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Abstract: Aptamers represent the next frontier as biorecognition elements in biosensors thanks to a
smaller size and lower molecular weight with respect to antibodies, more structural flexibility with
the possibility to be regenerated, reduced batch-to-batch variation, and a potentially lower cost. Their
high specificity and small size are particularly interesting for their application in optical biosensors
since the perturbation of the evanescent field are low. Apart from the conventional plasmonic optical
sensors, platforms based on silica and plastic optical fibers represent an interesting class of devices
for point-of-care testing (POCT) in different applications. The first example of the coupling between
aptamers and silica optical fibers was reported by Pollet in 2009 for the detection of IgE molecules.
Six years later, the first example was published using a plastic optical fiber (POF) for the detection of
Vascular Endothelial Growth Factor (VEGF). The excellent flexibility, great numerical aperture, and
the large diameter make POFs extremely promising to be coupled to aptamers for the development of
a sensitive platform easily integrable in portable, small-size, and simple devices. Starting from silica
fiber-based surface plasmon resonance devices, here, a focus on significant biological applications
based on aptamers, combined with plasmonic-POF probes, is reported.

Keywords: aptamers; FO-SPR; plastic optical fibers (POFs); biosensors; point-of-care testing (POCT)

1. Introduction

Among the different optical platforms, plasmonic ones are characterized by a quick
response, simple operation mode, and high sensitivity. Surface plasmon resonance (SPR)
or localized SPR (LSPR) represents a gold standard in the optical characterization of
biomolecular interaction, and it is a widely used transduction method in biosensing. In
this context, SPR/LSPR systems based on optical fibers represent an emerging field also
due to the incoming of plastic fibers (POFs). Recent advances in POF-based devices
open the way to the development of a new class of sensors [1-3], also taking advantage
of different geometries, such as U-bend, D-shaped, side-polished, and tapered shapes
of POFs [1-4]. SPR sensors can be realized by exploiting multimode optical fibers via
POFs, where the convolution of different resonance wavelengths is obtained for a specific
resonance condition defined by a given angle-wavelength couple [2,3]. In the multimode
waveguides, the SPR sensitivity is intrinsically better with respect to the single-mode
waveguide configurations, even if they present the worst value of the Full Width at Half
Maximum (FWHM) in the SPR spectra. Moreover, their excellent properties, such as
flexibility, great numerical aperture, and large diameter, make POFs extremely interesting
platforms with an increased surface area available for functionalization and, consequently,
target capture.

More specifically, we focused on particular POF-SPR biosensors making use of ap-
tamers as molecular recognition elements (MRE). In some application fields, this emerging
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class of molecules has overcome antibodies, the gold standard in biorecognition mechanism,
paving the way to develop a new class of biosensors. In the following paragraph, these
two elements (aptamers and SPR plastic optical fiber probes) are reported, mainly focusing
on their characteristics, and highlighting the high potentiality of their coupling in a single
optical biosensor, as reported, e.g., in [4] for the SARS-CoV-2 detection. More specifically,
POF-based platforms combined with aptamers are described in more detail.

2. Aptamers as Biorecognition Element

Aptamers are short single-stranded DNA or RNA fragments selected by a combinato-
rial process (Systematic Evolution of Ligands by EXponential Enrichment, SELEX), which
was first reported in 1990 [5,6]. Starting from DNA or RNA libraries, this process allowed
the identification of unique oligonucleotide molecules able to bind to the target molecule
with very high affinity and specificity. Historically, RNA-based libraries were used for the
first SELEX selections due to the higher specificity and binding affinity [7]. However, exper-
imental evidence showed that single-stranded DNAs have a comparable propensity to form
tertiary structures similar to RNA chains [8]. There is a growing increase in the literature
on the use of DNA-based aptamers for biosensing, and this is due first to an easier selection
and amplification process as there is no reverse transcription step (necessary when working
with RNA molecules), second to the simpler and cheaper synthesis of DN A-attachments,
and third to the longer half-life [8,9]. With the advancement and the consolidation of the
SELEX process, several aptamers were selected for a wide range of analytes, ranging from
very small molecules (pesticides, toxins) up to entire microorganisms.

