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Abstract: This paper presents the concept of a novel adaptable sensing solution currently being
developed under the EU Commission-founded PHOTONGATE project. This concept will allow for
the quantification of multiple analytes of the same or different nature (chemicals, metals, bacteria, etc.)
in a single test with levels of sensitivity and selectivity at/or over those offered by current solutions.
PHOTONGATE relies on two core technologies: a biochemical technology (molecular gates), which
will confer the specificity and, therefore, the capability to be adaptable to the analyte of interest, and
which, combined with porous substrates, will increase the sensitivity, and a photonic technology
based on localized surface plasmonic resonance (LSPR) structures that serve as transducers for light
interaction. Both technologies are in the micron range, facilitating the integration of multiple sensors
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within a small area (mm2). The concept will be developed for its application in health diagnosis
and food safety sectors. It is thought of as an easy-to-use modular concept, which will consist of
the sensing module, mainly of a microfluidics cartridge that will house the photonic sensor, and a
platform for fluidic handling, optical interrogation, and signal processing. The platform will include
a new optical concept, which is fully European Union Made, avoiding optical fibers and expensive
optical components.

Keywords: photonics; molecular gates; localized surface plasmonic resonance (LSPR); porous silica;
biosensing; microfluidics; respiratory viruses; chemical contaminants

1. Introduction

In our daily lives, we are exposed to different health threats, such as pathogens (viruses,
bacteria, fungi, etc.) [1,2] and hazardous chemicals (mercury, dioxins, lead, etc.) [3,4]. Since
these threats are ubiquitous and can pose risks to public health, taking fast and effective
actions to identify and mitigate them is required in order to reduce their potential impact
on human health and food safety.

Currently, healthcare systems are facing new challenges in diagnosing diseases with
similar clinical symptoms caused by different pathogens, like respiratory viruses such
as influenza viruses A or B (IVA/IVB), severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), or respiratory syncytial virus (RSV), which all can cause acute respira-
tory infections [5]. Despite the resemblance between these infections, they differ in their
management and treatment strategies. Therefore, simultaneous on-site detection of dif-
ferent analytes from a single specimen, known as multiplexed point-of-care testing, is of
paramount importance for efficient clinical diagnostics [6].

Nowadays, the polymerase chain reaction (PCR) is the gold standard method for virus
detection [7]. However, PCR testing has relevant drawbacks, as it requires a long time
between the collection of samples and their processing, needs a clinical laboratory with
trained staff, and has a high economic cost per test. Also, the traditional PCR is, at best,
semi-quantitative. Although there is a PCR technique named quantitative PCR (qPCR) [8],
which also offers multiplexed tests, the quantitative determination by qPCR is indirect,
providing a relative quantification of the viral load and is normally limited to 2–3 analytes
per tube/assay.

The same needs have emerged in the food sector [9], where the food industry is
facing the crucial challenge of ensuring that food is safe for consumers (food safety) while
maintaining a production process within environmental constraints. For this purpose,
analytical control of the levels of chemicals and microbiological contaminants is mandatory
to document compliance with maximum levels in the legislation [10]. The problems leading
to food safety issues should ideally be identified early in the value chain (ideally in real-
time), from raw materials to the final products, allowing the food industry to minimize
their impact through corrective actions.

Currently, depending on the contaminant, different methods are used, including im-
munological techniques (ELISA), culture-based methodologies, and molecular recognition
(PCR) for microbial contaminations [11], and different physio-chemical methods depending
on the chemical contaminant, being high-performance liquid chromatography (HPLC) and
mass spectrometric (MS) techniques, are the most frequently reported [12]. Those methods
are typically time-consuming and labor-intensive, and the results are often not available
until after several hours or even days. Moreover, the working principles of the methods for
different contaminants are often totally incompatible with each other, increasing the effort
needed as several separate analyses are required. Consequently, an easy-to-use solution
that allows the rapid detection and quantitative analysis of multiple analytes with high
sensitivity in a single test, providing reliable results in a faster, easier, and cheaper way
than the current state-of-the-art methods, is being highly demanded by the food industry.
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Biosensor devices have emerged as one of the most relevant diagnostic techniques
for different fields [13,14] due to their specificity, ease of mass fabrication, economics, and
fast quantitative analysis [15,16]. Figure 1 summarizes the working mechanisms of the
biosensors, which include sample collection, biochemical recognition, data processing, and
signal obtention [17–19].
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Figure 1. Biosensor mechanism representation.

