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“Without dreams, the losses become unbearable,
the stones on the road become mountains,

the failures turn into fatal blows.

But if you have big dreams ...

Your mistakes will produce growth,

your challenges will produce opportunities,

b

your fears will produce courage ...’

Augusto Cury
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ABSTRACT

SOARES, Raquel Rainier Alves, M.Sc., Universidade Federal de Vicosa, June, 2019.
Electrochemical biosensors based on Laser Induced Graphene to detect foodborne
pathogens in food. Advisor: Nilda de Fatima Ferreira Soares. Co-advisors: Carmen Luiza
Feitosa de Lima Gomes and Efraim Lazaro Reis.

With the sharp increase in the world population, the demand for food production with an
efficient quality control has grown substantially, since foodborne diseases and contaminations
still considerably impact society. Therefore, there is a serious need for rapid, easy handling,
sensitive and inexpensive biosensor devices, considered to be an excellent alternative to
monitor food quality. Linked to this, researches on materials that are eco-friendly, easy to
obtain, simple handling and widely applicable have become increasingly present in the scope
of innovation and development of new products, such as graphene. In this context, the objective
of this work is to develop electrochemical biosensors based on graphene produced by laser
induction, incorporated with specific antibodies to detect Salmonella enterica, and to apply
them on food. Firstly, porous graphene electrodes were obtained by Laser-Induced Graphene
(LIG) and evaluated according to its morphology, electrical conductivity, charge transfer
ability, and graphene formation quality. The characterization techniques employed were:
Scanning Electron Microscopy, Cyclic Voltammetry, Raman Spectroscopy and X-Ray
Diffraction (XRD). The electrodes displayed good electrochemical performance, and were
sequentially incorporated with antibodies, thus obtaining immunosensors. These devices
showed excellent ability to detect pathogenic bacteria in food using the Electrochemical
Impedance Spectroscopy technique, which represents an important advance in the field of food
safety. Finally, the selectivity of the immunosensor was also tested in food using another
inoculated pathogen, Escherichia coli, under the same conditions, playing the role of a negative
control. Considered a highly promising device that can be easily produced, the developed
impedimetric immunosensor has unique properties that make it a viable option for pathogen
detection in food, and an excellent alternative for electrochemical sensors that are directly

induced onto the film.
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RESUMO

SOARES, Raquel Rainier Alves, M.Sc., Universidade Federal de Vicosa, junho de 2019.
Biossensores eletroquimicos a base de grafeno produzido a laser para detectar patégenos
em alimentos. Orientadora: Nilda de Fatima Ferreira Soares. Coorientadores: Carmen Luiza
Feitosa de Lima Gomes e Efraim Lazaro Reis.

Com o aumento acentuado da populacdo, a demanda por producdo de alimentos cresceu
substancialmente, atrelada a necessidade de um eficiente controle de qualidade, visto que doencgas
e contaminagdes transmitidas por alimentos ainda impactam substancialmente a sociedade.
Portanto, existe uma grande necessidade de desenvolver sensores ripidos, faceis de operar,
sensiveis e baratos, como uma excelente alternativa para o monitoramento da qualidade dos
alimentos. Associado a isto, a busca por materiais ecologicamente corretos, de fécil obtencdo,
simples manuseio e ampla aplicabilidade tem se tornado cada vez mais presente no dmbito da
inovagdo e desenvolvimento de novos produtos, como € o caso do grafeno. Neste contexto, o
objetivo deste trabalho foi desenvolver biossensores eletroquimicos a base de grafeno produzido
por inducio a laser, incorporados com anticorpos especificos para detectar Salmonella enterica, e
aplicar em alimentos. Primeiramente, os eletrodos a base de grafeno poroso foram obtidos pela
ténica Laser-Induced Graphene (LIG) e avaliados quanto a morfologia, condutividade elétrica,
capacidade de transferéncia de carga, e qualidade da formacdo do grafeno. As ténicas de
caracterizacdo empregadas para tal foram Microscopia Eletronica de Varredura, Voltametria
Ciclica, Espectroscopia Raman e Difracdo de Raio-X. Os eletrodos apresentaram bom desempenho
eletroquimico, e sequencialmente foram incorporados com anticorpos, obtendo-se assim,
imunossensores. Tais dispositivos apresentaram excelente capacidade de detec¢do de bactéria
patogénica em alimento por meio da técnica Espectroscopia de Impedancia Eletroquimica, o que
representa um importante avanco no campo de alimento seguro. Por fim, a seletividade do
imunossensor foi testada também em alimento, porém com outro patdégeno inoculado, no caso
Escherichia coli nas mesmas condi¢des, atuando como controle negativo. Considerado um
dispositivo altamente promissor, que pode ser facilmente produzido, o imunossensor
impedimétrico desenvolvido possui propriedades impares que o tornam uma opg¢ao vidvel para
deteccdo de patégenos em alimentos, € uma excelente plataforma para sensores eletroquimicos

impressos diretamente.
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1. General Introduction

Nearly half a million people die each year from acquiring foodborne illnesses'. Usual
techniques used to detect pathogens, such as Total Viable Counts (TVC), Polymerase Chain
Reaction (PCR), and Enzyme-Linked Immunosorbent Assays (ELISA), are time-consuming
and relatively expensive, since they require laboratory analyses performed by trained
personnel?. Thereby, foodborne pathogen detection in processing facilities is inadequately
performed due to cost, time and specific execution requirements; for instance, the sample pre-
enrichment obtained by laboratory techniques®.