The primary property of aptamers is their mechanism of target binding through a
conformational change allowing their application in different sensing methods. Their
binding properties make them rivals of the antibodies, the natural MRE; aptamers exhibit
an affinity constant in the low nanomolar range, and their high specificity minimizes the
probability of false-positive results [10]. Their selection and production do not involve
animals, thus ensuring guaranteed sourcing and high batch-to-batch reproducibility. Fur-
thermore, they can be easily modified in a defined manner for their immobilization, for
instance, onto a solid support, allowing the choice of the adequate chemistry depending
on the substrate [11]. Moreover, they are resistant to heat denaturation and can be used in
non-physiological pH solutions. The main differences between aptamers and antibodies
are summarized in Table 1.

Table 1. Aptamers versus antibodies.

Aptamers Antibodies
Molecular basis Nucleic acids Proteins
Molecular modifications Many examples (:;gl;‘llifcl;?;;;g)e mefits for clinical Rare case (reduced affinity to antigens)
Size Small—10/15 KDa Big—150 KDa
Stable even in high temperature and Susceptible to denaturation in high temperature and
Stability n'on—physiological pH env'ironment non—‘physiological pH environment
Susceptible to nucleases and rapid clearance rate Less susceptible to nucleases and low clearance rate
in vivo in vivo
Targets Wide range, from ions to whole living cells Only immunogenic molecules
Immobilization By physical adsorption or chemical bonds By random or oriented or chemical bonds
Immunotoxicity Non-toxic May cause a serious response in some patients
Specificity High Hi§h
Biochemical reactions Not limited to physiological conditions Limited to physiological conditions
Cost Less expensive (solid-phase synthesis) More expensive (animals extraction)
Production Chemical modifications or SELEX Animals
Reproducibility High batch to batch reproducibility Low batch to batch reproducibility
Ethi Production and development depend on living
ical concerns None animals

Arshavsky-Graham et al. compared the performances of aptamers and random- or
Fc-oriented immobilized antibodies on the same optical platform (porous-silicon biosen-
sors) in the detection of his-tagged protein in terms of binding rate, dynamic detection
range, the limit of detection and selectivity [12]. If aptamer-based and antibody-oriented
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biosensors reached similar results, the first ones would outperform in terms of reusability
and storability. The performances in the detection of Immunoglobulin E and Cellular
Prions using immunosensors or aptasensors were reviewed by Hianik [13]. The author
concluded that, even if the performances are similar when the aptamers exhibit comparable
or higher affinity to a specific target, they are more favorable for biosensor development
than antibodies due to their higher stability, reproducibility, and ruggedness.

Recently, Liu and coworkers highlighted the higher performances of aptamers, with
respect to antibodies, in biosensors intended for high-throughput screening of target
molecules [14]. The authors reviewed many articles covering different medical applications,
from cancer to cardiovascular disease biomarkers, from Neurotransmitters and Alzheimer’s
to Tuberculosis disease biomarkers. The reported examples confirmed that the applications
of aptamers as MRE are continuously growing, and this also favors their development.

Besides antibodies, another widely used MRE is represented by molecularly imprinted
polymers (MIPs), also called “synthetic antibodies”, that are specifically designed for
binding targets with a high degree of selectivity and reproducibility [15].

The most important features for a biosensor are selectivity, reproducibility, stability,
sensitivity, and reusability [16,17]; consequently, an efficient MRE has to satisfy specific
characteristics to allow the achievement of the aforementioned features. Figure 1 reports a
comparison between the different MREs based on their most significant characteristics able
to satisfy the biosensors’ requirements [16,18]. Compared with the antibodies, MIPs and
aptamers are characterized by higher stability and reproducibility and smaller molecular
size while maintaining high specificity. Moreover, MIPs are characterized by a low cost
compared to the other two bio-receptors, but aptamers, besides the other characteristics,
have the smallest size and the highest sensitivity. Morales and Halpern drew a road map
on how to choose an MRE for the development of a biosensor [17]: the choice is mainly
related to the request of selectivity and sensitivity of the biosensor itself.

