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Abstract: This paper presents a method for monitoring food freshness and quality through the early
detection of biogenic amines, which are indicators of food spoilage/degradation. The urge to monitor
food quality has led to a growing interest in the detection of toxic compounds, such as biogenic
amines (BAs), as chemical indicators of food degradation by using different bioanalytical tools. The
bioanalytical platform includes several parts and modules useful for food hazard evaluation. This
paper presents how electrochemical and spectrometric detection works for biogenic amine monitoring
in food and how the communication interface provides useful data.
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1. Introduction

The most important goal for BA monitoring in food is the development of cost-effective
and robust miniaturized opto-electrosensitive platforms. The designed sensitive platforms
are based on modifications of different commercial sensor templates with nanocompos-
ite materials and specific bioreceptors, showing enhanced electrochemical, optical, and
mechanical properties. Through functionalization of carbon nanomaterials with metallic
nanoparticles or polymeric dots, new opto-electroactive platforms with improved cat-
alytic activity, high charge transfer capacity, and enhanced optical properties for sensor
applications are obtained.

Electrochemical detection is realized using specialized microcontrollers and embedded
firmware capable of implementing specific methods, while spectrometric detection uses an
optical fiber and an UV-VIS image CMOS sensor capable of a very good resolution. The
common element is an electrochemical sensor capable of providing enhanced selectivity to
biogenic amines and a very good sensitivity to determine low concentrations.

2. Measuring Method

The innovation of the new sensors results from the combination of tailored functional-
ized carbon nanomaterials with a highly sensitive opto-electrochemical detection method,
electrochemiluminescence (self-ECL) [1]. The originality and complexity of this solution
consist in the design of new versatile biosensors based on the synergistic combination of
carbon nanomaterials and luminescent-based nanomaterials with specific bioreceptors. In
this way, the proposed system represents the first integrated opto-electrosensitive platform
for miniaturized bioanalytical tools to be used for sensitive and selective detection of BAs in
food. Nanomaterial-based (bio)sensors provide reagent-free, low-limit detection, one-step
analysis, and sometimes label-free assays with high sensitivity and a small sample volume
required. New carbon-based materials, such as fullerene, graphene oxide, and single- and
multi-walled carbon nanotubes, have attracted great interest due to their solubility in water
(and polar solvents) and stability. Therefore, carbon nanomaterials are considered good can-
didates for the development of sensing materials based on enzymes or aptamers [2—4]. The
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bioanalytical platform includes a biosensor, an electrochemical detector, an optical detector,
and a control unit. Figure 1 presents a schematic configuration of the detection system.
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Figure 1. Modules of the detection platform.

The carbon paste screen-printed electrodes were modified with single-walled carbon
nanotubes (SWCNTs), Prussian blue (PB) redox mediator and gold(AuNPs), respectively,
and silver nanoparticles (AgNPs) for sensitive electrochemiluminescence detection of
hydrogen peroxide using luminol as a luminescent species. The spectrometer uses optical
fiber and is capable of recording several spectra over time or at certain polarizations. A thin
camera allows for the analysis of the optical response just for a viewport and represents a
low-cost alternative to a fiber optic spectrometer.

3. Sensor Functionalization

The platform will be developed in several stages according to the characteristics of
each component. SPE (screen-printed electrode) sensor preparation starts with the function-
alization of SWCNTs with redox mediators and metallic nanoparticles by directly precipi-
tating the mediator precursors ferry/ferrocyanide and directly depositing the gold/silver
nanoparticles or polymer dots onto nanotubes. The next stage of sensor preparation con-
tinues with the immobilization of specific bioreceptors for histamine and histidine onto
the SWCNT-PB-AuNP-based sensors, using the entrapment in the sol-gel or polymeric
matrix [5]. The optimization of the bioreceptor concentrations for further immobilization
was performed through spectrophotometric measurements. The developed biosensors
are characterized through electrochemical techniques (voltammetry and EIS) using minia-
turized portable detectors. The development of electrochemiluminescent (ECL)-based
biosensors for specific BAs detection is based on the construction of a self-ECL system
based on metallic nanoparticles and luminol as luminophore species. Figure 2 explains
generically how the detection chain works for this type of experiment with food samples.
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Figure 2. Proposed detection chain for biogenic amines- (BA) determination in food.
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Functionalization of the sensor surfaces with nanocomposite materials based on
metallic nanoparticles or polymeric dots is expected to enhance the ECL signal. The
carboxyl-functionalized polyfluorene dots are used for modification of the SWCNT-PB-
based sensors in order to obtain the self-ECL luminophore [6]. These polymeric dots exhibit
a remarkable brightness and a high emission rate, serving at the same time as a matrix for
the immobilization of the bioreceptors. The platform also includes specific detection cell
prototypes made via 3D design adapted to the developed biosensors and then 3D-printed
using various materials and shapes, which will be optimized in order to obtain the best
results for BAs detection. Figure 3 shows a comparison between a commercial SPE with an
alumina substrate and a 2D-printed electrode made on paper.