The origin of foodborne pathogen outbreaks is often unknown or difficult to accurately
identify. Nevertheless, a low-cost, on-site, rapid, direct, highly sensitive, and reliable method
for this purpose currently does not exist. An alternative to improve routine analyses is the
development of biosensors. Biosensors have been considerably studied for the past years since
they are seen as an alternative to traditional methods of pathogen detection, mainly due to their
fast response, high specificity and sensitivity>*. This new branch of devices can be classified
in several ways. One of these classifications is impedimetric immunosensors; biosensors which
have the impedance as the transduction technique and antibodies as the specific bioreceptors*>.
They have been receiving particular attention, since they confer direct and label-free
measurements, and can be easily manipulated®’.

This emerging field presents a variety of devices that promise to overcome the
limitations of existing detection methods. Ensuring greater food quality control contributes to
reduce these restrictions, even though strict regulations have still enabled huge disease
outbreaks to occur®, historically. Therefore, there is a critical need to develop rapid and viable
sensors in order to reduce costs and time of food contamination monitoring within the facilities.

Electrochemical analysis systems that combine electrochemical transducers with
specific bioreceptors offer both sensitivity and rapidity needed for in-plant monitoring®.
Disposable and direct sensing devices provide a rapid bioconjugation between the target analyte
and the biorecognition agent, since they reduce the response time of a pre-treatment necessity
evaluation. The goal of this work is to develop and validate an electrochemical biosensor from
a promising graphene production technique incorporated with antibodies as the bioreceptors for
the detection of Salmonella enterica, one of the most critical foodborne pathogens, directly on
the food.

Graphene and graphene-like nanomaterials have stimulated several research groups the
1



past years due to their unique properties'®. Numerous studies have approached these materials
as a great potential for electrochemical transducers, since they present excellent electrical
conductivity!'?. Through this biosensing system the bacteria can be monitored by specific
recognition from particles of the receptor biomolecule and accurate pathogen detection is
provided. The main idea is that the combination of a material with great electrical properties,
like graphene, and a very specific recognition molecule, like an antibody, would provide an
electrochemical sensor highly sensitive for the detection of foodborne pathogens. This

13-15 that demonstrated that laser induction

hypothesis was formulated based on previous works
on commercial polymers can produce porous graphene with several properties of interest, and
other works that demonstrated very selective immunosensors'®'®. Furthermore, the laser
process is amenable to a fabrication using low-cost, disposable and flexible materials.

The rationale for the proposed device is that its success would reflect to an innovative
rapid detection method which would improve both temporal and spatial monitoring of
foodborne pathogen contamination on-site, inexpensively, with no requirements of trained
personnel. Then, its sensitivity would be comparable to current techniques for Salmonella
detection, as outlined by the USDA Food Safety and Inspection Service®. In addition to this
appeal to food safety, this immunosensor is made of an emerging material, graphene, which has
several properties that make it interesting for wide different applications as well.

This work contains the following specific aims: 1) To produce and characterize highly
feasible electrodes based on laser-induced graphene technique; 2) To functionalize the bare

electrode with specific antibody for Salmonella enterica detection; 3) To validate the

immunosensor through the impedimetric technique, by applying it on real food.



2. Review of Literature

2.1. Laser Induced Graphene

The discovery of nanomaterials based on carbon has boosted researchers to develop a
novel carbon-based nanotechnology, since they provide a wide potencial of application. Over
the past decades, graphene, one of these materials, has attracted tremendous attention both in
research and industry fields, due to its peculiar features'®. Graphene is a sheet of sp> bonded
carbon atoms arranged into a rigid hexagonal lattice exhibiting application in engineering,
physics, chemistry, and materials science, due to its superior and atypical properties, including
large surface area, electron transfer capability, thermal conductivity, excellent mechanical
properties, biocompatibility, among others'®>*. These unique abilities make graphene a great
potential material with promising applications in electrochemical biosensors, supercapacitors,
microelectronics, and energy storage?* 2%,

Thereby, alternative methodes for synthesis of graphene has expanded substantially,
confirmed by the emergence of several techniques. However, the cost of the synthesis and
implementation are still a challenge, which restricts its applications®’. Most of them require
conductive graphene films or coatings with particular shapes and sizes. Therefore, attempts
have been made to pattern graphene onto various substrates, for example, printing techniques
like screen printing and inkjet printing®’. However, these methods usually have limitations like
expensive instruments, complicated operations or need of extra templates®®. Proceeding this
high demand, the synthesis of carbon nanomaterials from inexpensive precursors using cost-
effective processes is highly required for industrial production®!*2, They search graphene with
high carrier mobility, conductivity, stiffness, and electrochemical properties. Recently, Tour et
al.? from Rice University developed a simple and effective method to produce porous graphene
from commercial polyimide films by laser induction under ambient conditions. In their study,
the produced material named laser-induced graphene (LIG) was described as containing few-
layer graphene with high electrical and thermal conductivity, and excellent electrochemical
performance’.

Initially, Kaner group® introduced this initial idea of laser-induction promoting
reduction of graphene oxide (GO) films through LightScribe DVD optical drive, which
produced graphene with great electrochemical properties. Few years later, Tour group’’

developed a direct method for LIG fabrication by laser-induced graphitization from polymers

3



such as polyimide (PI) at high temperature. In recent years, laser direct writing (LDW)
technique has provided a powerful processing method for the broad application of LIG with no
ultra high temperature or toxic chemicals’. Porous graphene has been successfully formed on

PI films using a CO; infrared laser under ambient conditions™>.

Figure 1. LIG formed from polyimide film using a CO, laser. Image obtained and adapted from*.