®Ab :MIP :APT

Small size

Specificity » =, Reproducibility

Low cost - ' Stability

Regenerability

Figure 1. Comparison of different MREs based on the most significant parameters for biosensing.
Strengths are relative to the most performing MRE for each parameter, and the higher value is at the
periphery of the plot.

Aptamers find applications in different fields [19], from the detection of small
molecules [20,21], pesticides [22], allergens [23] to toxins [24,25], and in point-of-care
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(POC) diagnostic system [26-28], for the detection of bacteria [29,30] or circulating tumor
cells [31]. Since 1996, aptamers have been suggested as an alternative to antibodies [32,33]
and employed in the biosensor field, highlighting their potentiality and versatility. Some
diagnostic products based on aptamers are already present on the market [34-36]. Recently,
besides SELEX, different aptamer selection systems have been envisaged, based either on
computational “in silico” systems, which calculate the probability of interaction between
nucleic acid sequences and targets using molecular dynamics [9] or systems based on
“machine learning” [37]. These new approaches increase the aptamer development and,
consequently, also their employment in the biosensors field.

3. Plasmonic Optical Fiber Aptasensors

The optical fiber biosensors represent a highly sensitive class of optical biosensors.
The sensing principle used in silica and polymer fiber probes can be based on different
approaches: intensity measurements (through tapered fibers), gratings, SPR or LSPR,
evanescent field, etc., [1,38—41]. These methods can be implemented by two main sensor
configurations, reflection or transmission mode, depending on the position of the light
source and the detector with respect to the sensing point. Usually, in reflection mode,
the sensing region (for instance, the tip of the fiber) is located away from the equipment
(source and the detector); whereas, in transmission mode, the sensing region is typically
located in the middle of the fiber, between the source and the detector. In particular, among
the different sensor configurations, the plasmonic one used in transmission mode can be
simply realized by removing the cladding around the fiber and depositing a thin metallic
film on the exposed core. Then, working on the refractive index of the core, the shape of
the sensing region, the fiber’s type, and other structural parameters, it is possible to excite
the plasmonic phenomena by achieving different performances. Moreover, the plasmonic
sensor’s performance can be improved using tapered fibers or metal nanostructures [42]
or by changing the physical shape, such as in the U-bend configuration [43]. This high
sensitivity of fiber-based SPR/LSPR sensors suggests the possible employment in the
development of biosensors.

In this context, it should be noted that the sensing principles and the possible con-
figurations of optical fiber (OF) biosensors were recently summarized by Loyez et al.
in [41]. During the last decade, several examples of OF-based biosensors can be found
in the literature. In fact, different molecular recognition elements have been successfully
immobilized on OF-based probes, such as antibodies, MIPs, and aptamers, proving the
high versatility of these simple and low-cost platforms. More specifically, Table 2 collects
the published works coupling OF-based plasmonic platforms (both silica and POFs) and
aptamers. A first example of the coupling between a fiber-based SPR probe and an aptamer
was reported by Pollet et al. in 2009 [44] by testing a silica-based fiber covered by a func-
tionalized gold nanofilm in the detection of DNA hybridization and also in the detection of
IgE through an aptamer. Since then, several examples have been reported, mainly based
on silica fibers with applications in cancer biomarkers detection [45-63], toxins [64-67],
allergens [44,68-70], small molecule or DNA [62], and virus [71], as summarized in
Table 2. The highest sensitivity was achieved using nanostructures, such as nanoanten-
nas [50,65], nanorods [64], or Bragg grating nanoimprinted on the fibers [55]. Moreover,
these fiber-based optical devices can be miniaturized and easily integrated into compact
platforms [63,70].
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Table 2. Aptamer-based silica or plastic optical fiber plasmonic sensor systems.

