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Abstract: In today’s medicine, the celerity of the bio-assays analysis is crucial for the timely selection
of the appropriate therapy and hence its effectiveness, especially in case of diseases characterized by
the late onset of symptoms. In this paper, a lens-less fiber optics-based fluorescence sensor designed
for the measurement of labeled bio-assays is presented and its potential for the early diagnosis of
sepsis via C-reactive protein (CRP) detection is demonstrated. The sensor performance results from
the combination of two key elements: a planar antenna that redirects fluorescence the marker emission
and an automated fiber-based optical system for multi-spot analysis. First, the working principle
of the device is demonstrated with a well-established antibody–antigen format (immunoglobulin
IgG/anti-IgG assay), reporting more than one order of magnitude enhanced limit of detection (LOD)
and limit of quantification (LOQ) for the planar antenna with respect to a standard glass substrate.
The prototype is then tested against a sample mimicking a realistic case, prepared with commercially
available human serum, showing a LOD and LOQ in the clinical range of interest (0.0015 µg/mL and
0.005 µg/mL, respectively) for the investigation of the sepsis biomarker CRP. These results validate
the developed prototype as a simple and easy-to-operate device, compatible with standardized
micro-well arrays, and potentially suitable for POC applications.

Keywords: lens-less light collection; fiber-based sensor; protein biomarker

1. Introduction

Early stage diagnosis of diseases, especially when characterized by the late onset of
symptoms, is crucial for the timely selection of the appropriate therapy and its effectiveness
on the patient’s evolution. However, the celerity of the bio-tests analysis is typically
restrained by time-consuming procedures, complex data processing, and interpretation,
which need the presence of specialists, and, above all, the requirement for expensive
instrumentation only accessible in centralized laboratories. In this context, the development
of alternative techniques and devices for an easy, fast, and efficient detection of biomolecules
has become a growing field involving multidisciplinary expertise [1–8], with the limit of
detection and limit of quantification becoming an essential parameter in the early stage
diagnosis of diseases.
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In particular, optical biosensors allow for the detection of biomolecules upon their
interaction with light via label-based or label-free techniques, and they have become
well-established solutions for a wide variety of analytes such as, among others, proteins,
viruses, antibodies, or toxins [9]. Indeed, the high specificity and sensitivity to the target,
reproducibility, robustness, low required sample volumes, and the potential to be integrated
into compact, portable, and multiplexed platforms for points-of-care (POC) testing [10,11],
make them reliable and convenient devices for early diagnosis. Additionally, optical sensors
can leverage several widespread photonic and plasmonic techniques to improve collection
efficiency and signal sensitivity. Significant examples of such scenarios are biosensors
based on surface plasmon resonances (SPR) [12,13], localized surface plasmon resonances
(LSPR) [14,15], lossy mode resonance (LMR) [16,17], nanogap antennas [18], evanescent
wave fluorescence and optical waveguide interferometry [19,20], surface-enhanced Raman
spectroscopy (SERS) [21,22], and optofluidic Fabry–Pérot cavities [23,24].

While label-based methods offer more flexibility and, potentially, single-molecule sen-
sitivity, the collection of light from fluorescent markers is a challenging task, owing to their
characteristic dipolar radiation pattern. Thus, complex microscope systems are required
to achieve a high collection efficiency. A promising strategy to overcome such technical
limitations relies on the integration of the emitters in a planar optical antenna [25,26] or
nanoapertures surrounded by periodic corrugations (known as corrugated “bull’s eye”
apertures) [27], for enhancing the directionality of the emission toward the interrogation
direction. As recently demonstrated, both solutions allow beaming the dipole fluorescence
emission into a narrow cone, but the former also involves a very simple and cost-effective
fabrication, avoiding the demand for nanofabrication capabilities and precise positioning
of the emitters [25]. Moreover, a simplified version of the device is readily obtained by
introducing a reflective mirror layer buried in the glass slide where the assay is prepared,
hence leaving complete optical access from the upper side. Upon the optimization of the
geometrical parameters, even in such a simple configuration, the one-side planar antenna
successfully funnels the dipolar radiation pattern into a single lobe around the vertical
direction, resulting in high collection efficiency with limited numerical apertures, while
also allowing direct coupling to optical fibers [28]. Figure 1 shows the expected radiation
patterns for fluorophores deposited on a simple glass (a) and on the modified antenna-like
substrate (b). The curves are original simulations performed for this work with a semi-
analytic method presented in detail in ref. [25]. The effectiveness of the structure is evident,
with an expected gain factor of around 4 in case of N.A. limited to 0.5. Moreover, the
modification of the radiation pattern leads to an enhancement of the pumping efficacy, with
a consequent reduction in the required illumination intensity, beneficial for the signal-to-
noise ratio. Besides fundamental advantages for single-photon sources and nanoparticles
detection, this photonic configuration has also been investigated in a scanning configura-
tion [29] and applied to fluorescence-based biosensing, for instance in the detection of short
DNA molecules labelled with the fluorescence dye ATTO-647N [30].