Comparing traditional processing methods, such as mask lithography*®?’, direct-
printing®®3, laser processing®**, the LDW approach confers many advantages such as

t*2. One of the most

maskless, catalyst free, non-toxicity, controllability and non-contac
important features of this direct technique is the flexibility and wide functionalization
possibility at low cost*’. The precursors commonly used to produce graphene through laser
irradiation, for example conventional polymers, can be directly converted in graphene onto
selected areas. Thereby, the structural morphology and properties of LIG are influenced by
changing the laser parameters®+#!. This can be confirmed from the work of Huang et al.*> which
demonstrated that graphene structure can be modified by low power density of CO, laser
irradiation (2 to 60 W c¢cm2). They showed that when the power density was low, crystalline
graphene disassembled into nanocrystalline structure, and when the power density increased,
amorphous carbon formed on the surface. At continuous conditions, laser-induced damage to

graphene depends on the irradiated laser power and the exposure time, since thermal effect

played an important role during the laser process?’. For very fast laser, the laser-induced
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damages are provoked without drastically changing the regions of graphene. As an example,
Lin et al.** demonstrated an ultra rapid laser that formed multi-layered graphene with the
desired layer number when appropriate pulse energy was adopted.

Laser processing of graphene is of great interest for engineering purposes. However,
currently laser induction of graphene is still recent, requiring some improvements in order to
tune properties and become more applicable. Therefore, it is very important to understand the
graphene formation mechanism that occurs by induction laser process, and the variations that
interfere in the quality of the obtained material. The laser-induced mechanism involves at least
two steps that are mediated by distinct physical processes; one is the photochemical removal of
oxygen from the GO surface, accompanied by laser ablation, and the other is structural

reorganization of the newly reduced graphene structure, into planar and hexagonal structure**.

Figure 2. LIG-based electrodes produced from UV Laser under ambient conditions.

In addition to the previously cited methods, graphene can also be formed from various
carbon source by laser-based technique. For example, the conversion of highly ordered
pyrolytic graphite (HOPG) into graphene by laser exfoliation*’; rapid single-step fabrication of
graphene patterns using laser chemical vapor deposition (LCVD)*® with large rate of graphene
formation owing to the rapid heating and cooling mechanism; and laser reduction of graphene
oxide (GO) producing reduced graphene oxide (rGO) films with a much higher conductivity,
which attracts increasing attention as an alternative route to produce rGO films>>*7,

Studies reveal that the oxygen present in the air has a small effect on the oxidation of

the laser ablation zone'>*3. Therefore, large-scale conductive carbon materials can be fabricated



using LDW technique under ambient conditions without the need for inert atmospheres or
chemical vapor deposition. These methods provide great possibility for the transformation of
carbon sources into graphene, which can be patterned to prepare functional devices for different
applications??. LDW technique becomes an effective method to produce LIG-materials and has

great potential applications in the fabrication and integration of graphene-based devices.

2.2. Immunosensors

Immunosensors are biosensors that use antibodies, antibody fragments or antigens as
bioreceptor to monitor specific binding events in biological reactions?’. These devices have
been widely explored in recent years, owing to the need for alternative methods. Due to the
specific recognition from the conjugation antigen-antibody, consequently high sensitivity,
immunosensors have aroused notable interest for its significant progress in diagnosis and
clinical analysis, food safety control, environmental monitoring, public security, etc®.
Recently, they have exhibited several advantages, including remarkable sensitivity, operational
simplicity, low-cost instrumentation, miniaturization, and have provided alternatives for
detection of trace amounts of analytical targets, ranging from small molecules (e.g. toxins) and
macromolecules (e.g. pathogenic bacteria and viruses)*. Thus, they can be used in order to
replace conventional methods for foodborne pathogen detection, since they have many
advantages that are scarces in existing methods, for example fast response, high sensitivity and
selectivity®®. Furthermore, immunosensors have received particular attention once they can
perform direct and label-free measurements, and can be easily manipulated by inexperienced
personnel™.

The use of specific antibodies to detect and to inform certain microorganism or
substance is the basic approach utilized in immunosensors. According to Arora et al.,
antibodies are usually immobilized directly on the electrode surface, and also there are
immunosensors based on antibodies immobilized on magnetic beads. The immobilization is

mostly made by covalent attaching®!35!52

, although there are other techniques such as
microcontact printing>®, biotin-streptavidin binding®*%, direct spotting>*, adsorption to a
conductive polymer’’, and so on. The surface-immobilization can cause a considerable loss of
biological activity, since the activity of immobilized antibodies depends on their orientation, so
assuring that they are not randomly oriented is important?’. Other reasons for this inactivity

include steric hindrance in cases when the density is too high as well as denaturation due to
6



non-specific interactions with the surface>®, whence the importance of optimizing the amounts
of biological material before applying it. An exception to this unwanted loss of activity occurs
when impedimetric sensors are used, which will be discussed later. In this case, steric hindrance
is promoted due to the interaction between antibody-antigen and reported as a signal.

In assemblies of electrochemical sensors, the transducer must keep a conductive surface
even after the immobilization method'®, because the response depends on an electrical signal.
In immunosensors, this signal is generated from catalysis promoted by conjugated antibodies
that induce some disturbance in the environment, such as ions release, pH change, blocking of
electric current flow, oxygen consumption, which are capable to generate an electrical signal
on a transducer.

Several approaches were assayed for sensing operations, including antibody-based
systems for detection of foodborne pathogens anti-E. coli O157:H7 and Salmonella spp.
467.1652.39.60 ' Among other recognition elements, antibodies are most widely used because of

their high specificity between antibody-antigen binding, and because they are very sensitive®.

