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Abstract: In this work, a 3D-printed plasmonic chip based on a silver-gold bilayer was developed
in order to enhance the optical response of the surface plasmon resonance (SPR) probe. More
specifically, numerical and experimental results were obtained on the 3D-printed SPR platform
based on a silver-gold bilayer. Then, the optimized probe’s gold plasmonic interface was
functionalized with a specific antibody directed against the p27%iP! protein (p27), an important
cell cycle regulator. The 3D-printed plasmonic biosensor was tested for p27 detection with good
selectivity and a detection limit of 55 pM. The biosensor system demonstrated performance
similar to commercially available ELISA (enzyme-linked immunoassay) kits, with several
advantages, such as a wide detection range and a modular and simple-based architecture. The
proposed biosensing technology offers flexible deployment options that are useful in disposable,
low-cost, small-size, and simple-to-use biochips, envisaging future applications in experimental
and biomedical research.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Nowadays, the need for low-cost, disposable, and easily transportable sensors to be used in several
application areas has achieved increasing importance. In this regard, 3D printing technology has
recently emerged as a great alternative to the realization of electronic and optoelectronic devices,
which are typically produced using expensive materials, instrumentation, and technological
processes [1]. In this regard, systems made entirely of plastic offer several benefits over silicon-
based ones, such as from an economical point of view, since the use of fast-prototyping equipment,
like 3D printers, is extremely advantageous and less cumbersome than the one used to realize
silicon-based systems [1,2]. This kind of sensor system also represents a great achievement for
biosensor applications in terms of cost, versatility, and capability to detect several substances
with high sensitivity and excellent resolution [3-5]. In this application field, great relevance was
attained by disposable devices so that when the chip comes into contact with toxic substances or
dangerous viruses, after a diagnostic test, it can be immediately read and thrown away, reducing
the risk of contamination for the test operator. In this regard, the setup used to perform this type
of test is extremely simple, so it does not demand the help of a specialized operator [6-9].
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In the last few years, sensors based on Surface Plasmon Resonance (SPR) have been used in
several applications, such as for the detection of chemical and biological species, healthcare,
industrial applications, and liquid concentration measurements [10-13]. The SPR is a very
sensitive technique able to detect the refractive index changes at the interface between a dielectric
medium and a metallic nanolayer; the latter can be either a single layer (e.g., gold, silver etc.
[14,15]) or a combination of several metals [16,17]. In particular, when the resonance condition
is satisfied, a dip appears in the transmission spectra at a specific wavelength, called resonance
wavelength, which depends on the refractive index at the interface between the dielectric medium
and the metallic layer [18-22].

Hinman et al. recently pointed out the successful combination of 3D printing technologies and
SPR techniques with the development of a plasmonic biosensor based on 3D-printed equilateral
prisms and photoactive resins [23]. Along this line, Cennamo et al. [24] presented an innovative
3D-printed SPR platform based on photocurable resins covered by a gold nanofilm. The same
authors recently proposed preliminary results about the same 3D-printed platform covered by a
metal bilayer (silver and gold) to enhance plasmonic performance [25].

Generally, low-cost and highly sensitive optical biosensors are needed for pre-analytical
studies in biomedical applications, such as determining the appropriate dosage of extracellular or
intracellular analytes. In this case, the selection of a specific diagnostic test might be addressed
by plasmonic biosensors, which could offer prompt and useful information [9—11].

In this work, an improved version of the platform presented in [25] is proposed by optimizing
the metal film bilayer (silver and gold) thicknesses by means of numerical simulations. The
optimized plasmonic sensor configuration is then experimentally tested as a refractometer.
Moreover, after a functionalization process, the optimized plasmonic platform was used to carry
out p27 detection in the buffer solution. Also, a selectivity test was carried out to highlight the
high specificity of the proposed sensing approach. Lastly, for the sake of comparison, the same
functionalization process was repeated for a conventional SPR platform based on plastic optical
fibers (POFs) [14], validating the 3D-printed biosensing technology proposed here.

The p27 is an important cell proliferation gatekeeper, whose levels and cellular localization, and
mainly mutations of its encoding gene, have been associated with cancer onset and progression.
The importance of this protein lies in its crucial role in cellular physiology. Particularly, cell
proliferation control is the most studied function performed by the protein via its flexible structure
[26], owing to its ability to selectively bind and inhibit Cyclin/Cyclin-dependent kinase complexes
[27]. Importantly, p27 levels, localization, and post-translational modifications have been
correlated to cancer treatment efficacy or chemotherapy sensitivity [28-30].