In this work, the planar-antenna design in combination with a home-built, fiber-
coupled, and portable epi-fluorescence microscope system was exploited. By integrating
the optical setup with a high-precision motorized stage for positioning the fiber facet over
the assay, a low-cost, compact, automated, and alignment-free device for fluorescence de-
tection was developed. In particular, the prototype performance was firstly tested against a
gold standard for the performance assessment of optical biosensors. We have chosen the
IgG/anti-IgG assay because of the high affinity of the biomolecules and the high repro-
ducibility of the results [31–33]. Afterwards, the effect on the limit of detection (LOD) of
introducing the antenna-like configuration was investigated for the specific immunoas-
say. Finally, the prototype was employed for the detection of the well-established sepsis
biomarker C-reactive protein (CRP). In both cases, the performance of the prototype was
validated upon comparison with a more expensive commercial fluorescence microscope
system based on Zeiss Axio Observer Fluorescence Microscopy System with 5×, 0.12 N.A.
objective lens, and Colibri source system (LED at 625 nm) (Zeiss, Oberkochen, Germany).
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As a result, comparing the employed antenna-like substrate with standard glass, a signifi-
cant improvement in the LOD and LOQ value (of the order of 50×) was achieved for the
IgG/anti-IgG assay. In addition, for the sepsis biomarker CRP and employing a complex
matrix mimicking real sample conditions, our prototype presents an improved LOD and
LOQ value compared to a commercial microscope, being relevant for the early diagnosis
of sepsis.
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Figure 1. Simulated collective radiation pattern for dipoles with random orientation with respect to
the substrate interface, observed from a transversal section of the chip. Radial labels stand for power
spectrum, normalized by the value of the same quantity for dipoles in a homogeneous medium
with refractive index n = 1. Panel (a) shows the standard case of assay prepared on a glass substrate
(dipoles positioned 20 nm above the interface): it is evident that most of the emitted light is lost in
the substrate. Panel (b) shows what happens in the presence of a planar-antenna configuration, for
different dipole-mirror distances: 20 nm, 100 nm, and 250 nm dielectric spacer thicknesses (solid
orange, green and purple curves, respectively). Panel (b) demonstrates the importance of the correct
spacer thickness to funnel the radiation in a narrow cone around the vertical direction and toward
the collecting optical fiber. Despite the 250 nm thick spacer, the emission is significantly stronger
than in the other cases. It is focused into lobes at large angles, and it corresponds to a lower collected
power with respect to the 100 nm thick case for limited numerical apertures (e.g., N.A. = 0.5). Further
details about the chip fabrication can be found in Section 2.2.

2. Materials and Methods
2.1. Chemical and Biological Reagents
2.1.1. Reagents

Bovine serum albumin (BSA) and all the reagents for buffer preparation (phosphate-
buffered saline (PBS), 40 mM, pH 7.4) were purchased from Sigma-Aldrich (Milan, Italy).
1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) and N-hydroxy
succinimide (NHS) were purchased from Pierce (Rockford, IL, USA). Human serum (C-
Reactive Protein Free Serum) was purchased by HyTest Ltd. (Turku, Finland).