NH
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2 y
7 i
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o o i - _ G
—_—
\ /,//3-Glycidoxypropyldimethoxymethylsilane\\l\// Anti-E. coli 0157 /
" ” 2 antibody

Figure 3. Generic scheme of antibody immobilization on electrode surface. Images obtained and

adapted from®.

2.3. Impedimetric sensors
Impedimetric sensors are non-destructive and potentially sensitive devices that evaluate
the impedance from interfacial change without labeling or amplification®'. Electrochemical

impedance spectroscopy (EIS) assays, including faradaic and nonfaradaic measurements,
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belong to the main class of impedance spectroscopy (IS), and have been extensively utilized in
immunoassays for detection of small target molecules, biomarkers of protein, cells, and
pathogens®?. Taking advantages of label-free, simple, and fast analysis, EIS assays are widely
utilized for detection of several biological molecules. For example, Li et al.®® established a
simple immunosensor for testosterone detection by EIS, successfully applied to detect
testosterone with a low detection limit of 0.045 ng mL'. Through functionalization of antibody,
Bhardwaj et al.** described a conductometric immunosensor of atrazine with high sensitivity
and specificity, in a low detection limit of 0.01 nM. To date, EIS technique has also received
much attention due to its great possibility to application in detection of pathogenic bacteria.
Wan et al.® described a signal-off impedimetric immunosensor for detection of Escherichia
coli O157:H7. The immunosensor was fabricated by covalent immobilization of anti-
Escherichia coli O157:H7 antibody onto AuNPs and a self-assembled monolayer of a modified
gold electrode.

Impedimetric sensors have proved to be a promising method for pathogenic bacteria
detection?® due to their portability, rapidity, sensitivity, low cost, ease of miniaturization, label-
free operation, and more importantly, they can be used for direct detection. The impedance (Z),
usually expressed as a complex number, is made from the changes that occur in conductance,
for example due to bacterial growth, charged ions, compounds resulting from biological
metabolism, or due to bacteria adhesion onto the electrode surface®. However, impedance is
not a selective method. Thus, the selectivity may be achieved by using selective functionalized
biomolecules on the electrodes with high-affinity recognition elements, such as antibodies,
aptamers, proteins, etc., that selectively bind target molecules permit to considerably enhance

the selectivity of the method®.



A. Bare graphene B. Probe immobilization

Figure 4. Application of EIS for biosensing detection methods. At the bottom three typical Nyquist

Plots are displayed. Images obtained from®2.

The basic principle for understanding the operation of impedimetric sensors is related
to changes in the electrical properties at their surface (either capacitance or resistance), affected
by interactions between biorecognition element attached to the surface and analyte present in a
sample solution®’. In the present work, the bacteria-antibody interaction hinders the passage of
electric current across the electrode surface, which increases the impedance, and consequently
implies Nyquist plot curves with larger radius, as shown in Fig. 4. In addition, one of the
positive features of the impedance technique is its simplicity. EIS uses a sinusoidal and small-
amplitude signal to explore multiple electrical properties of materials®® and is developing
rapidly because fulfills the requirements from conventional sensing methods® and can be
applied in several areas. Therefore, this technique represents a very powerful tool for
investigating the interfacial properties (i.e. resistance and capacitance) of conductive or semi-
conductive surfaces. The changes on the electrodes surface are dependent on the biorecognition
event, and the measurement does not have any specific pre-treatment®?.

For impedance measurements the transducing material should present a high
conductivity and a preferably low electron transfer resistance on its surface’’. According to
Pagliarini et al.”!, label-free assays have aroused interest from scientists for providing fast

response measurements and dispensing large amount of reagents and substrates, one of the main



reason why EIS has been widely used. The most frequently used equivalent circuit for
modelling data from EIS is the Randles circuit, that consist of electrolyte resistance (Rj),
determined by the solution conductivity and the geometry of the surface; charge-transfer
resistance (Re) that reflects the kinetic transfer of charge at the electrode/electrolyte interface;
double-layer capacitance (Car ), that represents the electrostatic effect between the electrode and
the electrolyte; and Warburg impedance element (Zw)®'. This model predicts that the faradaic
current resulting from the electronic transfers at the interface is always associated with the
capacitive component’?.

CDL

Rer Zy

Figure 5. Randles circuit.

A typical shape of the impedance spectrum (Nyquist plot) fitted to this circuit includes
a semicircle region observed at high frequency range, that implies a charge-transfer process,
and a linear part observed at the low frequency range, that implies a mass-transfer process’>.

The greater the semicircles formed, the greater the charge transfer resistance.
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3. Paper