Figure 3. Customized functionalization of multi-SPE using 2D printing.

The advantage of 2D printing is that the SPE can be functionalized with a specific
sensitive ink, and the shape can be changed. The customized cell also has an upper
cover that can accommodate a minicamera or an optical fiber. The minicamera and the
specific software can extract not only the light intensity for a designated area but also
the spectral response. The optical fiber goes to a spectrometer and measures the entire
spectrum. Using sensors based on functionalized materials and integrated with a portable
detection system using PSOC technologies, the system includes reconfigurable hardware
and parametric software.

The schematic representation of the miniaturized opto-electrosensitive based biosen-
sors for BAs determination in food is given in Figure 2, while the base architecture of the
electrochemical detection system is given in Figure 4.

Figure 4. Electrochemical module prototype using PSOC 5 and ADuCM355.

4. Hardware Configuration

The proposed platform includes a microcontroller specialized for electrochemical
measurements and impedance characterization, as well as another microcontroller capable
of handling LORA communication [7]. This type of communication module operates at 868
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MHz and is capable of sending data up to 700 m between nodes and mesh. Electrochemical
detection provides voltametric and amperometric detection based on screen-printed elec-
trodes (SPE). The electrochemical detection module is supported by an ARM Cortex-M3
microcontroller ADuCM355 from Analog Devices [8] and upgraded with firmware devel-
oped by Palmsens [9]. Method parametrization of the electrochemical module is made
by a PSOC 5 microcontroller configured like in Figure 5, as well as an ARM Cortex-M3
architecture [10], using an UART interface to communicate between them.

Name Port

Figure 5. Details regarding the PSOC5 configuration.

Functionalization of SPE is partially achieved using a 2D printing technique in order
to ensure superior repeatability. Performing 2D printing is possible using Voltera V-ONE
equipment, which is capable of using different types of inks based on carbon, silver, or
platinum [11].

Figure 6 presents a setup using a carbon SPE made on alumina. The cover of the cell
can be connected to a flow system or can be used like a batch system. All these variants can
also be 3D-printed, and the join is made with magnetic cylinders.

Figure 6. Setup for electrochemical measurements.

5. Software Developments

The most important part of the software is developed in C to implement basic measure-
ment functions and communication routines. Firmware development is based on the PSOC
Creator development package from Cypress—Infineon and embeds advanced functions
for the PSOC 5 microcontroller. Communications routines are able to transfer data upon
request over LORA IQRF modules [12]. To be able to manage the interface between PSOC 5
and Microrisc controllers, a custom SPI interface was implemented. The master GUI placed
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on a PC sends requests over 868 MHz to the PSOC 5, and the response provides important
information regarding the measured data.

The PSOC 5 functions perform electrochemical or optical measurements and store
data in the local RAM memory. All data can be gathered via 868 MHz to the PC and then
graphically represented via LabWindows/CVI technology [13] on a bigger LCD display.
For monitoring purposes, it is also possible to use serial communication via the USB plug
of the computer.

In order to obtain relevant measurements, the goal is to obtain samples of food, condi-
tion them, and then apply a certain volume to the surface of the electrode or electrochemical
sensor. An innovative cell for combined measurements was used, and in Figure 7, there are
some details of the configuration. In Figure 8, the spectrometric response obtained with
a fiber optic spectrometer has good sensitivity. Both signals must be correlated, and the
response will indicate the presence of BA.

Figure 7. Innovative cell combined measurements.
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Figure 8. Spectrometric detection on the electrode surface using optical fiber.

For specific purposes, the custom-designed setup accommodates SPE electrodes on a
PVC substrate, as shown in Figure 9, and on the top cover is a micro-camera capable of
identifying the spectra.

| ——

-

Figure 9. Combined electrochemical and optical setup initial prototype.
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The optical response can be performed from a specific area of the camera view. In
this situation, the analysis of the optical response can be focused on specific areas of the
cell, mainly on the working electrode. For electrochemical detection, the setup can also
accommodate SPE on a PVC substrate, which has improved sensitivity and provides a
better detection limit. The carbon material for the working electrode is functionalized with
bioreceptors and other nanomaterials. In Figure 10, SPE electrodes on PVC are connected
to a potentiostat and accommodated in a 3D-printed setup.

Figure 10. Example of an electrochemical setup.

