine serum albumin (BSA) protein, has been
realized and experimentally characterized. The obtained experimental results have shown a limit
of detection (LOD) equal to about 8.5 x 10~ M. This value is smaller than the one achieved by
another SPR probe, based on a D-shaped plastic optical fiber (POF), functionalized with the same
MIP receptor; more specifically, the obtained LOD was reduced by about three orders of magnitude
with respect to the POF configuration. Moreover, concerning the D-shaped POF configuration, no
manufacturing process is present in the proposed sensor configuration. In addition, fibers are used
only to connect the simple sensor chip with a light source and a detector, promoting a bio-chemical
sensing approach based on disposable, low-cost, and removable chips.

Keywords: surface plasmon resonance (SPR); molecularly imprinted polymers (MIPs); optical
sensors; bovine serum albumin (BSA) protein

1. Introduction

Among several sensing techniques, optical sensors based on surface plasmon reso-
nance (SPR) represent a promising category, since they are very sensitive, versatile and do
not require labelling procedures [1-4]. The SPR phenomenon is based on the interaction of
light and free electrons in a noble metal nanofilm in contact with a dielectric medium. In
biochemical sensing applications, the sensor surface can be covered with a specific receptor
layer. Therefore, when an analyte interacts with the receptor layer in contact with the SPR
sensor’s metallic nanofilm, a variation of its refractive index occurs. The SPR probe detects
this refractive index variation, because the SPR conditions change.

Several types of SPR sensors are prism-based (Kretschmann configuration) [5-8],
which need bulky and expensive experimental setups, making it hard for the realization of
miniaturized devices for on-field measurements as well as point-of-care (POC) diagnostics
devices. Several SPR sensors have been implemented to overcome this issue by taking
advantage of optical fibers, both silica glass and plastic ones [9-14].

SPR sensors based on intrinsic optical fibers have been presented in a variety of forms
and configurations by exploiting, for instance, unclad fibers, tapered fibers, side-polished
fibers, and U-bent fibers [15-19]. Furthermore, by coupling these configurations with
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various types of receptors, multiple applications have been developed so far, bringing to-
gether experts from many disciplines such as chemistry and physics with medical sciences.
Moreover, recently, extrinsic optical fiber sensors have been presented. In extrinsic fiber
sensors, optical fibers are used only to connect a sensing region with a light source and
a detector. Up to now, intrinsic and extrinsic fiber-optic SPR sensors have been realized
for sensing in environmental, security, industrial, biomedical, and biochemical sectors,
detecting from small chemical compounds to more complex biological molecules such as
proteins [20-24].

Recently, SPR fiber-optic sensors have been realized by exploiting plastic optical fibers
(POFs) because of their high flexibility, ease of handling, high numerical apertures, large
diameters, and the fact that plastic can sustain lower bend radii than glass. For instance,
SPR sensors in D-shaped POFs [17] have been successfully exploited in our research group,
as the flat part lends itself very well to be coupled with different molecular recognition
elements (MREs), either biological receptors (antibodies, enzymes, aptamers, etc.) or
chemical receptors (nanomaterials, molecularly imprinted polymers (MIPs), etc.) [25-27].
In particular, MIPs have shown significant advantages over biological receptors, as they
are easy, fast and quite cheap to prepare and characterized by a greater resistance to
temperature and pH, making them much more suitable for on-field applications.

SPR D-shaped POF probes coupled with MIPs have been exploited, realizing several
applications ranging from detecting environmental pollutants and industrial analytes to
biological applications, such as the detection of the SARS-CoV-2 virus [28,29]. However, D-
shaped POF platforms can create several difficulties in large-scale production, for example,
irreproducibility issues due to the polishing process.

A possible alternative to SPR D-shaped POF sensor configurations can be represented
by SPR platforms based on slab optical waveguides, as shown by Taguchi et al. [30]. Along
this line, Cennamo et al. have presented a low-cost SPR platform based on a poly(methyl
methacrylate) (PMMA) slab waveguide with a gold nanofilm on the top, coupled with a
source and a detector exploiting two POFs and a particular holder, designed to excite the
plasmonic resonance at the gold-dielectric interface [31]. More specifically, Cennamo et al.
in [31] have demonstrated that the SPR in a PMMA slab waveguide presents similar
performances to those obtained by SPR sensors based on D-shaped POFs [17]. Moreover,
the SPR sensor in a polymer slab waveguide offers various benefits in terms of easy
manufacturing of the sensor and reproducibility due to the absence of polishing procedure
and the possibility of an easy replacement of the chip [31,32]. More specifically, this
innovative plasmonic sensor has been described as a refractive-index sensor in [31] and
as a chemical sensor to detect furfural in [32]. The plasmonic chip is tightly held by a
holder specifically designed to assure a reproducible positioning of the slab. The method
for launching the light in the slab, which happens through an air trench, is a distinguishing
characteristic of the suggested experimental setup. It permits a large number of modes
to pass through the slab waveguide, some of which can activate the SPR in the refractive
index range under consideration. The designed holder is connected to a white light source
and a spectrometer by two POFs [31,32].