Impedimetric immunosensors based on laser induced graphene to monitor Salmonella

enterica in food samples

Abstract

Foodborne illnesses are a growing concern for the food industry and consumers, with
millions of cases reported every year. Consequently, there is a critical need to develop rapid,
sensitive, and inexpensive techniques for pathogen detection in order to mitigate this problem.
However, current pathogen detection strategies mainly include time-consuming laboratory
methods and highly trained personnel. As an easily obtainable alternative, a recent method to
produce graphene, known as laser induced graphene (LIG) is currently being extensively
studied due to its facile and inexpensive production and suitability for use in sensing. Herein,
we report the fabrication of a highly sensitive and label-free LIG-based impedimetric
immunosensor to detect the foodborne pathogen Salmonella enterica. Multilayers graphene was
produced by laser induction on polyimide film and confirmed by Raman spectroscopy. The
electrochemical performance of the electrodes was verified by cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS), conferring similar or even better characteristics
than existing studies displaying a charge transfer resistance of 577 + 48 Q with an electroactive
surface area of 0.104 + 0.032 cm?. Salmonella-antibodies were immobilized onto LIG
electrodes to produce the immunosensors. After functionalization, the detection ability was
evaluated by EIS. The calibration curve showed a large linear range from 10! to 10° CFU mL"!
and a sensitive limit of detection of approximately 13 + 7 CFU mL™ in chicken broth, with a
response time of 22 minutes. The immunosensors displayed high selectivity as demonstrated
by no detection of non-specific bacteria Escherichia coli, with less than 2% change in signal-
to-noise ratio over 10% to 107 CFU mL™! of E. coli. The results show one of several possible
applications of LIG-based electrochemical sensors for bacteria detection as impedimetric
immunosensors, highlighting its low-cost, easy fabrication, sensitivity, easy operation, and no
requirement of sample preparation. Hence, the developed biosensor is well-suited for in-field

use such as food processing facilities.

Keywords: Salmonella enterica; Laser induced graphene; Electrochemical Impedance

Spectroscopy; Food safety; Disposable sensor.
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3.1. Introduction

Nearly half a million people die each year from acquiring foodborne illness'. With the
sharp increase in population, over 9 billion by 2050 according to the United Nations (UN)
prediction’, the demand for food production has grown substantially, requiring an efficient
food quality control proportional to growth to avoid foodborne diseases and contamination.
According to the United States Department of Agriculture (USDA), non-typhoidal Salmonella
causes an estimated $3.7 billion in economic burdens each year, and is the leading cause in
hospitalization and deaths due to foodborne illnesses with exposure occurring through food,
water, and contaminated surfaces’. Despite strict regulations to control the presence of
Salmonella in food supply, there is an increasing incidence of illness from foodborne
contamination®, probably due to inefficient methods used by food industries for safety control
that are oftentimes time consuming, far from the production line, and sometimes do not point
out the necessary sensitivity. Therefore, studies are necessary to enable the implementation of
simple, rapid, inexpensive, and reliable food safety control methods, preferably with portable
sensor systemslo, that can be used on-site.

Recent studies reported label-free methods of highly sensitive and very accurate
Salmonella detection; however, oftentimes these devices require expensive materials, complex
construction, sophisticated equipment, difficult production on a large scale, and are time-
consuming'”1876 Biosensors are devices that have been explored extensively in recent years as
an alternative to conventional methods for detection of pathogenic bacteria, mainly due to their
high specificity, excellent sensitivity, and fast response time**. They have received particular
attention since they can perform direct and label-free measurements, and can be easily
manipulated by personnel without previous training®’!”’. Studies involving graphene and
carbon nanotubes applied to food safety and sustainable agriculture have increased in recent
years’’.

Within the category of two dimension crystals, graphene is an outstanding material due
to its structure and exceptional properties>'’®. Graphene is a sheet of sp*> bonded carbon atoms
arranged into a rigid hexagonal lattice, exhibiting a set of properties that no material has
concomitantly displayed; among them, high mechanical strength (1 Tpa), excellent electrical
conductivity and charge carrier mobility (~10° cm?/Vs), large specific surface area (~2630
m?/g), and high impermeability and biocompatibility '*>*"°, In addition, due to the advantages

of its morphology and its properties, graphene-like nanomaterials have attracted attention as
12



emerging materials for electrochemical sensor applications®’. Hence, techniques for graphene

178

synthesis have grown considerably to supply the demand for this material "®, however, common

3637 inkjet direct-printed®’, and LightScribe

methods of synthesis, such as mask lithography
DVD optical drive®! include either high thermal requirements or multiple steps towards
chemical formation of graphene™.

An alternative to expensive techniques is to produce sensors based on graphene through
screen printing, or more recently inkjet printing**32#3, These methods have been highly studied,
but often require post-print annealing processes to increase the electrical conductivity of the
printed graphene and many treatment steps'!. As an alternative to these techniques, the Tour
group'? introduced a simple method dubbed laser induced graphene (LIG) which is a “direct-
write” method that can be used in a one-step process to convert carbon sp? into carbon sp? under
high temperature promoted by laser induction, which confers porous graphene'®. Because it can
be obtainable from commercial polymers, with an easy manufacturing process, LIG has been

4, microsupercapcitors®, UV

applied towards stretchable and sensitive strain gauges®
photodetectors®, sound generators and detectors®’, and electrochemical sensors®. Currently
many studies have addressed electrochemical sensors for broad detection, whether in the
environmental, medical or food sector.

Herein, we report on the first LIG sensor that is capable of rapid and quantifiable
detection of Salmonella enterica concentrations in food samples. Porous graphene was
produced from polyimide by laser induction, and the materials were characterized conferring a
new potential application in the sensing field. An impedimetric immunosensor was developed
based on LIG-electrodes functionalized with specific antibody for detection of Salmonella
enterica, one of the most prominent foodborne pathogens’. The immunosensor was able to
detect the pathogen at low concentration, 13 + 7 CFU mL™! in complex media, chicken broth
with a response time of around 20 minutes. Electrochemical impedance spectroscopy was used
as a label-free detection over a broad range of bacteria concentration, from 10! to 10° CFU mL"
!, Moreover this promising device is a low cost and disposable sensor that can be used in-field
such as food processing facility, assisting in containing contamination before it spreads, which

reinforce its important contribution to food safety.
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3.2. Material and Methodes
3.2.1. Materials