Fiber Type Analyte Optical Detection Sensitivity [nm/RIU] LoD [nM] Reference
Silica fiber
Bragg grating imprinted on
silica fiber coated with gold Thrombin SPR - 22 Albert et al., 2013 [46]
(50 nm)
Silica fiber coated with Au IgE SPR ~1500 241 Pollet et al., 2009 [44]
(50 nm)
Silica fiber coated with Au Arahl SPR - 75 Tran et al., 2013 [68]
(50 nm)
Bragg grating imprinted on
silica fiber coated with gold Thrombin SPR 400 + 1000 22.6 Shevchenko et al., 2011 [56]
(50 nm)
Tilted silica fiber Bragg
gratings coated with gold HER2 SPR 102.03 ~8.6 x 1070 Lobry et al., 2020 [72]
(35 nm)
Tilted silica fiber Bragg
gratings coated with gold Thrombin SPR and LSPR - 1 Lao et al., 2019 [51]
(50 nm)
Bragg grating imprinted on . .
silica fiber coated with gold CTC (c1rccuelﬁ;1)ng tumor SPR - 49 C(igistgi‘noii}ig;teig%ml‘ Loyez et al., 2020 [57]
(50 nm) P
Tilted silica fiber Bragg Thrombin SPR 23.38 0.075-0.11 Sypabekova et al., 2019 [52]
gratings
Silica fiber with annealed Arahl SPR >1000 1.6 Antohe et al., 2016 [69]
gold layer (50 nm)
Silica fiber (Z‘gt: n%)"ld coating HER2 SPR 1573.9 0.077 Loyez et al., 2021 [73]
Gold-coated silica fiber Thrombin SPR - 6.1 Daems et al., 2018 [58]
Silica fiber (VS"St: nﬁ)"ld coating  ATP,/Thombin/DNA SPR ; 72,000/36/30 Dillen et al., 2021 [54]
Silica fiber in gold
nanoantennas configuration Thrombin LSPR 3.4 x 10* 5x 1077 Allsop et al., 2017 [59]
(Ge/SiO,/Au 36/24/22 nm)
Gold nanorods on silica fiber Ochratoxin A LSPR 601.05 0.012 Lee et al., 2018 [64]
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Table 2. Cont.

Optical

Fiber Type Analyte Detection Sensitivity [nm/RIU] LoD [nM] Reference
Silica fiber
Silica fiber in gold
nanoantennas configuration Bisphenol A LSPR ~7 x 103 33+0.7 x 1077 Allsop et al., 2019 [65]
(Ge/SiO,/Au 36/24/22 nm)
Gold népopa}rtlcles on Zearalenone LSPR - 0.3 Xu et al., 2021 [66]
silica fiber
Silica U-bend fiber coated .
with silver (68 nm) Bisphenol A LSPR 1717 0.02 Luo et al., 2016 [67]
Gold coated silica fiber PDGE-BB (Platelet-derived SPR 2294.50 3.5 x 104 Qian et al., 2019 [60]
growth factor)
Silica fiber coating .
(Cr/Au-/TiO, 2/16/100 nm) Thrombin SPR 3143 10 Coehlo et al., 2016 [61]
Silanized silica fiber coated . .
with gold (50 nm) Thrombin SPR 1931 >34 Arghir et al., 2015 [62]
Long-period fiber grating
coated with gold layer Microcystin-LR SPR 3891.5 ~5 Tripathi et al., 2019 [74]
(10 nm)
Bragg grating imprinted on
silica fiber coated with gold Dopamine SPR - 1.7 x 1074 Hu et al., 2018 [47]
(32 nm)
Plastic fiber
Plastic optical fiber coated
with gold (60 nm) VEGF SPR - 0.8 Cennamo et al., 2015 [48]
Plastic optical fiber coated L
with gold (50 nm) Ampicillin SPR 1627.9 - Galatus et al., 2017 [70]
Plastlc. optical fiber coated Thrombin SPR ; 16 Cennamo et al., 2019 [49]
with gold (60 nm)
Plastic optical fiber coated .
with gold (50 nm) Dopamine SPR 1539 >0.1 Sun et al., 2019 [50]
Plastic optical fiber coated ¢\ ps v spike protein SPR - 36.7 Cennamo et al., 2021 [71]
with gold (60 nm) pieep ’ M
. . . PfGDH (Plasmodium
Plastic U-bend optical fiber falciparum glutamate SPR - 0.264 Sanjay et al., 2020 [55]