Using optimized parameters and performing an amperometric detection at a polar-
ization of about 0.2-0.3 V, measurements of the response current in time can be useful to
determine the biogenic amines in food or in body fluids.

The determination of the polarization potential can be made using cyclic voltammetry
between —0.8 volts and +0.8 volts and is undertaken for each type of electrode, as shown
in Figure 11. The maximum oxidation current is about 160 microamperes. Depending
on the type of measurement and the sensitivity of the SPE electrode, a calibration curve
will be performed and implemented in the PC software. In this situation, the graphical
interface is also capable of displaying a concentration indication. Taking into account the
various numbers of possible measurement types, there will be an option to select the proper
calibration curve.
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Figure 11. Measurements made on different types of functionalization.
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6. Results

The great advantage of the designed biosensors is that the biorecognition process is
monitored by two different detection techniques: electrochemical—following the modifica-
tion of the electron transfer resistance at the surface of the biosensors (Nyquist spectra)—and
an optical method. The assessment of BAs in food is performed with enhanced sensitivity
and specificity, lowering the detection limits in the nanomolar range of concentration. Thus,
the early and fast evaluation of food spoilage/contamination based on two complementary
analytical signals is more precise and reliable. The anticipated outcomes brought by the
proposed platform are as follows: (a) an understanding of how detection systems work;
(b) a prototype of the opto-electrosensitive platform for highly sensitive and specific detec-
tion of BAs in food; (c) a method to obtain functionalized nanocomposite materials with
advanced optical and electrochemical properties; and (d) the development of selective and
sensitive biomolecular sensors for food applications. The proposed platform contributes to
the improvement of life quality and to significant research and educational progress in the
field of functional materials for sensing applications, responding to several scientific and
socio-economic issues of great interest. The educational impact on food safety and health
quality consists of teaching how we can reduce and eliminate contaminated food from the
market and to use microcontroller platforms and communication techniques.

7. Conclusions

The main purpose of this paper is to present a custom combined platform using
electrochemical-based biosensors for sensitive and selective detection of biogenic amines in
food. Efforts were made to synthesize and characterize novel nanomaterials for biosensors
and also to synthesize, characterize, and optimize luminophore nanodot materials and
metallic nanoparticles using hydro/solvothermal techniques. In short, the development of
BA-based biosensors involves the modification of the sensor surface with carbon nanoma-
terials functionalized with redox mediators and luminophores, metallic nanoparticles, or
synthesized polymer nanodots. Several measurements were made using sensors and an
electrochemical platform based on some 3D-printed accessories to accommodate all the
modules and integrate the hardware and software components.

Author Contributions: Conceptualization, P.E. and A.-M.G.; methodology, P.E.; software, P.E.; formal
analysis, PE., L.-G.Z. and A.-M.G.; investigation, A.-M.G.; resources, PE. and A.-M.G.; data curation,
PE. and A.-M.G.; writing—original draft preparation, P.E.; writing—review and editing, A.-M.G.;
visualization, P.E.; project administration, A.-M.G.; funding acquisition, P.E. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by a grant from the Ministry of Research, Innovation and
Digitization, CCCDI UEFISCD], project number PN-III-P2-2.1-PED-2021-1942, within PNCDI III,
contract number 662PED/2022.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

1. Ibanez, D.; Gonzalez-Garcia, M.B.; Hernandez-Santos, D.; Fanjul-Bolado, P. Understanding the ECL interaction of luminol and Ru
luminophores by spectro-electrochemiluminescence. Phys. Chem. Chem. Phys. 2020, 22, 18261-18264. [CrossRef] [PubMed]

2. Boero, C.; Casulli, M.A; Olivo, ].; Foglia, L.; Orso, E.; Mazza, M.; Carrara, S.; De Micheli, G. Design, development and validation
of an in-situ biosensor array for metabolite monitoring of cell cultures. Biosens. Bioelectron. 2014, 61, 251. [CrossRef] [PubMed]

3.  Hughes, G.; Westmacott, K.; Honeychurch, K.C.; Crew, A.; Pemberton, R.M.; Hart, ].P. Recent Advances in the Fabrication
and Application of Screen-Printed Electrochemical (Bio)Sensors Based on Carbon Materials for Biomedical, Agri-Food and
Environmental Analyses. Biosensors 2016, 6, 50. [CrossRef] [PubMed]


https://doi.org/10.1039/D0CP02995E
https://www.ncbi.nlm.nih.gov/pubmed/32785352
https://doi.org/10.1016/j.bios.2014.05.030
https://www.ncbi.nlm.nih.gov/pubmed/24906082
https://doi.org/10.3390/bios6040050
https://www.ncbi.nlm.nih.gov/pubmed/27690118

Chem. Proc. 2023, 13,24 8of8

10.