Kapton® (polyimide) tape 0.07 mm was purchased from McMaster-Carr co. (USA), and
Epson Ultra Premium Photo Luster 240 g m™ from Office Depot (USA). Potassium
Ferro/Ferricyanide, N-hidroxissuccinimida (NHS), 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), 2-(N-morpholino) ethanesulfonic acid (MES) and ethanolamine were
purchased from Sigma-Aldrich (USA). Potassium chloride and SuperBlock™ in phosphate
buffered saline (PBS) (used as blocking buffer) were purchased from ThermoFisher Scientific
(USA). KPL BacTrace® polyclonal andibody anti-Salmonella was purchased from SeraCare
(USA). PBS was purchased from Aplha Aesar (USA) and Chef's Cupboard Chicken Broth was
purchased from local supermarket. All the chemicals used in the study were analytical grade.
Solutions were made using deionized water generated by a Milli-Q water purification

system (Millipore, USA), with an electric resistance ~18.2 MQ.

3.2.2. Laser induced graphene electrode fabrication

The working electrode was designed using a linear sketch pattern (0.17 mm separation)
in SolidWorks 2018 (Dassault Systems, France), and the engraving process was performed with
a 75W Epilog Fusion M2 CO: laser (Epilog Laser, USA) at 7% speed and 4% power with a
lens to material distance of ~74 mm and beam size of ~176 um in ambient atmosphere. The
laser induction was carried out on polyimide film taped onto the emulsion side of the photo

paper, according to Tehrani and Bavarian?, and Fenzl et al .3

. This procedure produced LIG-
electrodes as shown in Figure 6. The working area (3-mm diameter) and connector ends of the
working electrode were separated by a layer of fast drying nitrocellulose lacquer (passivation

layer) used to cover the non-active areas of the electrodes.

3.2.3. Material characterization

The Raman spectrum was obtained by using a Renishaw InVia confocal Raman
microscope with a 633-nm laser source (0.12 mW), a 50x objective lens and a diffraction
grating of 1800 lines, in order to confirm the graphene formation by the laser induction process.
The crystallinity of the bare electrodes and the level of graphitization were evaluated using a
Bruker D8 DISCOVER X-ray Diffractometer provided with copper radiation (A = 1.542 A)

scaning 0/20. A scanning electron microscope JEOL JSM-6010LA equipped with an energy
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dispersive spectroscopy (EDS) system was used to obtain images of the LIG morphology at
230x, 2000x, and 2300x magnififcation and the electrode’s chemical composition, at

accelerating voltage of 5 kV.

3.2.4 Antibody functionalization onto LIG-electrodes

The working area of the electrodes were covered with 30 uL of EDC/NHS (3:1)
solubilized in sterile filtered MES (pH 6.0) for 1 hour and then rinsed with PBS buffer to remove
the excess EDC/NHS. Next, 1 uM previously optimized of polyclonal antibody anti-Salmonella
was applied to the surface of the working electrode followed by overnight incubation at 4 °C.
The electrode was then rinsed with PBS buffer, dried at room temperature, and afterwards, 1 M
ethanolamine was applied for 20 minutes to quench the remaining unreacted EDC/NHS. The
unreacted graphitic surface was blocked using Superblock® in PBS, for 20 minutes, to reduce
non-specific binding, and then rinsed off with a 1x dilution of PBS (1x PBS) pH 7.4, prior to

testing.

3.2.5. Electrochemical characterization

The electrochemical proprieties of the LIG-electrodes were analyzed using cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS). All electrochemical
measurements were carried out on a CH Instruments Electrochemical Analyser (CHI7081E
model) at room temperature. The 3-electrode system consisted of a CH Instruments Ag/AgCl
reference electrode and platinum counter electrode with the LIG functioning as the working
electrode. CV and EIS experiments were carried out in 10 mL solution containing 0.1 M KClI,
4 mM Ki[Fe(CN)g] and 4 mM K4[Fe(CN)g] (1:1). The scan rates used for CV measurements
were 50; 75; 100; 125; 150; 175; 200 mVs™, in a sweep range from -0.4 V to 0.6 V, and quiet
time of 2 seconds. EIS analyses were performed in the frequency range of 1 MHz — 100 Hz,

using AC amplitude of 10 mV and DC voltage of 0 V.

3.2.6. Bacteria sample preparation

Salmonella enterica subsp. enterica serovar Typhimurium (ATCC 14028) and
Escherichia coli O157:H7 (ATCC 43895) were resuscitated through 2 consecutive 24 h growth
cycles in TSB at 35 °C to obtain working cultures containing approximately 10° CFU mL".

Bacteria cultures were renewed weekly in TSB (i.e., one transfer followed by 24 h incubation
15



in aerobic conditions) and maintained at 4 °C. Samples of bacteria were serially diluted in BPW,
plated via spread plating on TSA and incubated for 18 hours at 35 °C before counting the colony
growth, and results were reported as CFU mL!. Different bacteria concentrations were prepared
in 15 mL of BPW or chicken broth in order to validate the impedimetric immunosensor and to
simulate its application in food. These concentrations were confirmed by plate counting. Both

bacteria concentrations ranged from approximately 25 to 10° CFU mL™".