coated with gold

dehydrogenase)
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Currently, very few examples have been reported in the literature related to the
coupling between aptamers and POF-based biosensors [48-50,55,70,71]. In contrast, more
exhaustive literature exists where different MREs are exploited, as reported in Figure 2.

Aptamer-based POF sensors
MIP-based POF sensors
H Antibody-based POF sensors

2021

2020

2019

—
<
&
¢ 2018 |
=
o
2 2017
=
]
a 2016
2 [
o
2015
|
2014
|
2013 |
0 1 2 3 4 5 6

N° PUBBLICATIONS

Figure 2. Comparison of antibody-, MIP-, or aptamer-based POF sensors during years (The number
of items were obtained from Web of Knowledge website for searching specific keywords; aptamer or
MIP or antibodies and plastic optical fiber).

With respect to other MREs, aptamers represent a new emerging class for the real-
ization of biosensors and will be increasingly employed due to the establishment of new
companies devoted to aptamer selection and optimization [34-36,75].

4. A Focus on Relevant Applications of Apta-POF-SPR Sensors

In this paragraph, we reported several applications of the Apta-POF-SPR sensors,
summarized in the last part of Table 2, and related to the detection of antibiotics, disease
biomarkers, and virus proteins.

4.1. Antibiotics Detection

Antibiotics are antibacterial agents used in the prevention and treatment of bacterial
infections: their use can, on the one hand, save lives, but on the other hand, can increase bac-
terial resistance if overused. The presence of antibiotic residues in food and environments,
for instance, can alter the microbiome, compromising the immune system [76].

The detection of antibiotics in human fluids, environment, food, and beverages is
therefore crucial for human health. Compared to commonly used techniques, such as
mass chromatography or enzyme-linked immunosorbent assay (ELISA), biosensors are
growing due to their fast response and easiness in the operational aspects. In this context,
aptamer-based sensors are also increasingly used [76-79].

Apta-sensors based on POFs represent an attractive kind of device. In fact, they are
simple to realize and use. An Apta-POF-SPR sensor for antibiotic detection was reported
by Galatus et al. [70]. A D-shaped POF SPR probe was coupled to an electrochemical sensor
to detect ampicillin, an antibiotic widely used in the veterinary field. A thiolated aptamer
was immobilized on the gold-coated POF, and the two detection systems were coupled (see
Figure 3), allowing the antibiotic detection at the concentration of 100 uM in buffer solution.
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Figure 3. Scheme of the hybrid sensor platform developed [3].

Figure 3 reports the scheme of the coupling between the two systems, highlighting
the easy connection with the cloud and the possibility of achieving a quick and easy data
exchange. Even if this platform was not tested on the low analyte concentration, the electro-
opto coupling opens the way to overcome the limitations of the single technique with the
possibility of increasing the system’s sensitivity.

This was the first reported example of an Apta-POF-SPR sensor for the detection of
antibiotics, but surely it will not be the last. One of the main challenges remains antibiotic
detection in real samples. A complex matrix such as milk, honey, urine, serum, or plasma,
apart from a possible cross-reaction, can decrease or even suppress the label signal [78]. In
this context, an optical SPR aptasensor that does not require labels offers the possibility to
overcome this critical aspect.