To our knowledge, this is the first example of a portable biosensor for p27 detection presented in
the literature. In fact, only commercial kits, such as those used for Enzyme-linked immunosorbent
assays with similar LODs or other highly complex and expensive analytical approaches, are
currently available for this measurement.

2. Materials and methods
2.1. Sensor’s materials

The materials used for the biosensor manufacturing are two different grades of clear resin:
VeroClear RGD810 and Norland Optical Adhesive NOAS8S. The first one was used on a 3D
printer Stratasys Objet260 Connex 1 (Stratasys, Los Angeles, CA, USA) to manufacture the
structure of the device. It is an acrylic liquid photopolymer characterized by the following
specifications: (i.) refractive index equal to 1.531 at 650 nm; (ii.) tensile modulus of 2.5 GPa;
(iii.) heat distortion temperature (HDT) ranging between 45 and 50°C; (iv.) it is stiff at room
temperature. Furthermore, its chemical formulation is proprietary since it was industrialized by
Stratasys for the PolyJet 3D printing technique. However, according to its safety data sheet (SDS),
the chemical formulation is a complex compound of acrylate monomers and photoactivators.
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Regarding the 3D printing process, the FullCure705 was used as a breakaway sacrificial material
(support), used near complex geometries (overhangs and holes), and easily removable by water
jetting. According to its SDS, it is a complex mixture of acrylic liquid photopolymer, polyethylene
glycol, propane-1,2-diol, and glycerol. Both VeroClear RGD810 and FullCure705 were purchased
from OVERMACH S.p.A. (Parma, Italy).

Next, the waveguide core of the 3D-printed biosensor was realized by using an UV photocurable
resin, whose trade name is NOAS8S, and which was purchased from Edmund Optics LTD (UK).
The latter presents the properties listed below: (i.) refractive index of 1.56 at 589 nm; (ii.) low
viscosity, equal to 250cps; (iii.) UV-curable within the range 315-395 nm. In agreement with the
last property, it was cured by exploiting a universal lamp bulb with UVA emission at 365 nm.

2.2. 3D-printed sensor platform design and manufacturing process

Starting from a similar design developed by the authors to realize a 3D-printed microstructured
surface plasmon resonance (SPR) sensor [24,25], an enhanced version was designed and realized
in order to develop a plasmonic biosensor. Even in this case, the 3D printed platform was
designed as an assembly of four distinctive parts: (i.) a substrate, acting as the cladding of the
waveguide; (ii.) the input and output plastic optical fibers (POFs) supports; (iii.) a cover to
properly store the 3D-printed platform; (iv.) a customized mask for the metal sputtering on the
waveguide’s core. Additionally, the mating system was improved in the new proposed design.
The latter will also be useful to realize sensor’s lapping post-treatment in correspondence with
the input and output waveguide region.

Figure 1 reports both the CAD design and the 3D printing of the components, i.e., substrate,
input/output POFs’ supports, cover for storage, and customized mask for sputtering.

Fig. 1. CAD design and 3D printing of: (a) substrate; (b) plastic optical fibers’ supports;
(c) cover for storage; (d) customized mask for sputtering.

In particular, the substrate was modelled as having a linear channel with a square section
of 1.2x 1.2 mm?. The latter size was adequately selected in the modelling phase by taking
into account the accuracy of the chosen 3D printing technique for the sensor manufacturing.
Indeed, since the channel’s width must have a nominal size of 1 mm, an offset of 200 um (bias
setup) with respect to the nominal size was set. Moving on to the input/output POFs’ supports,
they were modelled correctly to ensure a proper alignment between the POFs itself and the
platform’s waveguide core. In fact, they present a square-section hole that fits the POFs size.
More specifically, the two supports for the launch and collection POFs include a trench that
was custom-designed and 3D-printed to accommodate the fibers and to interlock them with the
3D-printed sensor, as reported in Fig. 2(a). Thanks to these supports, the launch and collection
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POFs go into contact with the core of the waveguide. Moreover, to guarantee a solid coupling
between the latter and the substrate, a slipping mating system was designed: the groovings are
predisposed in the substrate, while the gliding elements are inserted in the POFs supports (see
Fig. 2(a)).

Customized mask
for sputtenng

S ubstrate

'|: | © i |
| I
Q|

Input POF s ‘ (1
support & gtlo i

) 1}

»

O

Fig. 2. Actual images of 3D-printed components and their assemblies for a) usage, b)
sputtering process and c) storage.

Regarding the customized mask, it was modelled to perform a uniform deposition on the
waveguide core with an Ag-Au bilayer by using the sputtering method, as depicted in Fig. 2(b).
Finally, the cover, useful for the probe storage, was modelled starting from the substrate’s
geometry, to ensure a perfect fitting through a hole-pin system (see Fig. 2(c)).