In this work, an SPR platform based on a PMMA slab waveguide [31] has been com-
bined with an MIP receptor specific for the bovine serum albumin (BSA) protein detection.
Although epitope imprinting is well used, we have decided to use a different imprinting
strategy in this work. We aimed to make imprinting of the entire protein molecule.

This novel BSA sensor has been realized and characterized. Finally, a comparison
analysis between the developed BSA sensor and other BSA sensors has been presented.
In this comparative analysis, it’s interesting to compare the proposed sensor with two of
our plasmonic POF platforms coupled with the same MIP receptor for BSA. In particular,
we have compared the presented sensor with two sensors based on different plasmonic
platforms, i.e., one similar to the one proposed in the present study, in terms of sensitivity,
and the other one which was highly sensitive based on gold nanogratings. The experimental
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results presented have demonstrated that the BSA sensor proposed here could be a trade-off
between them with several advantages.

2. Materials and Methods
2.1. SPR Sensor Based on a PMMA Slab Waveguide

An SPR sensor based on a PMMA slab waveguide has been implemented as indicated
in [31]. In particular, an initial sample consisted of a 10 mm x 10 mm x 0.5 mm PMMA
chip (GoodFellow, Huntingdon, UK) that was used as a slab waveguide. To obtain the
plasmonic sensor, the unique necessary production step consisted of a 60 nm-thick gold film
deposited on the slab surface by a sputter coater machine (BalTec SCD 500, Schalksmdihle,
Germany). The deposition process was split into three steps (20 nm per step), each with
a current of 60 mA, a working pressure of 0.05 mbar, and a deposition time of 35 s, to
guarantee a low-temperature process [17,31].

2.2. Reagents

N-tert-butylacrylamide (TBAm) (CAS 107-58-4), 2-hydroxyethyl methacrylate (HEMA),
acrylamide (Aam) (CAS 79-06-1), N,N'-methylene bisacrylamide (BIS) (CAS 110-26-9),
2-Hydroxyethyl methacrylate (CAS 868-77-9), N,N,N’,N’-tetramethylethylenediamine
(TEMED) (CAS 110-18-9), ammonium persulfate (APS) (CAS 7727-54-0), sodium dode-
cyl sulfate (SDS) (CAS 151-21-3), and phosphate buffer (PB) solution (1.0 M) were from
Sigma-Aldrich (Darmstadt, Germa-ny) and used without any further purification. All other
chemicals were of analytical reagent grade. The solvent was Milli-Q water.

Human serum albumin (BSA) (CAS 9048-46-8) and trypsin (CAS 9002-07-7) were from
Sigma-Aldrich (Darmstadt, Germany).

2.3. MIP Receptor for BSA Protein Detection

A nanometric layer of a synthetic receptor for BSA was grown on a gold surface. In
order to do that, a recently developed MIP synthesis strategy for proteins was used [28].
The preparation is summarized below.

The first step involved the modification of the gold surface of an optical transducer
with an allyl thiol. In particular, the gold surface of the transducer was modified by
immersing it in a 10% (v/v) solution of allyl thiol in 80% (v/v) ethanol solution and 10%
(v/v) water for 12 h. Subsequently, the platform was washed with Milli-Q water (flushing
3 mL 5 times). A self-assembled monolayer with a terminal allyl group was formed through
this process and subsequently, was used to bind the MIP receptor covalently.

The monomer mixture was prepared by adding Aam, TBAm, and HEMA at 1:0.5:0.6
molar ratio in 15 mM PB with pH of 7.4. The final concentration of BIS in the monomeric
mix was 0.19 M. The pre-polymeric mixture was dispersed by sonication (sonic bath model
VWR USC200T) for 10 min and bubbled with N, for 30 min at room temperature. The
template (BSA protein) was added to the pre-polymeric mixture to the final concentration
of 1 uM. Then, APS (w/v: 0.08%) and TEMED (w/v: 0.06%) were added. About 2 uL. of
the pre-polymeric mixture were dropped over the sensing region, and polymerization was
allowed for 15 min at room temperature, after which the reticulation process was stopped
by washing the sensor surface with Milli-Q water. Finally, the template was removed by
incubating trypsin (4.2 x 10~8 M) for 2 h at room temperature on the sensor surface and
then by a washing step with a 5% (w/v) SDS solution.