4.2. Disease Biomarkers Detection

Clinical biomarkers are fundamental not only for early disease discovery but also
for monitoring the disease treatments. Aptamers are increasingly employed as MRE in
this field [80-82]. In 2015, our group developed an aptamer-based POF-SPR sensor for the
detection of Vascular endothelial growth factor (VEGF), selected as a circulating protein
potentially associated with cancer [48]. A thiolated aptamer was directly immobilized
on the gold film deposited on plastic optical fiber, followed by a passivation step with
mercapto-ethanol. From the obtained results, it was figured out that passivation was an
important element of the interface to guarantee a proper conformation of the aptamers,
and VEGEF detection was achieved up to 0.8 nM. Figure 4 reports the optical sensor system
combined with two different aptamer layers, specific for VEGF and thrombin detection in
the nanomolar range.
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Specific applications obtained by changing the Aptamer SAM
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Figure 4. SPR D-shaped POF aptasensor. Zoom of the resonance sensing region with two examples
of self-assembled monolayer of aptamers.

Even if our results agreed with other detection systems, we found that the dissociation
constant of the aptamer immobilized on the surface was two orders of magnitude lower
with respect to that measured in solutions. This means that we lost affinity on our platform,
probably due to the direct immobilization of the gold layer.

For this reason, in the subsequent works, we changed the approach and developed an
interface based on a short Poly Ethylene Glycol (PEG) layer. A PEG layer can reduce the
non-specific adsorption of nucleic acid on the gold due to its high hydrophilic character
and the steric repulsion resulting from the compression of PEG chains. In this way, the
better orientation of the aptamer can be achieved.

The detection of thrombin (THR), a clinical marker of the blood coagulation cascade
and homeostasis, was performed by modifying the gold layer on the POF with a PEG
Self Assembled Monolayer (SAM) to provide the highest accessibility for the analyte to
the aptamer immobilized on the plasmonic surface, decreasing at the same time the non-
specific adsorption [49]. A mixed interface was built: a short-PEG and a biotinylated-PEG
were mixed in an 8:2 molar ratio at 0.2 mM final concentration, and streptavidin was then
immobilized on it. THR binding aptamer (TBA) was coupled to these PEG-SAMs through
the avidin-biotin chemistry (see Figure 4). The performances of the obtained interface were
confirmed by the SPR-POF measurement, resulting in detection in the nanomolar range
(see Figure 4) and increasing the dissociation constant of one order of magnitude.

The THR-aptasensor was prepared according to [49]. Showing the details of this
protocol could be of interest, considering it a paradigm that could also be used for other
aptamers. Therefore, briefly, the gold surface was cleaned using an argon plasma (6.8 W
of power to the RF coil for one minute), and then a water solution of 0.2 mM of PEGthiol:
BiotinPEGlipo in an 8:2 molar ratio was incubated overnight. M-dPEG®g-Thiol and Biotin-
dPEG®;-Lipoamide for the self-assembled monolayer (SAM) were purchased from Stratech
(United Kingdom). After overnight incubation and washing in MilliQ water, 5 pg/mL
streptavidin (from Streptomyces avidinii, Sigma-Aldrich) solution in phosphate buffer
(10 mM phosphate buffer, 138 mM NaCl, 2.7 mM KCl, pH 7.4) was applied for one hour.
Finally, 10 M of aptamer (5'-BiotinTEG-AG TCC GTG GTA GGG CAG GTT GGG GTG
ACT-3' for thrombin, IDT Integrated DNA technologies, Belgium) was incubated for three
hours in the same phosphate buffer, after thermal treatment (95 °C for 1 min). After being
washed in the same bulffer, the aptasensor was ready for the optical measurements.

In order to increase the interface stability (which turned out to be 12 days in phos-
phate buffer saline (PBS) at 4 °C [71]), further experiments were conducted, freezing the
prepared interface in PBS solution and testing it at selected times with the immunochemilu-
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minescence protocol. At the selected time, 50 nM of thrombin (Sigma) was incubated on
surfaces (kept in PBS at 4° or —20 °C) in buffer (Tris 50 mM, EDTA 1 mM, MgCl, 1 mM,
KCI 150 mM pH 7.4) for one hour on a slow orbital shaker and followed by a washing
step in the same buffer. After a passivation step with 3% w/v BSA for 30 min, a primary
mouse anti-thrombin antibody at 2.5 ug/mL concentration was applied for 30 min. The
excess antibodies were removed with three extensive washing steps, and the samples
were then incubated for 30 min with an antimouse HRP-conjugated secondary antibody at
2 ug/mL concentration. After washing three times in buffer, the chemiluminescence signal
was developed (SuperSignal West Femto Chemiluminescent Substrate kit, Thermo Fisher)
and acquired for 0.5 s using a standard imaging system ChemDoc-It (Bio-Rad). The signal
measured with the standard imaging system was quantified using the Image] software [83].