2.1.2. IgG/Anti-IgG Assay

The immunoglobulins, Mouse IgG, and goat anti-mouse-IgG were purchased from
Zymed Laboratories, Invitrogen Immunodetection (Milan, Italy), with second fluorescently
labeled with ATTO-647N (excitation peak at 646 nm and emission peak at 664 nm). For
simplicity, the labeled antibody will be named as anti-mouse-IgG*.

2.1.3. CRP Assay

C-reactive protein (CRP) (purified antigen) was purchased from Biodesign (Saco, ME,
USA). The mouse monoclonal antibody anti-CRP, clone C5, used as capture antibody and
was purchased from Meridian Life Science (Memphis, TN, USA). The mouse monoclonal



Chemosensors 2023, 11, 448 4 of 12

antibody anti-CRP, clone C7, used as detection antibody and was labeled with AlexaFluor
647 dye (excitation peak at 651 nm and emission peak at 667 nm), it was purchased from
Biotechne s.r.l. (Milan, Italy). For simplicity, the labeled antibody will be named as C7*.

2.2. Fabrication of the Chips
2.2.1. The Chip

Two different chips were used, a standard glass slide and a gold-coated glass slide,
for the antenna-like configuration. The gold deposition was performed after a cleaning
step of microscope slides (25 × 75 × 1 mm3), according to the following procedure: (1) wet
acid cleaning in hydrogen peroxide/sulfuric acid 2:1, rinsing with ultrapure water, drying
with N2 gas blow; (2) magnetron sputter coating with 10 nm Ti + 120 nm Au in 5 runs.
The two types of chips were delivered to PolyAn GmbH, Berlin, Germany, for chemical
functionalization. PolyAn’s microarray slides are functionalized with three-dimensional
(3D)-surface chemistry consisting of a long-chain polymer containing a defined number of
carboxylic groups used for the covalent immobilization of the antibodies and as dielectric
spacer. The actual thickness of the whole organic ensemble (PolyAn’s functionalization and
marked assay) was expected to be around 100 nm but not known with precision. In order to
check if the distance between the fluorophores and the gold mirror is within the useful range
(50 to 200 nm), we have also tested a modified version of the gold-coated substrate, in which
an additional Silica layer of 70 nm was deposited by e-bream evaporation technique before
PolyAn’s functionalization. Our findings reveal similar behavior for the two configurations,
implying that the organic ensemble holds a total thickness between 50 and 120 nm.

2.2.2. Assay Protocol

The optimized protocol for the assay implementation, which is substantially the same for
both assay formats, is performed with manual spotting of 1 µL of all the involved solutions:

1. functional groups (-COOH) activation by cross-linking chemistry (200 mM EDC and
50 mM NHS) for 30 min;

2. covalent immobilization of the capture antibody (IgG or clone C5 as anti-CRP anti-
body) (0.5 g/mL in PBS) for 60 min;

3. washing step with PBS repeated 3 times;
4. surface passivation with BSA (0.1% in PBS) for 30 min to prevent nonspecific adsorp-

tion onto the surface;
5. washing step with PBS repeated 3 times;
6. antigen interaction:

(a) anti-mouse-IgG* (concentration range 0–0.1 mg/mL) in PBS for 30 min;
(b) CRP in serum (concentration range 0–0.1 mg/mL) in human serum diluted

1:10 v/v in PBS for 30 min.

7. washing step with PBS repeated 3 times;
8. detection antibody interaction: Clone C7* (0.01 mg/mL) in PBS for 30 min;
9. washing step with PBS repeated 3 times.