2.4. Experimental Setup

In order to test the plasmonic platform based on a PMMA slab waveguide, of which
the schematic cross-section is reported in Figure 1a, we have used a simple and low-cost
experimental setup, outlined in Figure 1b [31,32]. In particular, it consisted of a white light
source, two POF patches (total diameter: 1 mm), a metallic holder, and a spectrometer. A
light source (model HL-2000-LL, produced by Ocean Optics, Dunedin, FL, USA) emitted
wavelengths in a spectral range between 360 nm and 1700 nm. The light was launched in
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a POF patch from the white light source, and then it was coupled to the slab waveguide
through a specific trench in the metallic holder. Another POF patch, kept at 90 degrees
with respect to the other one, was used to collect the transmitted light and send it to a
spectrometer (model FLAME-S-VIS-NIR-ES, produced by Ocean Optics, Dunedin, FL,
USA), which showed a detection range between 350 nm and 1023 nm.

Sensor chip (gold film)

PMMA

(@)

White light source

Sensor chip

/

Metallic holder

Spectrometer

(b)
Figure 1. (a) Outline of the sensor chip cross-section. (b) Experimental setup.

2.5. Data Acquisition Protocol

The flat surface of the sensor makes it possible to perform measurements in a drop
simply deposited over the sensing surface. The sensor chip was fixed in a custom holder,
which was purposely designed to keep the sensing surface in a horizontal position, and a
reference spectrum was acquired (with air as the surrounding medium). A BSA sample
drop (50 puL) was then deposited over the flat part of the SPR sensor covered by the MIP
and equilibrated for 5 min. After this step, the surface was rinsed with a buffer solution,
so the refractive index variation related to the matrix was eliminated, the so-called “bulk
effect”. Finally, the SPR spectrum was acquired and analyzed to extract the resonance
wavelength shift via Matlab software.

2.6. Binding Experiments

In order to perform binding tests, we prepared BSA solutions at different concen-
trations in PB (pH = 7.4) starting from a lyophilized protein. In particular, we tested the
following BSA concentrations: 1071°M, 107 M, 1078 M, 107 M, 10 ® M, and 10> M.
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3. Results and Discussion

Figure 2 shows the SPR transmitted spectra, which were normalized to the spectrum
acquired with air as the surrounding medium (reference spectrum) before and after the
MIP deposition process and acquired with a blank solution (i.e., buffer without an analyte)
as bulk. In the presence of the same bulk medium, before and after the MIP deposition,
a red shift of about 10 nm can be observed in the SPR transmission spectrum. This shift
indicated an increment of the refractive index at the gold surface, confirming the formation

of a receptor layer.

700

—Bare surface
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Figure 2. Normalized surface plasmon resonance (SPR) spectra, acquired in a buffer solution as bulk, obtained before and
after the functionalization procedure.

Figure 3 reports the normalized SPR transmission spectra for different BSA concentra-
tions ranging from 0 to 10> M. It is clear seen that when the BSA protein concentration
increased, the resonance wavelength (A) increased (red shift).
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Figure 3. Normalized SPR transmitted spectra at varying bovine serum albumin (BSA) protein concentrations (0-10~5 M).
Inset: zoom of the resonance wavelength area.
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In Figure 4, the resonance wavelength variation (AA) with respect to the blank (solution
without an analyte) is shown, along with the Hill fitting of the experimental data and the
error bars in a semi-log scale. The experimental measurements were repeated three times
for each sample, and the maximum error (equal to 0.2 nm) was considered the error bar.
The Hill equation used to fit the experimental data was reported as following:

AAe = Ac — Ao = Ag + (Amax — Ao)-(¢"/ (K" + ™)), )

where c is the analyte concentration, A. is the resonance wavelength at concentration ¢, Ag
is the resonance wavelength at zero concentration (blank), Amax is the saturation value, and
n and K are the Hill constants.

2
4
= Experimental values
E —— Hill fitting
L=
<
<
2 -
04 —r —————r ————
10°® 107 10® 10°

BSA protein concentration [M]

Figure 4. Resonance wavelength variation (AA) with respect to the blank versus the concentration of
BSA protein, with the Hill fitting of the experimental values and the error bars, in a semi-log scale.