The latter metal deposition was necessary to trigger the SPR phenomenon. Thus, starting from
the waveguide core’s size, the window’s area of the mask was adequately sized to avoid shadow
areas during the sputtering deposition: it has a width of 3 mm, which is 1.8 mm larger than the
waveguide core.

The manufacturing of each part described so far was accomplished by following a generic
additive manufacturing process flow that consists of the following steps:

1. Conceptualization development and Computer-Aided Design development — this step was
carried out by exploiting Autodesk Fusion 360 as modelling software;

2. STL generation — once the CAD for each part of the biosensor was ready, the STL format
was exported;

3. STL transfer on 3D printing machine — the STL file was handled with the proprietary
software Objet StudioTM, with the aim to create the G-Code commands for the used 3D
printing machine;

4. Manufacturing process — the biosensor was fabricated by using a PolyJet 3D printer
Stratasys Objet260 Connex 1, so by jetting tiny droplets for the selected photocurable resin
(VeroClear RGD810) on a build platform and by photo-curing the same using a UV light.
The jetting of the photopolymer was performed in detail through an inkjet print head, while
the UV light source was placed in the print head itself.
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Figure 3 reports a schematization of the designed plasmonic platform, with the substrate (cladding)
and waveguide core dimensions, while the step-by-step manufacturing process to realize it is

reported in Fig. 4.
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Fig. 3. Outline of the designed and realized plasmonic platform: a) top view and b)
cross-section.
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Fig. 4. Step-by-step 3D-printed plasmonic probe manufacturing process.

More specifically, once the components were 3D-printed, the channel predisposed in the
substrate was filled with the NOASS optical adhesive for the waveguide core fabrication. In fact,
it was microinjected into the channel using a syringe equipped with a 0.5 mm gauge. Next, it was
UV-cured for 10 minutes using a universal lamp bulb with an emission at 365 nm.

It is important to underline that the optical adhesive (core, made of NOASS optical adhe-
sive) was injected in such a way as to fill the channel present inside the substrate (cladding,
made of VeroClear), as reported in Fig. 4, so avoiding gap between core and cladding. More-
over, in the biosensing application reported, we used a polymer-based waveguide (exploiting
NOAS88/VeroClear) reported in [24,25] and optimized the thicknesses of the metal bilayer to
improve the plasmonic performance. Additional fabrication steps like polishing procedures
to planarize the waveguide’s core surface or a metal deposition, acting as a mirror for light
propagation, between the cladding and the core, could be introduced to further enhance the
performance.
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In the end, to trigger the SPR phenomenon, the metal bilayer (Ag-Au) was deposited using the
customized 3D-printed mask (as for Fig. 2(b).). In detail, an Ag layer thick 55 nm was deposited
on the waveguide core via sputtering deposition using a sputter coater machine (Safematic
CCU-010, Zizers, Switzerland). The Ag deposition process was performed under the following
conditions: time of deposition of 62 s, pressure of 0.05 mbar and current of 60 mA. Next, upon
the Ag film, an additional Au film was deposited with a thickness of 5 nm. Even the latter was
deposited through a sputtering deposition method, which was carried out for 5 s at 0.05 mbar of
pressure and with a current of 60 mA.

2.3. SPR-POF reference sensor

The construction process of the SPR-POF reference sensor is described in [14]. It includes a POF
with a PMMA core of 980 um diameter and a cladding of 10 um diameter (1 mm total diameter).
The POF was fixed in a resin block and then lapped using two different polishing papers (1 um
and 5 pm grits) to obtain a D-shaped section. After this, a 1 ym thick photoresist buffer layer
(Microposit S1813) is deposited on the exposed core by using a spin coater. The photoresist
buffer layer is used to improve both the optical performances (in terms of refractive index range
of detection) and the metal adhesion on the D-shaped POF. In the end, a 60 nm thick gold film is
deposited by using a sputtering machine (Safematic CCU-010, Zizers, Switzerland). Figure S1.
in the Supplemental document (Supplement 1) shows a schematic cross-section of the SPR-POF
platform.

2.4. Chemicals and reagents for the receptor layers

N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), N-Hydroxysuccinimide
(NHS), Ethanolamine, (+)-a-Lipoic acid, phosphate buffered saline (PBS), Tween 20 were
purchased from Merck KGaA (Darmstadt, Germany). The mouse monoclonal antibody against
p27 was from BD Transduction Laboratory. Human recombinant p27 protein was furnished
by OriGene Technologies, Inc. (Rockville, MD, USA). All the reagents were at the maximum
degree of purity, and all the used solutions, prepared just before the use, were obtained by using
ultrapure Milli-Q water (Milli-Q IQ 7000, Merk) and were filtered with 0.2 um pore diameter
filters before the use.