It should be underlined that steps 8. and 9. are performed only for CRP assays. The
resulting configuration of the sample chip consists in a macro-array of heterogeneous
droplets corresponding to different concentrations of the analyte, with each droplet spot a
few mm in size and separated by around 5–10 mm. In Figure 2a, as an example, the CRP
sandwich is depicted, showing the three molecules (from bottom to top): C5 (orange), CRP
(colorful), and C7* (gray), being the last one labeled with AlexaFluor 647 dye (blue star)
that emits fluorescence above 650 nm.
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Figure 2. Scheme of the setup configuration. (a) Sandwich immunoassay consisting of antibodies
(orange and gray molecules) binding the target antigen (here, as an example, CRP protein—colorful
molecule) on the chip. The detection antibody is marked with the dye AlexaFluor 647 (blue star).
(b) Scheme of the configuration of the optical components in the low-cost setup. An optical fiber
illuminates and collects the fluorescence signal from the chip placed at its bottom. The optical
fiber is mounted on an automated 3D translation stage, making it possible to explore several cm2

areas with a resolution of hundreds of nanometers and a repeatability of a few micrometers. The
fluorescence signal is measured by a photodiode detector, with the long-pass filter preventing the
source’s scattered light from reaching the detector.

2.3. Sensor Prototype

The homemade prototype (see Figure 2b) was designed as a combination of com-
mercially available elements to directly evaluate the accessible capabilities and costs on a
routine production scale. It consists of the following components, properly selected as an
optimal compromise among cost-effectiveness, capabilities, and ease of operation:

• a compact epi-fluorescence microscope system (Qiagen Eselog), whose optical scheme
is sketched in Figure 2b, which comprises a LED source emitting at 640 nm as excitation
source, lenses, and optical filters for the selective collection of fluorescence emitted
around 670 nm, and a photodetector for the evaluation of the signal intensity;

• a 3D motorized translation stage with few micrometer repeatability and more than
10 cm scan range in the three directions (Standa 8-0048);

• a multimode optical fiber (400 µm core-size, 0.5 N.A.), terminated on one side with
a ceramic ferrule (operating as assay probe), and coupled on the other side to the
detection system in free space, through a simple fiber launcher system (see Figure S1
in Supplementary Materials for measurements with 200 µm core-size);

• a single-board mini-computer (Odroid N2+) equipped with a homemade software for
the management of the measurement sequences and data storage.

A schematic drawing of the machine is presented in Figure 3.
The ferrule-terminated side of the fiber is steadily held by the translation stage in a

vertical position, facing the assay housing, thanks to a custom mechanical support. The
latter is equipped with a buttonhole and a contact probe, both operating in the vertical
direction. In this way, the fiber facet can easily go in contact with the specimen in a
reproducible way by setting the software in contact mode. Moreover, a 50 µm-thick Kapton
tape ring is attached to the ferrule facet, in order to avoid direct contact of the fiber with
the assay without blocking its aperture.

The homemade software, written in Python 3 for Linux operating systems, allows the inte-
grated and automated control of both the mechanical and the optical elements of the prototype
(see Movie S1, a video of the homemade prototype operation, in Supplementary Materials).
The standard measurement sequence consists in moving the fiber to a preselected position
and performing fluorescence intensity measurements. The procedure can be extended to a
matrix of points around a set of positions. A simple user interface makes it possible to con-
veniently select all the operation parameters to configure automatic sets of measurements,
such as the number of repetitions for each measurement, the LED intensity, the mapping
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size, and the separation among the measurements around each spot. The results are stored
in a common-use file format in the hard disk.
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Figure 3. Schematic drawing of the installation. The Python-based, homemade software installed in
the single-board computer manages the three active elements composing the prototype (detection
system, translation stage, interface terminal). The custom mechanical support for the fiber, equipped
with the buttonhole and the contact probe, is shown on the right together with a part of the translation
stage and a cartoon representing a standard sample.

Finally, the whole setup is protected by a home-built plexiglass box with size
35 × 40 × 55 cm and results in an overall compact device, which is the preliminary
result for an ideal POC testing unit. In practice, the prototype allows for an automatically
preconfigured series of background-corrected fluorescence measurements over printed
micro- and macro-arrays and with continuous scanning of areas of up to several cm2 (see
Figure S2 in Supplementary Materials for a panoramic view of the complete installation).

2.4. Measurement Protocol and Data Processing

In this work, owing to the handmade localization of the assay spots during the adopted
preparation protocol, the operator manually positions the fiber probe over each droplet.