Table 1 reports the parameters relative to Equation (1) for the analyzed configuration.
In particular, when considering n = 1 (in this case, the Hill equation is the same as the
Langmuir equation) and low concentrations (i.e., ¢ < K), Equation (1) is a linear function,
and the slope ((Amax — Ag)/K) is called sensitivity at low concentrations. By considering
the linear behavior at low BSA concentrations, the latter is used to calculate the limit of
detection (LOD), defined as the ratio between two times the standard deviation of the blank
(standard error of Ay reported in Table 1) and the sensitivity at low concentrations. We
used the same LOD definition adopted in [28,33,34] to compare the obtained performances
with those of SPR D-shaped POF sensors and those of plasmonic nanograting-based POF
sensors, both functionalized with the same MIP receptor for BSA. We have also presented
a characterization of the used MIP (in terms of selectivity, stability, etc.) in our previous
work [28]. Therefore, in this work, we did not report these aspects.

Table 1. Hill parameters relative to Equation (1) for BSA detection.

Ao (nm) Amax (nm) K M) n Statistics
Standard .
Value error Value Stand. err. Value Stand. err. Value Rfeduced Adj.
(stand. err.) chi-square R-square
—0.22 0.35 5.17 0.17 652 x 1078 172 x 1078 1 1.14 0.99
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Table 2 reports the chemical parameters relative to the BSA detection for the analyzed
configuration. As reported in Table 3, the proposed SPR sensor based on a PMMA slab
waveguide has shown a minor LOD value compared to SPR D-shaped POFs probes [28]
and a major LOD value if compared to plasmonic nanograting-based POF sensor configu-
rations [33,34], combined with the same MIP receptor.

Table 2. Chemical parameters relative to the BSA detection.

Configuration Parameter
BSA sensor based on SPR Se“?“;’.lty at IOVjM Limit of detection (LOD) (M) Kaff=1/K (M)
probe in a PMMA slab concentrations (nm/M)
waveguide 8.27 x 107 8.5 x 1077 1.53 x 107
Table 3. Comparative analysis for several BSA sensors.
Configuration LOD BSA Detection Range Reference
SPR in a PMMA slab waveguide 8.5 nM 8.5 nM-1 uM This work
Gold nanograting on a PMMA substrate 37 pM 37 pM-100 nM [33]
SPR D-shaped POFs 0.37 uM 0.37 uM-6.5 uM [28]
GNG-based longitudinal (blue-shift resonance) 23 pM 23 pM-10 nM [34]
GNG-based longitudinal (red-shift resonance) 0.54 uM 0.54 uM-10 uM [34]
GNG-based orthogonal (blue-shift resonance) 42 pM 42 pM-10 nM [34]
Fluorescence sensor 10 nM 0.01 uM-2 uM [35]
Aggregation-induced emission biosensor =
coupled with graphene-oxide 04 uM 04 uM-15uM [0l
SPR-MoS2 optical fiber 4.36 nM 4.36 nM-750 nM [37]
LSPR based on bimetallic nanoparticles 0.15 pM 0.15 pM-15 pM [38]
Fiber-optic SPR 5.8 tM 5.8 fM-5 pM [39]
SPR Kretschmann configuration 0.3 uM 0.3 uM-120 uM [40]

A comparative analysis for BSA sensors regarding the LOD and the detection range
which was obtained by exploiting different sensing approaches, has been summarized
in Table 3.

4. Conclusions

We have tested a plasmonic chemical sensor based on a PMMA slab waveguide
combined with an MIP receptor specific for BSA protein detection. The results obtained,
in terms of LODs (equal to about 8.5 x 10~? M), have demonstrated the advantages of
the proposed approach. The performances of the proposed chemosensor have also been
compared with another two plasmonic probes functionalized with the same MIP receptor
(obtaining performances that could be considered a trade-off between them) and with other
BSA sensors.

The main advantages of using this plasmonic platform regarding the SPR D-shaped
POF probe are a simpler fabrication, a sensing approach which is simple to use and based on
a disposable and removable sensor chip, and a better repeatability of large-scale production,
because no polishing process is needed. Moreover, the used PMMA slab waveguide is also
suitable to realize a sensor array by using more POFs in outputs and depositing different
receptor layers accordingly.

Although the BSA sensor proposed here showed poorer performance compared
with the BSA plasmonic nanograting sensor, we could work on the proposed sensing
approach to further improve its performances by changing different parameters, such as
the characteristic of the PMMA slab waveguide.
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