2.5. Binding experiments in phosphate buffer saline

The binding measurements of the developed SPR biosensor were obtained by dropping human
recombinant p27 (hrp27) at different concentration values over the sensing area. Firstly, a solution
of hrp27 was dissolved in PBS at 1 uM concentration. Then, serial dilutions were obtained by
using filtered PBS, and 0.1, 0.25, 0.5, 1, 2, 5, 10, 20, and 50 nM solutions were prepared.

To obtain the dose-response curve, about 50 pL. each dilution was dropped over the sensing
region of both the SPR-POF and 3D-printed biosensors and incubated at room temperature for
five minutes, sufficient for the interaction with the immobilized antibody. After a washing step
with PBS, the spectrum was acquired with PBS as a bulk solution at the end of each incubation
step.

Regarding the selectivity tests, different solutions were prepared using hrp27, MMP-2, and
IL-6, separately, all at the same concentration value of 1 nM. By adopting the previously described
measure protocol, 50 uL of each solution was analyzed by the sensors functionalized with anti-p27
antibody.

3. Receptor self-assembled monolayer: functionalization process

The immobilization process was performed as reported in [31]. Precisely, the POF and 3D-
printed surfaces were sequentially cleaned with Milli-Q water (3 times, 5 minutes each time)
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and 8% ethanol in Milli-Q water (3 times for 5 min). Then, the metal nanofilm covering both
biosensing platforms POF (60 nm of Au thickness) and 3D-printed (Ag/Au=55/5nm) was
treated for 18 h at room temperature with lipoic acid at a final concentration of 0.3 mM in
8% ethanol solution: the lipoate addiction was useful to produce a surface exposing carboxyl
groups, destined for the next activation, that was performed with N-Hydroxysuccinimide/N-(3-
Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride mixture (NHS/EDC, 200 mM/50
mM in PBS pH7.4, respectively). The last step of activation was carried out for 20 minutes at
room temperature, and three washes with PBS were performed to eliminate the excess of the
used reagents; afterwards, the surfaces were incubated for 2 h at room temperature with 20 uL
anti-p27Kip1 antibody (0.25 mg/mL) for covalent immobilization on both biosensors. After three
washes with PBS for antibody excess removal, the free remaining activated carboxyl groups
were blocked by incubating the functionalized surfaces with 1 M ethanolamine, pH 8.0, for 30
min at room temperature. For this step, 0.005% Tween20 was added to PBS, and then, the
functionalized platforms were stored in PBS overnight at 4°C before use. The various steps of
the functionalization procedure are outlined in Fig. 5.

O R Sl Sl
[~ F g 3 ?

a-lipoic acid EDC/NHS anti-p27Kip1 ethanolamine

Fig. 5. Outline of the step-by-step functionalization procedure.

4. Numerical analysis and experimental setup
4.1. Theoretical background and numerical analysis

In order to characterize the optical sensor system, it is necessary to define the sensitivity,
resolution, and figure of merit (FOM). In particular, the sensitivity can be defined as follows [14]:

ol [ nm

Sn) = — [— 1
() on LRIU M
where O) is the variation in resonance wavelength caused by a variation in the external refractive
index of dn. Another parameter of interest is the resolution (An) defined as the minimum

variation in refractive index that can be detected, which can be defined as [14]:
on 1
An = — 6Apr = —— O0Apgr [RIU 2
n= 57 0r = 505 pr [RIU] (2)

where dApg is the resolution of the spectrometer used for the experimental tests.

Lastly, the FOM is a well-known quantitative indicator to describe the SPR sensor performance,
and it can be defined as follows as the ratio between sensitivity and the full width at half maximum
(FWHM) of the SPR curve [32,33]:

FOM(n) = 3

S
FWHM |,

A numerical analysis was performed by using an N-layer approximation and exploiting the
transfer matrix formalism in a similar way to [25], as described in [34-36]. In [25], a 3D-printed
waveguide was designed and simulated by considering the thickness of 30 nm of silver (Ag) and
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30nm of gold (Au). Starting from this work [25] and by using the numerical model previously
described, different bilayer configurations were simulated by varying the thickness of the two
metal layers, i.e., silver (Ag) and gold (Au). In such a way, it was possible to compare several
bilayer-based sensor configurations in terms of sensitivity. For completeness, the numerical
results achieved by tuning the thicknesses of the silver-gold bilayer are reported in Fig. S2. of the
Supplemental document (Supplement 1).