The current transducers involved in biosensors include different mechanisms, such
as electromechanical (potentiometric, amperometric, or calorimetric), piezoelectric, ther-
mal sensors and optical/optoelectronic biosensors (surface plasmon resonance and lo-
calized surface plasmon resonance (SPR/LSPR), luminescence, fluorescence, or evanes-
cence waves) [19,20]. Among the abovementioned techniques, SPR/LSPR presents sev-
eral advantages. First, SPR- and LSPR-based sensors can be fabricated by classical mi-
cro/nanofabrication CMOS compatible processes; however, they do not require complex
building blocks, such as optical waveguide- or resonator-based biosensors. In addition,
SPR/LSPR biosensor-based tests provide a high-sensitivity low limit of detection (LOD),
selectivity and cost-effective analyses. Different SPR sensors with a promising sensitivity
ranging from 10−5 to 10−8 RIU have been reported [20]. Even though still limited, there are
SPR-based market products (such as a Biacore instrument [21] with a sensitivity between
1 × 10−6 to 1 × 10−7 RIU). All these SPR developments have a good sensitivity that can
satisfy most research requirements; however, there still exist three potential problems that
will limit their applications in many fields.

- First, the evanescent field in those basic SPR structures only penetrates the surrounding
medium for about 100 nm, and thus, it is very difficult to detect the large target
molecules, like cells and bacteria.

- Second, SPR systems, such as the Biacore system, require complex interrogation
instruments based on prism coupling, which requires expensive adaptive optics and
thermal controls.

- Finally, there are some sensitive SPR biosensors; however, most of them can only
detect one analyte. In that sense, the SPR imaging (SPRI) technique is, thus far, the
most promising tool for high-throughput multi-analyte detection with a sensitivity
of approximately 10−5 RIU [18]. The typical SPRI sensor is, however, also based on
complex prism coupling instrumentation, in which monochromatic incident light is
expanded, passes through a prism, and strikes the interface of the thin film and prism
at the coupling angle, exciting a broad area of the sensing surface.

Recent progress in nanostructure fabrication techniques has paved the route toward
the development of highly sensitive and label-free optical transducers using the localized
surface plasmon resonance (LSPR) of metal nanostructures. The use of such localized
surface plasmon resonance (LSPR) structures has been proposed to overcome the described
problems of current SPR systems. LSPR structures will increase the detection of smaller
targets, as the bulk effect is suppressed, and additionally, will drastically reduce the
instrumentation complexity required in SPR systems, avoiding the use of prisms and other
complex optics systems [22].

Regarding biochemical recognition, new approaches, such as gated materials, have
recently been drawing attention due to their applications in fields such as biomedicine and
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molecular recognition [14,23]. Gated materials for sensing applications contain nanoporous
support loaded with a molecular reporter and are capped with a molecular or supramolec-
ular entity called a molecular gate (also known as a gatekeeper or nanovalve). Gated
materials inhibit the delivery of the cargo, yet the presence of certain external stimuli
induce a change in the molecular gate, allowing cargo release. Gated materials that are
able to respond to chemical, biochemical, and physical stimuli have been reported. Con-
cretely, the use of molecular gates and mesoporous supports has been proven to have
meaningful applications in biotechnology and biomedicine, such as drug delivery [24],
diagnosis [25,26], or chemical communication [27]. When gated materials are used as
probes, the gating mechanism is designed to be controlled by the target species. In this
way, once the molecular or supramolecular gates are attached to the outer surface of the
porous substrate, upon the external stimulus (target species), the gate is opened, allowing
the release of previously entrapped molecules or dyes, which usually act as a reporter.

With the aim of developing an adaptable diagnostics solution based on a very inno-
vative approach, the PHOTONGATE project has emerged [28]. The PHOTONGATE is
based on the combination of molecular gates as biorecognition elements [29] and localized
surface plasmonic resonance (LSPR) structures as transducers, ref. [30] to detect multiple
analytes with high sensitivity. This paper offers an overview of the PHOTONGATE project,
focusing on the explanation of the different parts of the sensor and the innovation of the
PHOTONGATE approach.