Figure 5 reports the obtained results, highlighting that the conservation of the interface
at —20 °C seems to preserve the aptamer’s ability to recognize its target in an unaltered
way up to 34 days.

35

251

30 —% é{r&{/ S

20} S~

15 “~

10~ S~

o 3
chemiluminescence [a.u. x 107]
wn
I T
7
/

| I T N R N I N A I AN N A |
4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

time [days]

Figure 5. Apt-THR layer aged in PBS solution at 4 °C (circles) [4] or —20 °C (stars). Data are reported
as mean value of two samples. Error bars represent the standard deviation. Exposition time: 0.5 s.

A different system was developed by Sun and coworkers, who used a gold film-
supported graphene sheet on a POF device to detect dopamine, a biomarker for neurolog-
ical disorders [53]. The specific detection of dopamine was achieved, at sub-nanomolar
concentration, taking advantage of the 7-stacking interaction between the graphene sheet
and aptamers, highlighting the high sensitivity of the system.

Another application was recently proposed by Sanjay et al. [55], based on a U-bend
POF configuration coupled to an aptamer layer and connected to a smartphone camera for
the detection of Plasmodium falciparum glutamate dehydrogenase (PfGDH), a potential
malaria biomarker. A co-deposition of thiolated aptamer and mercapto-hexanol was used
to derivatize the gold layer sputtered on the U-bend POEF. They used the smartphone flash
as the light source, and the camera was used as the detector.

The high performance of the system allowed the PFGDH detection in the subnanomolar
range, well low its physiologically relevant range, not only in buffer solution but also in
20 times diluted human serum. Moreover, a shelf life study reported, on the 20th day,
an efficiency of the probes equal to 91.38% of the initial output, suggesting the high
platform stability.

4.3. Virus Detection

The growing and spreading of the global population on the world caused in the last
century an increase in the incidence of pathogens. There is, therefore, the requirement
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for rapid and efficient biosensors in order to detect viruses early and allow immediate
counteractions. In this context, aptamers found several applications [84-86]. Recently, we
tested the PEG-SAM-based aptasensor for the detection of the receptor-binding domain
(RBD) of the SARS-CoV-2 spike glycoprotein [71]. A longer aptameric sequence was used
(51 nucleotides with respect to 29 for THR and 26 for VEGF), and a thorough characteriza-
tion was performed in order to ensure the right recognition.

The interface reported in Figure 6a was tested not only on the specific target (SARS-CoV-2
Spike protein) but also on aspecific targets such as other proteins (bovine serum albumin
(BSA), AHIN1 hemagglutinin protein, and MERS spike protein) and in diluted human
serum (50%) [4,71]. A limit of detection in the nanomolar range was achieved (see Figure 6),
confirming the good performances of our aptamer-based optical platform. Figure 6b shows
the SPR spectra obtained at different concentrations of the SARS-CoV-2 Spike protein [4].

A preliminary test was performed using real samples (positive Universal Transport
Medium (UTM) swab sample), as described in [4] and shown in Figure 6¢. A clear wave-
length red shift was observed only on positive samples, confirming the ability of the
aptamer-based platform to recognize the target.

Aptamer layer

> SAlayer

} PEG interface

1.02

1.01F

0.99-
0.98
0.97 -

0.96|

—DBlank

Normalized Transmitted Light Intensity [a.u.]