In the case of the prototype, the vertical approach of the optical fiber is guaranteed
by means of a pressure sensor for standardized contact measurements, which stops the
displacement of the probe once it rests with its weight on the glass. Firstly, the background
fluorescence signal is evaluated averaging on 20 repeated measurements on the substrate
outside of any drop: this value is used as zero in the following. Then, a predefined
routine drives the machine in an automated probing of the area around the selected point,
performing a series of measurements in a matrix of locations separated by 0.5 mm and
with an integration time 0.5 s for each location. In particular, the matrix size is 3 × 3 pixels
(1.5 mm × 1.5 mm) for the IgG/anti-IgG assay, which presents a high spatial homogeneity,
and 15 × 15 pixels (7.5 mm × 7.5 mm) for the CRP assay, which shows larger variations of
the fluorescence signal. Each measurement is repeated at least twice (i.e., at least in two
different drops with the same nominal concentration) for statistical purposes (see Figure S3
in Supplementary Materials for the reproducibility of the measurements performed with the
prototype). In the case of the heterogeneous CRP assays, from each scanned region, a central
area of 6 × 6 pixels is selected to avoid edge effects such as the so-called coffee ring shape of
the droplet accumulations, typical of dry assay (see Figure S4 in Supplementary Materials
for the comparison between two procedures of selection of the 6 × 6 pixels central area). In
this way, a background-corrected fluorescence intensity map is associated with each assay
spot. The possibility offered by the prototype to map the fluorescence intensity opens up a
wide range of potential applications in chip characterization and manufacturing quality
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control, for example to check the degree of homogeneity for the distribution of the labeled
antibody molecules within the spot, or to identify possible systematic nonspecific binding
that could lead to an unwanted systematic background (see Figure S5 in Supplementary
Materials for examples of representative fluorescence intensity maps of inhomogeneous
assays).

In the case of the commercial equipment, measurements are carried out on the same
drops tested by the prototype. As with the prototype, the average value of the fluorescence
signal is manually selected by taking only the central area of the droplet, so that fluorescence
from the coffee ring shape is not considered. Hence, for each drop the average value of
fluorescence intensity is measured with two different microscopes, and the fluorescence
intensity corresponding to a given concentration for each microscope is obtained as the
mean value among the drops with the same concentration, considering a deviation given
by the maximum difference among the measured average values.

The calibration curves were obtained best fit to the data of the logistic function [34]

y =
A1 − A2

1 + (x/x0)
p + A2 (1)

where A1 and A2 are the asymptotes of the resulting sigmoidal curve and their difference
is the fluorescence dynamic change, x0 is the value of the analyte concentration for which
the fluorescence signal is equal to 50% of the dynamic range (generally denoted with IC50),
and p is a coefficient that is related to the slope of the sigmoidal curve for x = IC50.

The LOD and LOQ, which are the main features to assess the performance of a
biosensing platform, are hence estimated as the concentration corresponding to the mean
fluorescence signal exceeding the zero-concentration signal by three and ten times its
standard deviation, respectively [35,36].

3. Results and Discussion
3.1. Prototype Working Principle

A sketch of the components forming the prototype is displayed in Figure 2a showing
the typical scheme of the sandwich immunoassay, which consists of a chip where, in each
isolated drop, the immunoassay is prepared in a heterogeneous configuration.

The chip is placed below the optical fiber probe (see Figure 2b), which scans the surface
of the chip driven by the automated 3D translation stage. During the scan, the optical fiber
connected to the epi-fluorescence microscope illuminates the sample with LED light, and it
collects the fluorescence emitted by the sample at wavelengths around the emission peak
of the dye, whose intensity is measured by the detector in the microscope. Therefore, the
larger the intensity of the fluorescence signal, the higher the antigen concentration in the
explored sample.

Measurements on an array of dried droplets with an increasing concentration of the
target molecules provide the calibration curve for the specific immunoassay, from where
information about the LOD and LOQ associated with the prototype is extracted. To improve
the LOD and LOQ values of the system, the prototype is intended to be used with the
specifically designed substrate presented above, which enhances the collection efficiency
thanks to the antenna-like configuration that redirects fluorescence emission into a narrow
cone around the polar axis.