3.2.7. Bacteria sensing

The presence of bacteria was evaluated by EIS analysis, measuring different bacteria
concentrations directly in suspension with incubation time of 20 minutes under 100 rpm and
analysis time of 90 seconds. Before testing the immunosensor in complex media, its
performance was verified in pristine buffer, BPW. The LIG based immunosensor was also
subjected to selectivity testing with a negative control, E. coli O157:H7, also Gram-negative as
Salmonella and a pathogen of major concern, under the same conditions as those used for S.
enterica. Between each measurement, the electrode was thoroughly washed with PBS to
remove unbound bacteria. Complex plane diagrams (Nyquist plots) were used to determine the
charge transfer resisitance (R), the solution resistance (Rs), the double-layer capacitance (Car),
and the Warburg element (Zw)®’, fitting the EIS data sets to an equivalent cirucuit model (i.e.,
Randles circuit) through EIS Spectrum Analyser from
http://www.abc.chemistry.bsu.by/vi/analyser/.

3.2.8. Data Analysis

All measurements were made in triplicate and results were expressed as mean + standard
deviation. Differences between variables were tested for significance using one-way analysis
of variance (ANOVA) and significantly different means (p < 0.05) were designated using
Tukey’s Honestly Significant Differences (HSD) test through JMP v.13 Software (SAS
Institute, USA). The functional correspondence among quantitative variables was performed
using SigmaPlot 12 by regression analysis. To evaluate the electroactive surface area (ESA)
and the constant for heterogeneous electron transfer rate (k°), the peak current values and peak
potential separation from the CV results were used to solve the Randles-Sevick equation as

25,50

previous works and to apply the Nicholson method for reversible electron tranfers”,

respectively. The 30 method was used to calculate the limit of detection (LOD) and
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sensivity’®*!, Please, see Appendix for further details on calculations and data presentation and

analysis.

3.3. Results and Discussion
3.3.1. LIG-electrodes characterization

SEM was used to characterize the surface topography of the LIG electrodes (Fig. 7 A-
C). A carbon structure in hexagonal-planar configuration was formed, as well as a highly porous
3D electrode rich in edge-planes pyrolytic graphite (EPPG) (Fig. 7B). The cross-sectional
image (Fig. 7C) shows the LIG-electrode as a macroporous/mesoporous structure with a
thickness of 15-20 um. The irradiation from this laser produced porous graphene onto
polyimide film by converting the carbon from polyimide into graphitic carbon'?. The lasing
process converts the sp’ carbon into sp? by photothermal effects, due to the high temperatures
reached at the surface (> 2500 °C)'>?*. As demonstrated in Fig. 7 A-C, this ablation procedure
is able to provide a carbon frame organized into long-range ordered graphene layers?.
According to Nayak et al.?, the available edge-plane sites formed on the surface of the LIG-
electrodes contribute to the electron transfer. The 3D morphology confers higher and more
accessible electrochemical surface area, allowing electrolyte penetration more easily into the
active area.

To anlalyze the structure of the materials as well as the surface molecular groups, the
electrodes were evaluated with Energy Dispersive Spectroscopy, Raman spectroscopy, and X-
Ray Diffraction (XRD). The C—O, C—N and C=0 bonds originally present in polyimide film
could easily be broken by the high temperature!?, as confirmed by EDS. Assuming
(C2205N2Hig)n as the polymer chain from Kapton® tape, the initial composition could be
calculated to 69.1%, 21.0%, 7.3% and 2.6% m/m for C, O, N and H respectively, which was
converted to 97.5% C and 2.5% O after lasing, with N, H and O being released as gases due to
the strong heating?*.

Raman spectroscopy was used to characterize the graphitic material according to its
crystalline quality, observed from sharp peaks®. This technique is also useful to characterize
disorder in the sp* carbon lattice*. The Raman spectrum showed three main peaks displayed in
Figure 7F. The first order D peak (roughly at 1350 cm™) indicates lattice defects caused by
bents in the sigma bonds; the first order G peak (roughly at 1580 cm™!) shows the lattice

vibrations of the sp? carbon atoms; while the second order 2D peak (roughly at 2660 cm™')
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shows a distinctive peak of graphene structure’®”, The ratio Ip/Ig refers to the number of
graphene layers, and according to the obtained ratio Iop/Ig ~ 0.35 multilayer graphene was
formed”>**. As expected, these peaks were not observed on original polyimide film (Fig. 7F).
A complementary analysis of LIG-electrodes by X-Ray Diffraction (XRD), displayed a peak
located at 20 = 26.5° (Fig. 2E). A very similar result was reported by Nayak et al.> at 20 =
26.4°, and also a peak at 20 = 25.9° was reported by Chen et al.'?, Lin et al.*, and Zhang et al.?,
indicating the presence of C (002) peak, with an interlayer spacing (Ic) of ~3.36 A between

LIG-planes, which indicates a high degree of graphitization'?.

Laser

a b C
Passivation M i
\\_\.\?‘ % “ ¥
Po,y,'mide film Working electrode LIG-electrode % o

e
EDC/NHS Antibodies
» oot ] o 0 »
LIG-electrode Immunosensor
'1 Antibody anti-Salmonella posd il o Q\,
- 28T\ &
& Salmonella enterica «
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Figure 6. Fabrication, biofunctionalization, and sensing scheme of LIG immunosensor. Fabrication and
biofunctionalization steps included (a) LIG processing onto a polyimide (Kapton®) sheet to create (b)
working electrode, (c) passivation of working electrode with nitrocellulose lacquer, (d) SEM image
showing LIG surface, (e) biofunctionalization with Salmonella antibodies immobilized on the working
electrode via carboiimide cross-linking chemistry, and (f) Salmonella binding to the electrode and the

resultant Nyquist plot generated during electrochemical sensing.
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Figure 7. (A, B) SEM images of the bare electrode at 5 kV and 230-2300X magnification, confirming
the porous graphene morphology; (C) Cross-sectional image of the same electrode; (D) EDS spectrum
of the LIG-electrode, showing the predominance of carbon and a small portion of oxygen, responsible
for promoting the covalent bonds; (E) Representative XRD spectrum comparing PI and LIG which
displays a peak at 26.5° indicating graphitization; (F) Raman spectrum also comparing PI and LIG
showing the three characteristic peaks for graphene material D, G and 2D which indicates multi-layer

graphene formation.
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3.3.2. Electrochemical characterization