11.
12.

13.

Ma, C; Xu, P; Chen, H.; Cui, J.; Guo, M.; Zhao, J. An electrochemical sensor based on reduced graphene oxide/(3-
cyclodextrin/multiwall carbon nanotubes/ polyoxometalate tetracomponent hybrid: Simultaneous determination of ascorbic
acid, dopamine and uric acid. Microchem. J. 2022, 180, 107533. [CrossRef]

Nontipichet, N.; Khumngern, S.; Choosang, J.; Thavarungkul, P.; Kanatharana, P.; Numnuam, A. An enzymatic histamine
biosensor based on a screen-printed carbon electrode modified with a chitosan-gold nanoparticles composite cryogel on Prussian
blue-coated multi-walled carbon nanotubes. Food Chem. 2021, 364, 130396. [CrossRef] [PubMed]

Neves, M.MM.PS.; Bobes-Limenes, P.; Pérez-Junquera, A.; Gonzalez-Garcia, M.B.; Hernandez-Santos, D.; Fanjul-Bolado, P.
Miniaturized analytical instrumentation for electrochemiluminescence assays: A spectrometer and a photodiode-based device.
Anal. Bioanal. Chem. 2016, 408, 7121-7127. [CrossRef] [PubMed]

Hajovsky, R.; Pies, M. Use of IQRF Technology for Large Monitoring Systems. In Proceedings of the 13th IFAC and IEEE
Conference on Programmable Devices and Embedded Systems, Cracow, Poland, 13-15 May 2015; pp. 486—491. [CrossRef]
Analog.com Website. Available online: https://www.analog.com/en/technical-articles/using-eis-to-image-failures-in-
hydrogen-fuel-cells.html (accessed on 18 October 2023).

Palmsens.com Website. Available online: https://www.palmsens.com/product/oem-emstat-pico-module/ (accessed on
18 October 2023).

Infineon.com. Available online: https://www.infineon.com/cms/en/product/evaluation-boards/cy8ckit-059/ (accessed on
18 October 2023).

Voltera.io Website. Available online: https://www.voltera.io/v-one (accessed on 18 October 2023).

Bouzidi, M.; Mohamed, M.; Dalveren, Y.; Moldsvor, A.; Cheikh, FA.; Derawi, M. Propagation Measurements for IQRF Network
in an Urban Environment. Sensors 2022, 22, 7012. [CrossRef] [PubMed]

Ni.com Website.  Available online: https://www.ni.com/ro-ro/shop/electronic-test-instrumentation/programming-
environments-for-electronic-test-and-instrumentation/what-is-labwindows-cvi/how-do-i-use-labwindows-cvi-to-develop-
and-sequence-tests-for-production-ate-systems.html (accessed on 18 October 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.microc.2022.107533
https://doi.org/10.1016/j.foodchem.2021.130396
https://www.ncbi.nlm.nih.gov/pubmed/34167007
https://doi.org/10.1007/s00216-016-9669-7
https://www.ncbi.nlm.nih.gov/pubmed/27299777
https://doi.org/10.1016/j.ifacol.2015.07.082
https://www.analog.com/en/technical-articles/using-eis-to-image-failures-in-hydrogen-fuel-cells.html
https://www.analog.com/en/technical-articles/using-eis-to-image-failures-in-hydrogen-fuel-cells.html
https://www.palmsens.com/product/oem-emstat-pico-module/
https://www.infineon.com/cms/en/product/evaluation-boards/cy8ckit-059/
https://www.voltera.io/v-one
https://doi.org/10.3390/s22187012
https://www.ncbi.nlm.nih.gov/pubmed/36146363
https://www.ni.com/ro-ro/shop/electronic-test-instrumentation/programming-environments-for-electronic-test-and-instrumentation/what-is-labwindows-cvi/how-do-i-use-labwindows-cvi-to-develop-and-sequence-tests-for-production-ate-systems.html
https://www.ni.com/ro-ro/shop/electronic-test-instrumentation/programming-environments-for-electronic-test-and-instrumentation/what-is-labwindows-cvi/how-do-i-use-labwindows-cvi-to-develop-and-sequence-tests-for-production-ate-systems.html
https://www.ni.com/ro-ro/shop/electronic-test-instrumentation/programming-environments-for-electronic-test-and-instrumentation/what-is-labwindows-cvi/how-do-i-use-labwindows-cvi-to-develop-and-sequence-tests-for-production-ate-systems.html

	Introduction 
	Measuring Method 
	Sensor Functionalization 
	Hardware Configuration 
	Software Developments 
	Results 
	Conclusions 
	References