2. PHOTONGATE Overall Concept

PHOTONGATE is focused on the detection of diagnostic targets that may cause
respiratory infections, such as IVA, IVB, [31,32], SARS-CoV-2 [33], and RSV [34], the de-
tection of two of the main food chemical contaminants in fresh fish (histamine [35] and
methylmercury/MeHg [36]), and one of the most virulent foodborne pathogens (Listeria
monocytogenes [37]).

The PHOTONGATE project will develop a novel biosensor device and a readout
platform based on molecular gates and LSPR structures. The PHOTONGATE concept is
based on the combination of the following technologies:

1. Molecular gates containing the sensitive probes are able to react to the analytes of
interest, viruses, bacteria, and chemical hazards [29,38,39].

2. LSPR structures for sensing—allowing label-free optical detection based on refractive
index changes [30,40].

3. Porous nanomaterial [41,42], filled with cargo and closed with molecular gates. Chem-
ical interactions between the targeted analyte and probe will trigger the opening of
the gates, allowing the release of the cargo, which is sensed by the LSPR structures,
amplifying, in this way, the weak chemical interactions.

4. The polymeric microfluidic system, which allows the flow from a sample to the
sensing system [43–45].

5. An optical readout platform was produced for this project; this system includes optical
emitters and a spectrometer device, which are able to display the sensing signal for
up to 12 analytes.

As shown in Table 1, with this approach, PHOTONGATE will provide faster results
(around 30 min) with sensitivities comparable to conventional methods for multiple an-
alytes (up to 12 targets). Furthermore, as shown in Table 1, the PHOTONGATE sensing
system will provide additional advantages, such as improved cost-effectiveness relations
and portability, allowing on-site analysis.
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Table 1. PHOTONGATE system advancements regarding traditional techniques.

PHOTONGATE System Advancements

Feature Current Systems PHOTONGATE System

Meas. range

Histamine ppm range ppm range for liquid and
solid samples

MeHg ppb range ppb range

Microbial analysis 20–1000 CFU/g 1 CFU/25 g

Viral analysis 1–250 viral copies/µL
(RT-PCR) 1–5 viral copies/µL

Selectivity (Specificity)

Chemical contaminants:
Typical analyte

interference caused by the
food matrix.

Microbial and viral
hazards:

Specificity, based on
specific media in

culture-based methods
and primer design in PCR.

Increased selectiveness
among contaminants,

e.g., validated
discrimination between
close species (inorganic
mercury and MeHg) in

model system.
Specificity based on

probe/antibody,
ARN/ADN designs.

Analysis time Several hours/days 30 min for up to 12 targets

Cost-effectiveness

MeHg/histamine: EUR
200–300 per sample

Microbial and viral: One
analysis from EUR 20 to

100 dep. on target.

EUR 20 per chip for
4 analytes,

Platform manufacturing:
EUR 7 K (to be used for

10,000 analyses)

PHOTONGATE Innovation

PHOTONGATE is innovating on many levels, with the primary developments being
the following:

• The PHOTONGATE device will be capable of detecting different chemical and micro-
bial contaminants and viral hazards, being able to work for different fields such as
health care and food control. In addition, it requires little training on the part of the
personnel since there is a minimum preprocess of the samples, and it will offer an easy
reading of the results.

• The LSPR sensors used in the device do not require the use of any fluorescent label
(label-free detection).

• The use of the molecular gates mechanism will improve the specificity and selectivity
of the biosensors.

• The sensing mechanism, involving the opening of the pores by the probe-receptor
interaction, produces a strong change in the refractive index. This mechanism of signal
amplification will increase the sensitivity, allowing lower detection limits.

• The analysis will require 30 min or less. Additionally, it evaluates multiple targets
with no risk of cross-reactions.

• Fabrication at the wafer scale will ease high-integration and cost-effective devices.
• The portable and easy-to-use readout platform of PHOTONGATE avoids complex

components of current SPR commercial systems, enabling them to be used by small
clinics, labs, farms, or food producers.