In what follows, the results on the calibration curves are shown for two immunoassays
prepared on chips in the simple antenna-like geometry, taking advantage of the enhanced
collection efficiency provided by this configuration.

3.2. IgG/Anti-IgG Calibration Curve

Figure 4 displays the calibration curves of the fluorescence-based biosensing platform
as a function of the analyte concentration (anti-IgG), in which the concentration of the
immobilized antibody (IgG) is fixed and the anti-IgG one, expressed in µg/mL, is varied.
Panel (a) shows results obtained on a glass substrate, whereas panel (b) presents results
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for the planar antenna. The measurements on each type of substrate have been performed
on three independent spots for each concentration value of anti-IgG. Moreover, the mea-
surements were carried out by the lens-less optical fiber-based configuration proposed here
(black color) and the commercial fluorescence microscope, mentioned above (red color), as
explained in Section 2.4. This comparison gives us a confirmation of the extraordinarily
good performance of the setup for standardized biomolecule detection.
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Figure 4. Calibration curve of fluorescence as a function of concentration of anti-IgG in a sandwich
immunoassay with IgG on (a) a glass substrate and (b) a designed planar antenna. Black color
stands for the optical fiber-based setup, while red color represents results for the Zeiss Axio Observer
Fluorescence Microscopy System. The experimental measurements and the fitting curves are denoted
by scattered points and solid curves, respectively. The error bars are estimated as the maximum
difference among the measured average fluorescence signal on different drops with the same assay
concentration.

The LOD values obtained for the IgG/anti-IgG on the glass substrate are 3.1 µg/mL
and 1.4 ug/mL for the commercial fluorescence microscope and our lens-less optical fiber-
based device, respectively. On the other hand, with the planar antenna the measured LOD
values are 0.14 µg/mL and 0.03 µg/mL (and LOQ values of 0.46 µg/mL and 0.1 µg/mL),
for the commercial fluorescence microscope and our lens-less optical fiber-based device, re-
spectively. These results clearly demonstrate that the proposed planar antenna substantially
improves the LOD by more than one order of magnitude for both detection systems. This is
obtained thanks to the combination of efficient pumping and efficient collection even with
low numerical aperture. Remarkably, the LOD values attained with the proposed setup are
even lower than those obtained with the commercial microscope (see values gathered in
Table 1). At this point, it is important to remark, as already mentioned in the introduction,
that the limit of detection (or the limit of quantification) is an essential parameter in the
early stage diagnosis of diseases; clearly, it does not lie in the linear part of the calibration
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curve, which has a sigmoidal shape, but between the lower asymptote and the linear part,
and this is the reason why we concentrated our attention on this part of the curve instead
of the linear part.

Table 1. Limit of detection (LOD) values obtained with either the commercial equipment and the
lens-less prototype presented in this work for the IgG/anti-IgG and the CRP immunoassays.

Instrument LOD (µg/mL)
IgG/Anti-IgG

LOD (µg/mL)
CRP in Serum

LOQ (µg/mL)
IgG/Anti-IgG

LOQ (µg/mL)
CRP in Serum

Commercial
equipment 0.14 0.005 0.46 0.013

Lens-less
prototype 0.03 0.0015 0.1 0.005

3.3. CRP Calibration Curve

To show the capabilities of the proposed lens-less optical fiber-based fluorescence
detector in the context of a more realistic clinical scenario, the test was performed also on
chips for CRP in human serum, as sepsis biomarker analyte.

Figure 5 shows the calibration curve for CRP biomarker, spiked in commercially avail-
able human serum, prepared on the planar-antenna chip, considering a clinical range of
concentrations relevant for sepsis diagnosis. Scattered points represent experimental mea-
surements and solid curves the corresponding fit. The same comparison as in the previous
section among the developed prototype (black color) and the commercial microscope (red
color) was carried out.
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Figure 5. Calibration curve of fluorescence intensity (expressed in independent arbitrary units for
each setup) as a function of concentration for CRP sandwich immunoassay in human serum on a
planar-antenna configuration. Black color stands for the optical fiber-based setup, while red color
represents results for the commercial microscope. The experimental measurements and the fitting
curves are denoted by scattered points and solid lines, respectively. The error bars are estimated as
the maximum difference among the measured average fluorescence signal on different drops with
the same assay concentration.