Figure 6(a) shows the results obtained by simulating the configuration with 55 nm of Ag and
5nm of Au, along with a quadratic fitting of the simulated values, while Fig. 6(b) shows the
sensitivity obtained as the first derivative (as for Eq. (1)) of the quadratic fitting function reported
in Fig. 6(a). It is clear from Fig. 6(b) that the numeric sensitivity depends on the refractive index
of the solution in a linear way.
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Fig. 6. Simulated bilayer configuration based on 55 nm of Ag and 5 nm of Au: (a) numerical
values (red cross) and quadratic fitting (dashed line) of the simulated values; (b) sensitivity
as a function of the external refractive index.


https://doi.org/10.6084/m9.figshare.25041260

Research Article Vol. 15, No. 3/1 Mar 2024/ Biomedical Optics Express 1984 |

Biomedical Optics EXPRESS -~

From the numerical results, the configuration with 55 nm thickness of Ag and 5 nm thickness of
Au improved with respect to the other simulated configurations and the experimental configuration
previously presented in [25]. In fact, comparing the presented configuration with that proposed
in [25], about 25% improvement in simulated bulk sensitivity is achieved.

It should also be stressed that, as it is well-known from the literature, in the case of SPR
sensors based on optical waveguides and metallic multilayer, the plasmonic performances are
highly influenced by both the disposition order of the metals and their thicknesses as well as by
the optical properties of the utilized waveguide (core and cladding) [17,35,37-39]. Standing
this, in the present work, by fixing the waveguide optical properties and by choosing the metals
composing the bilayer (silver and gold), we optimized the thicknesses of the two metallic layers
by taking advantage of transfer matrix formalism assuming an N-layer model [17,34,40—42].

4.2. Experimental setup

A simple and low-cost experimental setup was used to test the described platform. In particular,
it consists of a white light source and a spectrophotometer. The 3D-printed platform was placed
between the white light source (HL-2000-LL, manufactured by Ocean Optics, Dunedin, FL,
USA), having an emission range from 360 nm to 1700nm, and the spectrometer (FLAME-S-
VIS-NIR-ES, Ocean Optics, Orlando, FL, USA) having a detection range between 350 nm and
1000 nm.

Two POF patches (31 mm) were used to guide the input and output light. Finally, the
spectrophotometer is connected to the laptop in order to acquire and process the data. Figure 7
shows an actual image of the experimental setup used to test the SPR 3D-printed bilayer sensor.
The same experimental equipment was also used to test the SPR-POF reference sensor.

,"1 Laptop |
-. B

| White Light £,
Source -kl

' = = 3D-printed platiorm |

Fig. 7. Picture of the experimental setup.

The spectrometer is connected to a laptop to process the data using Matlab software. More
specifically, all the experimental values (SPR spectra) were smoothed through the “smooth”
Matlab function (smooth factor equal to 120). Next, through a customized script, the smoothed
SPR spectrum is further windowed in proximity to the dip and smoothed a second time to reduce
the noise near the minimum of the function (smooth factor equal to 10). Downstream from the
smoothing processes, it is possible to use a standard Matlab function to determine the minimum
of the windowed function, hence the resonance wavelength.
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5. Experimental results and discussion

5.1. Optical response

First, the 3D-printed platform was optically tested as a refractometer by means of solutions with
different refractive indices. In particular, the analyzed solutions were obtained by mixing water
and glycerine in different percentages to obtain refractive indices values between 1.332 and 1.382
RIU. Before use, these values were confirmed by a commercial Abbe refractometer (model RMI,
Exacta Optech, Germany).

The acquired transmitted spectra at different solutions are normalized on the reference spectrum
(the transmitted spectrum acquired without solutions, in air, where the SPR condition is not
satisfied) to achieve the SPR spectra. Figure 8 shows the SPR spectra obtained by different
external refractive indices (different solutions). As shown in Fig. 8, when the refractive index of
the solution changes, the resonance wavelength shifts to higher values (red-shift).
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Fig. 8. Experimental SPR spectra for different values of external refractive indices.

In order to make a comparative analysis between the optimal configuration (Ag 55 nm - Au
5nm) and that previously presented in [25] (Ag 30 nm - Au 30 nm), in Fig. 9(a) the experimental
values fitted by quadratic functions for both configurations are shown. In particular, the Equation
used to fit the experimental values can be defined as follows:

Al =An*+Bn+C )

Table 1 reports the values of the A, B, and C coefficients for both the compared configurations
based on the same 3D-printed waveguide and on different metal bilayers. For completeness, Fig.
S3. of the Supplemental document (Supplement 1) compares numerical and experimental results
attained by the optimized configuration (Ag 55 nm - Au 5 nm).