0.95+ —Spike 25 x 107" M 7
L Spike 50 x 10 Y M B
0.94 ——Spike 10 x 10 ¥ M
093+ . p Spike 50 x 10 ° M -
== —Spike 1 x 10°° M
0.92- n
1 1 L
520 540 560 580 600 620 640 660 680
Wavelength [nm]

Figure 6. Cont.



Appl. Sci. 2022, 12, 4584

12 of 16

1.04
1.03-
1.02}

1.01+

—Blank .
—1:2 diluted positive swab

0.99+

0.98

0.97 -

0.96

Normalized Transmitted Light Intensity [a.u.]

L L 1 L 1 L L L L L L
520 540 560 580 600 620 640 660 680 700
Wavelength [nm]

(c)
Figure 6. (a) Scheme of the POF’s gold surface derivatization based on aptamer SAM. (b) Transmis-
sion spectra wide range and zoom (inset) for different SARS-CoV-2 spike protein concentrations
(25 + 1000 nM); (c) SPR spectra of the aptasensor at a SARS-CoV-2 positive swab in UTM 1:2 diluted
with a physiological solution (0.9% NaCl) [4].

5. Pros and Cons of Apta-POF SPR Sensors

Apta-POF SPR sensors are characterized by several advantages due to both compo-
nents: Aptamers and POFs. For instance, the simple manufacturing process and the high
flexibility can be obtained by exploiting the plastic fibers that allow easy modification and
integration in small devices. Examples of these POF-based approaches were reported by
Irawan et al., who embedded a POF in a disposable microfluidic chip in an integrated
fluorescence detection system for biomedical devices [87]; by Kelb et al., who proposed a
respiratory monitoring device suited for application in environments with strong magnetic
fields [88]; or by Aitkulov and Tosi, who integrated a smartphone with a POF for the
diagnosis of respiratory diseases [89]. Instead, the aptamer element guarantees the high
specificity of this kind of POF SPR sensor. Moreover, the different configurations that can
be simply implemented on the polymeric fiber, such as the D-shaped or U-bend or grating,
allowed great flexibility in the sensor design depending on the system requirements [2,41].
On the other hand, with respect to silica fibers, POFs can efficiently work only in a limited
range (visible), are characterized by a wide width at half height, and can suffer from en-
vironmental or external treatments; high-temperature treatments are, for instance, poor
compatible with POF, even if thermal resistance can be improved [90]. Pro and cons of
Apta-POF SPR sensors are summarized in Table 3.

Table 3. Advantages and disadvantages of Apta-POF-SPR sensors.

Advantages Disadvantages

Highly flexible (easily integrable in

; Moderate cost due to the aptamers
small device)

Possible susceptible to environmental

Highly specific due to the aptamers modification (humidity, temperature)

Different configurations allowed (D-shaped, Wide value of the SPR spectra width at half
U-bend, etc.) maximum (FWHM)

Easy to produce and manipulate Working efficiency in a limited range (visible)

The coupling of POFs and aptamers generates new challenges in the bio-detection
field and will require major technological breakthroughs in the future.
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6. Conclusions

Aptamers represent an emerging class of biorecognition elements, increasingly used
in biosensors development. Their robustness, specificity, and dimensions make them ideal
elements to be immobilized on plasmonic optical fiber devices. In particular, POF-based
platforms can be combined with aptamers to develop sensitive biosensor chips easily
integrable in a portable, small-size, and simple device due to the great flexibility and easy
manipulation of POFs. In this review, we collected the literature on Apta-POF sensors
suggesting up to now applications mainly in disease biomarker detection (VEGF, THR,
Pf{GDH, and dopamine) and virus (SARS-CoV-2), unlike silica fiber-based sensors present
applications also in agri-food. The possibility to easily connect POFs to smart devices,
considering the great numerical aperture and the high specificity guaranteed by the aptamer
layer, will pave the way for a new class of devices with a broad application area, from
agriculture to the environment up to human and animal health. We believe that in the near
future, more examples will appear thanks to the discovery of new aptamer sequences, also
facilitated by the in-silico modeling.
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