3. PHOTONGATE Concept, Overall Design, and Architecture

In this section, we present the overall design and specifications of the PHOTONGATE
concept. The PHOTONGATE concept consists of two different parts: the sensing module
illustrated in Figure 2, and the readout platform described in detail in Section 3.4. The
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sensing module consists of three parts integrated into a single piece: the LSPR structures,
the functionalized porous substrate, and the microfluidic cartridge.
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Figure 2. PHOTONGATE sensing module. Scheme of the three technologies integrated into the
PHOTONGATE sensing module in the case when five sensors are used Bottom to top: LSPR layer,
5 LSPR sensors, a second layer, which consists of the porous substrate with the pores capped by
molecular gates (green) after filling them with the reporter/cargo (red dots), and a third layer which
contains the microfluidic channel for exposure to the sensors the sample.

3.1. Functionalized Porous Substrate

Biosensors obtain their specificity from the biological binding interaction between the
analyte and its complementary receptor, which is immobilized onto the transducer surface.
In the case of PHOTONGATE, a combination of molecular gates with porous nanomaterials
is used for this purpose—being the molecular gates—which confers the specificity to the
biosensor. They can be adapted to the desired analyte, working as receptors, and will be
used to close the nanostructured porous materials once filled with the selected molecules,
as well, as shown in Figure 3. The opening mechanism of the gate is triggered when the
attached receptor interacts with the specific analyte; this external stimulus opens the pores,
allowing the release of the previously entrapped molecules, giving rise to a strong change
in the refractive index inside the porous substrate and producing an amplification of the
analyte receptor recognition event, and, consequently, reducing the detection limit. Thus,
this technology will offer an enormous potential for developing a multi-analyte system
when they are integrated with a photonic technology based on refractive index sensing,
such as LSPR structures.
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Figure 3. Schematic of a porous substrate filled with dye and closed for three molecular gates
containing three different receptors and analyte models to illustrate that adaptability to the analyte of
the PHOTONGATE concept. Molecular gate mechanism based on RNA/DNA-DNA complementary
sequence (a), antigen–antibody (b), and contaminant–aptamer (c) interactions.

3.2. Localized Surface Plasmon Resonance (LSPR) Substrates

PHOTONGATE will use LSPR substrates as transducers—a periodic array of metallic
tailor-made nanostructures fabricated by electron beam lithography (EBL) on a bulk sub-
strate. The light interaction with the LSPR structures gives rise to a plasmonic resonance,
which appears as a peak in the optical response signal of the photonic system, as shown in
Figure 4. These plasmon peaks are very sensitive to changes in the refractive index of the
LSPR environment. When the probes react to the analyte, the molecular gates open, and
the entrapped molecules are released; therefore, consequently, the refractive index of the
medium surrounding the metallic nanostructures undergoes a change and a shift in the
plasmon peak is recorded. The amplified effect obtained by the molecular gates’ mechanism
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added to the LSPR resonance will allow the detection and quantification of the presence
of the target analyte, improving the detection and quantification limits obtained with the
current biosensors. Figure 4 shows the proposed PHOTONGATE biosensor mechanisms.
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Figure 4. PHOTONGATE transduction based on LSPR structures.

Moreover, the reduced size of the sensors will allow the integration of multiple sensors
(each one with the aim of detecting a different target) in a single sensing chip.

3.3. Polymeric Microfluidic System

The microfluidic system will be designed to flow the sample that contains the analyte
over the biosensing surface (the porous substrates filled with molecules and closed with
the molecular gates). It will be properly bonded to the LSPR substrate combined with the
biosensing surface, avoiding any possible cross-contamination. The fluidic system will
essentially consist of a microfluidic channel having an inlet and an outlet at both ends of
the channel, which connects to the sample reservoir and the waste, respectively. The sensor
substrate is glued into a cartridge notch, allowing accessibility for the optical interrogation
of the sensor spots from the visible up to the near-infrared spectrum.

With this system, performing a test will only require the insertion of some droplets
of the liquid sample into the corresponding inlet reservoir, the insertion of the cartridge
into the PHOTONGATE platform, and the start of the assay from the photonic readout
platform. If the sample preparation chemicals allow, the cartridge will preferably be made
from inexpensive thermoplastics like polypropylene (PP), polystyrene (PS), polymethacry-
late (PMMA), or, alternatively, from more chemically resistant plastics like, for example,
polyether ether ketone (PEEK). For first-evaluation tests, cartridges can also be made by
using rapid-prototyping 3D-printing materials. The inlet reservoir will have typical dimen-
sions below 1 mm, which are compatible with the expected flow rates of several microliters
per minute, generated by the connected vacuum pump. The channels will be closed to the
outside world using a cover foil and a suitable bonding process to attach it to the cartridge
surface surrounding the channels (see Figure 5).
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Figure 5. Schematics of the proposed PHOTONGATE cartridge.