Table 1. Coefficients of the quadratic fitting curves for both
configurations: 30 nm Ag-30 nm Au and 55 nm Ag-5nm Au.

Configuration A B C R?
30nm Ag - 30 nm of Au [25] 3553.6 8834.7 5462.7 0.99
55 Ag - 5nm of Au 9500 24901 16313 0.99
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Fig. 9. (a) Experimental values (marker) and quadratic fitting (solid and dotted lines) and
(b) sensitivity calculated for both configurations, i.e., 30 nm Ag-30 nm Au [25] and 55 nm
Ag-5nm Au.

Figure 9(b) shows the experimental sensitivities obtained using the quadratic fitting functions
reported in Fig. 9(a) and Eq. (1). It can be seen from Fig. 9(b) that the configuration proposed in
this work (Ag 55 nm-Au 5 nm) shows a clear improvement in sensitivity for refractive indices
greater than 1.35 RIU.

In general, SPR sensors based on multimodal waveguides (like the one presented in this
work) are characterized by a greater sensitivity but higher FWHM values with respect to
SPR configurations based on monomodal waveguides [34,43]; thus, the FOM values related
to monomodal-based configurations are typically greater than the ones of multimodal-based
configurations. In the presented case, the FOM was calculated at n = 1.38 and resulted equal
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to about 21 RIU~!. This FOM value is similar to other SPR sensors based on monomodal
waveguides (FOM values between 15 and 20) [44].

5.2. Binding tests

As a proof of concept, the optimized SPR platform presented in this work was functionalized
for p27 detection (as described in Section 3) to carry out the binding tests. Figure 10 shows the
normalized transmitted spectra, acquired before and after the functionalization process, with
water as an encompassing medium (the bulk solution) to analyze the functionalization procedure’s
effectiveness.

—Bare surface
——Functionalized surface

0.995 |

0.99 ]

0.985

0.98 |

0.975

0.97

Normalized Transmitted Light Intensity [a.u.]

0.965 |

350 400 450 500 550 600 650
Wavelength [nm]

Fig. 10. Normalized transmitted spectra acquired with water before (blue line) and after
(red line) the functionalization process.

Figure 10 shows that the resonance wavelength, after the functionalization process, shifts to
about 56 nm, thus confirming the correct receptor immobilization onto the sensitive surface.
Furthermore, the obtained variation in resonance wavelength corresponds to a working point of
about 1.38 RIU (as for Fig. 9(a)), where the configuration Ag 55 nm - Au 5 nm overperforms the
Ag 30 nm - Au 30 nm one in terms of sensitivity (see Fig. 9(b)).

After this, the 3D-printed plasmonic biosensor was tested using the solution with different
concentrations of the analyte (p27) between 0.1 nM and 50 nM. Figure 11(a) shows the SPR
spectra obtained at the indicated p27 concentration values. As it is clear, a resonance wavelength
shift towards the left (blue-shift) at increasing analyte concentrations was achieved. This trend
is similar to that obtained in previous works [31,45] and involves a change in the receptor’s
conformation following the binding. The bio-receptor refractive index decreases when the
binding with the analyte occurs.

Figure 11(b) shows the absolute resonance wavelength variation (calculated with respect to the
resonance wavelength of the blank) as a function of the analyte concentration with the Langmuir
fitting of the experimental data, defined in the following Hill Equation with n = 1:

Cn
Al = |Ac — ol = 44nax| - | =—— 5
A e ®

Where c represents the concentration of the analyte, A is the resonance wavelength at concentration
¢, A is the resonance wavelength of the blank, Ak, is the difference between the resonance
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Fig. 11. (a) SPR spectra obtained by the 3D-printed biosensor for different values of p27
concentration. (b) Absolute value of the experimental variation in resonance wavelength
(black marker), calculated with respect to the resonance wavelength of the blank, with relative
error bars. The Langmuir fitting (red line) of the experimental values is also reported.

wavelength at saturation value and the blank. Generally, the parameters n and K are the Hill
fitting constants. When n equals 1, the Hill model coincides with the Langmuir model (as in this
case) and K = 1/K,g, where K, represents the affinity constant.

The error bars reported in Fig. 11(b) were calculated as the maximum standard deviation of
the dataset (n=3), the latter indicating the number of measurements performed on different
biosensors in similar working conditions.