The resulting LOD values for the CRP measured with the commercial microscope and
the lens-less optical fiber-based setup are 0.005 µg/mL and 0.0015 µg/mL (and LOQ values
of 0.013 µg/mL and 0.005 µg/mL), respectively (see values in Table 1). Although both
values are within the range of clinically relevant concentrations, there is a significant im-
provement in the LOD value using the prototype compared to the commercial microscope.
Typical levels of CRP in blood plasma of healthy individuals are below 10 µg/mL, while
patients presenting a severe infection may present concentrations around 300 µg/mL [37].
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In fact, the CRP concentration levels in the range between 40 and 200 µg/mL are considered
to be related to sepsis infection [38,39].

It is important to notice that, since it is common to dilute the serum (usually 1:10)
before measuring the biomarker of interest to decrease the nonspecificity effects, CRP
values for a sepsis patient can reach, after dilution, a concentration comprised between 4
and 20 µg/mL, which fits quite well with the working interval of the calibration curve of
Figure 5 related to the lens-less optical fiber-based setup in combination with the dry assay
presented here. A lower working range was reached by Christodoulides et al. [40], who
obtained a 10 fg/mL–10 pg/mL working range and a LOD of 5 fg/mL in saliva. However,
the assay involves the use of agarose microbeads, which need a careful sieving process
to obtain size homogeneity, from which the precision of the assay is highly dependent.
Interestingly, the working range presented in Figure 5 not only is comparable with other
fluorescent-based setups presented in the literature, 0.03–5 µg/mL reached in plasma [41],
0.1–50 µg/mL reached in HEPES buffer [42], and 0.5–10 µg/mL reached in serum [43],
but covers a wider range of CRP concentrations with a single technique, which might
allow the implementation of CRP detection for diverse goals and applications in the same
device. Moreover, we can state that the LOD reported in the paper is dominated by the
reproducibility of the assay rather than the intrinsic capabilities of the sensing device.

4. Conclusions

A new push-button prototype for early detection of diseases was presented and proved
promising for sepsis diagnosis through the CRP detection in human serum in clinically
relevant concentration ranges. The proposed prototype is based on the fluorescence de-
tection of labeled antibodies through a lens-less alignment-free fiber-optic easy-to-operate
and low-cost setup. The specific design of the chip here proposed in a planar-antenna-like
configuration allows a more efficient collection of the fluorescence signal, leading to low
LOD values in a high-throughput low-cost machine. Notably, the effect is obtained with a
simple geometry that avoids challenging nanofabrication stages. Firstly, our prototype was
tested with the gold standard assay IgG/anti-IgG sandwich showing 50 times lower LOD
values for antenna-like chips compared to standard glass ones. Secondly, the LOD for the
sepsis biomarker CRP was estimated for our prototype, achieving a value of 1.5 ng/mL
(and LOQ of 5 ng/mL), which lies within the clinically relevant range of CRP concentration.
Moreover, our results were validated by a direct comparison with measurements obtained
using a more expensive commercial fluorescence microscope.

These results confirm that the performance of the prototype, which is compatible with
standardized micro-well arrays, does not need particularly small volume localization as
in other techniques and is easily extendable to a wide range of other biomarkers, simply
introducing the suitable selective bioreceptors.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/chemosensors11080448/s1: Figure S1: Fluorescence detection with
different core-size collecting optical fibers; Figure S2: photograph of the prototype (whole installation);
Figure S3: Reproducibility of the measurements performed with the prototype; Figure S4: Selection
of the area for analysis: comparison between procedures; Figure S5: Illustrative fluorescence intensity
maps of inhomogeneous assays; Video S1: Video of the prototype operation.
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