3.4. Optical Readout Platform and Sensing Data Analysis/Algorithms

The PHOTONGATE readout platform (Figure 6) will automatically carry out the
assay once the sensing module is inserted. It is planned to be composed of three subsys-
tems: the optical reader, the hydraulic module, and the embedded data processing and
communication module.
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Figure 6. Reader instrument scheme, showing optical readout subsystem, hydraulic module, and
embedded processing and connectivity.

The hydraulic module will be responsible for flowing the sample over the photonic
sensors with fine control of the flow rate. The optical reader will be based on a multi-
channel integral field near-infrared (NIR) broadband spectrometer (610 nm–950 nm) and
an optical distribution circuit (ODS). The LSPR sensors will be illuminated by a broadband
halogen lamp (360 nm–2600 nm) coupled to the ODS situated in close proximity to the
LSPR sensor glass substrate (opposite to the microfluidics flow cell). The spectrometer is
based on a 600 lines/mm transmission diffraction grating, a 50 mm focal length doublet
for light collection, and a 50 mm focal length camera objective imaging the LSPR sen-
sors on an 11.34 m × 7.13 mm silicon focal plane array. It will be able to measure up to
24 optical spectra at a time (considering an LSPR sensor pitch of 250 µm) with a sub-10-
picometer resolution for the resonant feature extractions. Raw spectra will be processed
using specifically developed algorithms directly executed on the embedded data processing
module (ARMv8). Spectral features, as a function of time (sensorgrams), will be shown
in parallel on the platform’s touch screen. The automated and embedded analysis of the
sensorgrams will result in the quantitative concentrations of the target analytes in less than
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30 min after the insertion of the cartridge on the platform. A schematic of the optical reader
is shown in Figure 7.
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Figure 7. The optical reader concept, based on an optical distribution circuit and a multi-channel
spectrometer. Light from each sensor (grey lines) (here only the LSPR layer has been included for the
sake of clarity) will be acquired by the multichannel spectrometer.

3.5. Sensing Data Analysis/Algorithms

The raw data obtained with the readout module will be processed by the mass data
processing and communication module. The concentration of each target will be deter-
mined through the acquisition of a pair of measurements: (i) its own mathematical model,
where the signals acquired by the readout platform will be the input, and the prediction of
the parameter will be the output; and (ii) the reference analytical method.

For the construction of the models, two types of models will be used: partial least
squares methods (PLS) and neural networks (NN). These two methods are the most used
algorithms for the adjustment of linear (PLS) and nonlinear (NN) functions. To improve the
performance of the mathematical model, pretreatments of raw data will be applied (smooth-
ing, normalization, Savitzky–Golay, MSC, SNV, detrend, etc.), as well as variable selection
methodologies (genetic algorithms). Combinations of previous methods with the two
considered regression methods will be analyzed to achieve the final mathematical model.

As a result, using specifically developed algorithms and software, the spectral fea-
tures will be converted into a quantitative response of the target concentrations that will
be plotted as an individual graphical representation over time (sensorgrams). Through
this system, quantitative results will be provided 30 min after introducing the sample to
the platform.

4. Validation

Since this technology will be cost-effective and portable, it can be implemented in
different scenarios, such as small farms, food manufacturing industries, clinics, or primary
health care centers. A preliminary validation of the PHOTONGATE concept will be
performed in food (fish control) and health safety (respiratory infection) applications in
a laboratory with pattern samples for proper calibration and adjustments. Finally, the
platform will be placed in the research facilities of two different EU countries (Spain and
Denmark) for their respective validation against the golden standard techniques used in
their respective areas. Additionally, the PHOTONGATE system will be validated in real
processing food scenarios and can be emulated for a full food analysis.