From the Langmuir fitting parameters (reported in Table 2), it is possible to calculate the
characteristic performance parameters of the biosensor, i.e., the sensitivity at low concentration,
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the affinity constant, and the limit of detection (LOD) [46]. More specifically, for low values
of the analyte concentration, in other words, for values of ¢ much lower than K, Eq. (5) can be
considered linear and the sensitivity at low concentrations of the sensor is defined as the slope
(|4 max|/K) of the linear function. In this case, it assumes the value of about 13.77 nm/nM.
This parameter is useful for calculating the LOD, which can be estimated as the ratio of three
times the standard deviation of the blank (St. error of 1y in Table 2) and the sensitivity at low
concentration. Therefore, the LOD value is equal to about 55 pM.

Table 2. Langmuir fitting parameters of the two analyzed configurations.

Sensor Ao [nm] Ahmax [nm] K [nM] Statics
Value St. error Value St. error Value St. error Value St. error
3D-printed biosensor -0.33 0.25 3.57 0.05 0.28 0.05 0.40 0.99
SPR-POF biosensor -1.01 0.81 2.08 0.09 0.11 0.06 0.46 0.97

Finally, the affinity constant, defined as the reciprocal of the K parameter (Table 2), is equal to
about 3.53 nM .

In order to verify the selectivity of the 3D-printed plasmonic biosensor, the functionalized
platform was tested with two interferents, Matrix Metalloproteinase-2 (MMP-2) and Interleukin-6
(IL-6), and the substance of interest (p27), all diluted at the final concentration of 1 nM.

Figure 12(a) reports the SPR spectra for the three analyzed solutions at the same concentration
(1nM). As it is clear from the SPR spectra of Fig. 12(a) and the Al shifts reported in Fig. 12(b),
both MMP?2 and IL-6 produce a slight resonance wavelength variation (less than 0.3 nm), whereas
the p27 produces a significant resonance wavelength variation (about 2 nm), hence confirming
the high selectivity of the proposed 3D-printed biosensor.

Finally, the same binding test was performed on a conventional SPR-POF platform [14],
functionalized similarly, to compare the obtained biosensing performance with those achieved
by exploiting the proposed 3D-printed biosensor. Figure S4 of the Supplemental document
(Supplement 1) shows the SPR spectra achieved by the binding tests via an SPR-POF probe.
The reference SPR-POF biosensor was tested with the same analyte concentrations used for
the 3D-printed biosensor. Figure 13 shows the relative dose-response curve with the Langmuir
fitting of the experimental values and the error bars. In the same way as for the tested 3D-printed
biosensor, the sensitivity at low concentrations, the affinity constant, and the LOD were also
calculated for the reference SPR-POF biosensor using the parameters reported in Table 2.

The Langmuir fitting parameters of both sensor configurations are shown below in Table 2.

Table 3 reports the binding parameters for both the analyzed SPR biosensor configurations.
As it is clear from Table 3, the two biosensor configurations denoted very similar performances.

Table 3. Comparative analysis between 3D-printed and SPR-POF biosensors.

Sensor LOD [pM] Kag [nM~1] Sensitivity at low ¢ [nm/nM]
3D-printed platform 55 3.53 13.77
SPR-POF platform 91 8.66 26.78

Furthermore, from Fig. 13, it can be seen that the saturation of the sites was reached at the
concentration of 2 nM. Figure 11(b) shows that the plateau of the proposed p27 biosensor was
reached at the concentration of 20 nM. This substantial difference is caused by the fact that the
sensing region of the 3D-printed biosensor is longer dimensionally than the sensing region of
the SPR-POF biosensor. As a result, the number of specific sites on the 3D-printed platform
is greater than the one on the SPR POF platform and consequently, the saturation is reached
for higher analyte concentrations in the case of the 3D-printed platform. This aspect is also
confirmed by the resonance wavelength variation obtained before and after the functionalization
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Fig. 12. (a) Normalized transmitted spectra obtained with the analyte (p27) and two
interferents (MMP-2 and IL-6); (b) Experimental resonance wavelength variations (calculated
with respect to the blank) for the three analyzed solutions.

process. In fact, in the case of the 3D-printed platform, a variation of the resonance wavelength
of about 56 nm was obtained (see Fig. 10), while, typically, for the SPR-POF sensor, a shift was
about 15 nm following the functionalization procedure [31,45]. On the other hand, the two results
obtained are comparable in terms of LOD (tens of pM). In other words, the proposed 3D-printed
biosensor presents a wide range of detection with respect to the reference SPR-POF biosensor.
For a comparison with the state of the art related to devices able to measure p27, no biosensors
are described in the literature, to our knowledge. Therefore, we can only provide a comparison
with commercially available ELISA (enzyme-linked immunoassay) kits. Considering the
calculated parameters of the presented 3D-printed biosensor, we might conclude that they overlap
with the ones obtained by ELISA used for quantifying human p27. More specifically, among
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Fig. 13. Absolute value of the experimental variation in resonance wavelength (black
marker), calculated with respect to the resonance wavelength of the blank, via a reference
SPR-POF biosensor. The error bars and the Langmuir fitting (blue line) of the experimental
values are also reported.