Before the final validation, an initial test and troubleshooting phase will be carried out.
In the case of target pathogen (L. monocytogenes) and chemical contaminants (MeHg and
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histamine), the complete PHOTONGATE system will be tested with real samples (including
incurred material as well as spiked samples). Therefore, in the cases of L. monocytogenes,
the selected food samples will be inoculated with known counts of the pathogen and L.
innocua strain. In the case of MeHg and histamine, different amounts will be added to
the samples in low (close to limit of quantification), medium (close to legal limits), and
high (above legal limits) concentration ranges and the recovery will be used to evaluate the
method’s performance.

A preliminary evaluation of the analytical measurement range and other critical
performance characteristics will be performed in relation to regulatory guidelines and
international guidelines. The obtained results will be compared to the results obtained
with the reference analytical methods for each target contaminant: (i) L. monocytogenes: the
count will be carried out through the validation protocol AFNOR, i.e., in a chromogenic
agar culture medium (ALOA), detecting all bacteria related to the genus Listeria through
the ß-glucosidase activity determination (L. monocytogenes is differentiated as a result of
the formation of a phospholipid precipitation halo derived from phospholipase activity);
(ii) MeHg: selective extraction (principles in EN17266 [46] and Cressy et al., 2020 [47])
followed by ICPMS detection and the HPLC-ICPMS method; and (iii) histamine: the
fluorometric method with HPLC/HPLC-UV (EU regulation Reg. (EC) 2073/2005).

The final validation of the readout platform in the relevant environments will be
carried out by using the system for the analysis of real samples. In the case of the detection
of respiratory viruses, virus stocks produced in cell culture will be used. This represents a
higher titer of the pathogens in a relatively simple matrix (tissue culture media) for the initial
optimization/testing of the molecular gates. Later on, the PHOTONGATE system will be
tested by using real human nasopharyngeal/nasal and oropharyngeal samples collected
in the virus transport medium (VTM), which will be tested in parallel to a gold-standard
reference test (the multiplex-RT-PCR virus screening platform). A panel of 50 positives and
50 negatives for each of the four viruses (IVA, IVB, RSV, and SARS-CoV-2) to assess the
sensitivity, specificity, and cross-reactivity of each viral analyte will be used. In addition,
an additional panel of 50 samples with mixed viral infections to assess the sensitivity for
multiplex detection will be analyzed. Finally, 100 samples, collected prospectively using
the real-time RT-PCR gold standard and the PHOTONGATE system in parallel, will be
assessed.

In parallel, the PHOTONGATE technology will be validated for food samples (different
fish samples). For this purpose, the quantitative microbiologic methods’ (L. monocytogenes)
accuracy (or recovery) and precision under reproducibility conditions will be determined,
allowing us to estimate the method’s uncertainty. In the case of the histamine and MeHg
contaminants, the parameters to be evaluated will be accuracy and precision under repro-
ducibility conditions, linear range, limit of detection and quantification, and measurement
uncertainty. Concerning the quantitative methods, the validation will be carried out along
the whole defined range, i.e., high, medium, and low concentrations. Furthermore, when-
ever possible, reference materials with certified target values for the contaminants will be
used during the validation process.

5. Conclusions

In this paper, we describe the preliminary architecture and design of the PHOTON-
GATE biosensor device. It is a modular concept based essentially on two validated tech-
nologies: molecular gates technology (the biological receptor) and LSPR structures (the
transducer element based on refractive index sensing), which are both integrated into a
microfluidic module or cartridge. Together with the readout module or platform, this
concept will allow the label-free optical detection of multiple analytes with high sensitivity,
also improving the time analysis and cost-effectiveness of the current sensing methods,
as well as offering an easy readout of the results. Moreover, it will be an easy-to-use
technology, which will require little training on the part of the personnel since there is
no need to preprocess the samples. Based on this innovative approach, PHOTONGATE
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will develop an adaptable biosensor device for the detection of a variety of analytes with
applications in the food and healthcare sectors.

Finally, the PHOTONGATE system will be validated using internationally recognized
methods to assess the relevant method’s performance characteristics. Trueness, repeata-
bility, reproducibility, detection limits, linearity, analytical measurement range, as well
as reporting range will be assessed using realistic sample material. Specificity will be
assessed by testing a range of theoretically relevant chemical moieties, individually and in
combination. Robustness will be assessed both in relation to the experimental conditions
and matrix variability (species type, sample conditions, etc.).
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