Table 4. Features related to SPR sensors based on optical adhesives, 3D-printed supports, and

POF.
Sensor Characteristics of the plasmonic Remedial action References
Configuration probe
3D-printed * High sensitivity * The optical adhesive is [48,49]
platform based on « Femtomolar range in the detection jetted in two steps to
an optimized core of substances obtain the desired
and gold ﬁlmv (the « No metal bilayer is needed to wavegmde s core
core refractive . thickness.
. ; S improve the SPR performances
index is optimized Th ical adhesi hich * An intermediate buffer
to SPR) . e optical adhesive presents a hig]| 1 - N
. ayer is necessary to
shrinkage rate. .
R . o improve the metal
* The metallic nanofilm adhesion is nanofilm adhesion.
not excellent.
3D-printed ¢ The metallic nanofilm adhesion on * The SPR performances This work

platform based on
not-optimized core
and metal bilayer

the optical adhesive is good, thus no
intermediate layer is necessary.

* The optical adhesive presents a low
shrinkage rate.

* Good sensitivity

¢ Picomolar range in the detection of
substances

have been improved by
utilizing a metal bilayer.

commercially available ELISA kits specific for human p27XP!| the detection ranges can vary
from 15.63-1000 pg/mL (0.71-45.45 pM), with a sensitivity of 1-10 pg/mL, to ranges covering
higher concentrations, such as 0.645-40 ng/mL (29.38 pM-1.81 nM), with a sensitivity of 0.1 to
1 ng/mL. Exploiting the proposed 3D-printed p27 biosensor, the obtained LOD is in a picomolar
range with a wide linear range of detection if compared to the typical characteristics of the ELISA
kits (used for instance by Moss S.C. et al. [46]) and to the reference SPR-POF biosensor.
Finally, it should be underlined that the combination of optical adhesives and 3D printing
allows for tailoring the optical waveguide in terms of the light path for the equipment location
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and to improve the plasmonic performance. Along this line, Del Prete et al. recently presented an
SPR sensor based on V-shaped waveguides achieved in 3D-printed support filled by a different
optical adhesive [47]. For comparison, Table 4 summarizes the features of these two approaches
to realize SPR sensors based on optical adhesives and 3D printing. As described in Table 4, the
sensing configuration herein proposed denotes fewer fabrication issues (shrinkage and metal
film adhesion) with respect to other configurations based on optical adhesives [48,49], even if
the obtained sensitivity is lower than that achieved in [48,49], despite the fact that the metal
bilayer increases the plasmonic performance. Nevertheless, as demonstrated in this work, the
performances attained by this configuration are similar to those obtained by conventional SPR
platforms (e.g., SPR D-shaped POF), with the advantage of avoiding polishing procedures (to
obtain the D-shaped POF area) and spinning processes (to obtain the intermediate buffer layer).

6. Conclusion

Personalized medicine aims to treat diseases with tailored therapies and drugs according to each
patient’s needs. Advances in Next Generation Sequencing (NGS) technologies allow for the
identification of gene mutations responsible for disease onset. Specifically, high throughput
DNA sequencing can provide important diagnostic information by detecting genomic mutations,
leading to an optimal drug selection for personalized cure [50,51]. DNA sequencing, however, is
not appropriate for monitoring the effectiveness of the selected anticancer treatment. Instead,
protein detection and quantitation are particularly advantageous since proteins directly mediate
therapeutics’ activities.

In this context, point-of-care (POC) technologies are increasingly significant for real-time
biomarker measurements and self-monitoring therapy. From this point of view, we developed a
novel metal bilayer-based plasmonic POC device exploiting additive manufacturing technology.
The bulk sensitivity obtained by the proposed 3D-printed plasmonic probe via numerical
and experimental results is comparable with other POF-based SPR sensors that require more
complicated manufacturing processes. In the p27 detection, the tested 3D-printed SPR biosensor
was shown a LOD value of 55 pM and a good selectivity. The obtained performance in terms of
LOD was comparable to those achieved by commercially available ELISA kits, with the main
advantages of a wide detection range and being portable and less expensive. Therefore, the
proposed 3D-printed SPR biochip might be a disposable, low-cost sensor chip to assist therapeutic
intervention.
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