The electrochemical performance of the bare LIG-electrodes was investigated in order
to verify its ability to act as electrochemical transducer. CV curves were recorded and for all
scan rates tested, the electrodes displayed well-defined redox peaks (Fig. 8A-B), disclosing its
quasi-reversible behavior®. The small change in peak separation (AE,) observed from these
curves indicated a fast electron transfer rate, which is related to the reversibility of electron
transfer, and derived from the presence of EPPG, caused by the high incidence of defects®,
previously shown by the Raman spectrum (Fig. 7F). The electroactive surface area (ESA =
0.104 +0.032 cm?) was approximately 50% higher than the geometric area (0.071 cm?), similar
to that found by Nayak et al.”>, who reported ESA = 0.092 + 0.015 cm? for the same geometric
area. This is likely due to the porous graphene structure that increases the surface area®®.

The CV curves also confer information about the heterogeneous electron transfer rate
(HET) between the electrode and the redox mediator species®. The HET constant obtained (k°
=0.0146 = 0.0031 cm-s ') exceeds those found by other groups®>**#® ranging from 0.0030 to
0.0044 cm-s™! for LIG with the same redox ferro/ferriciyanide species. It also exceeds
commercial edge plane pyrolytic graphite (0.0026 cm.s ') and basal plane pyrolytic graphite
(0.0003 cm.s 1) as reported in a previous study by Griffiths et al.”®. These results confirm the
effective electron transfer kinetics of LIG produced in this study, and its feasibility to use as an
electrochemical transducer.

EIS measurements are an efficient method to probe the interfacial characterization of
the electrode®®®’. The diameter of the semicircle is a measure of the charge transfer resistance
(Rc¢) and was used to characterize the bare LIG-electrodes (Fig. 8C). The reported Re. = 577 +
48 Q was substantially lower when compared with others carbon surfaces, as glassy carbon”®

and graphite electrodes®>"’

with values around 2 and 7 k€, respectively. Therefore the results
obtained from CV and EIS confirm that the LIG-electrode is suitable for electrochemcial

sensing.
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Figure 8. (A) Representative cyclic voltammogram of LIG-electrode vs. Ag/AgCl in 0.1 M KCl
containing 4 mM K;[Fe(CN)s]/Ks[Fe(CN)e] at scan rates from 50 to 200 mV-s™!; (B) Cottrell plot of
LIG-electrode vs. Ag/AgCl in the same solution at scan rates 50, 75, 100, 125, 150 and 200 mV-s ™! with
corresponding values of ESA = 0.104 + 0.032 cm? and ko = 0.0146 + 0.0031 cm s™'; (C) Nyquist plot
confirming R = 550 Q for the LIG-electrode; (D) Equivalent Randles circuit used to fit the curves and
to calculate the R;; (E) Optimization of antibody concentration showing no significant difference to R

variation according to Tukey-HSD test (p < 0.05).

3.3.3. Immunosensor performance

The bare LIG-electrode was converted into an immunosensor by functionalizing the
surface with specific polyconal antibodies to detect Salmonella enterica via carbodiimide cross-
linking (see methods), as shown in Figure 6. In order to define the optimum loading
concentration of antibody on the working electrode, three different concentrations, 0.5, 1.0 and

1.5 uM, were tested by measuring the change in charge transfer resistance (ARc). Results
21



showed no significant difference among these concentrations at p < 0.05, with AR ranging
around 1-2 % (Fig. 8D). Therefore, 1.0 uM was chosen since it is an intermediate value and
already used in previous studies'®. The immunosensor was initially tested in bufferd peptone
water (BPW) in order to verify its sensing performance in simple media, and then it was tested
in chicken broth to simulate real food samples. Salmonella enterica detection was evaluated
with EIS, and the change in R from the suspension to the electrode was used to produce the
calibration curve. Change in the R is proportional to the adhesion of bacterial cells to the
biofunctionalized region of the electrode®. This “bio-barrier” hinders the electrolyte access,
acting as a blocker, increasing the R.%*!%11%2 According to this technique a larger radius
corresponds to a larger R, which represents a greater accumulation of bacteria caused by the
specific interaction with antibodies on the surface of the electrode®. Figure 9 displays the
Nyquist plot, a typical impedance spectrum, which shows the increase in R¢ with increasing
Salmonella enterica concentration, obtained from testing the immunosensor in both
suspensions, BPW and chicken broth (Fig. 9A and 9C, respectively). A linear increase in the
%AR. as a function of bacteria concentration is also shown for BPW and chicken broth (Fig.
9B and 9D, respectively).

The presence of attached bacteria cells plays the role of electron kinetic barrier as well
as steric hinderance'®?, decreasing the electron transfer path between the electrolyte solution
and the electrode, and consequently resulting in the increase of Rec values. A calibration plot
was obtained by normalizing the R with respect to the R value measured for zero
concentration of Salmonella enterica in the buffer solution. The LIG-based immunosensor
presented a linear sensing range from 10! to 10* (R? = 0.984), with a sensitivity of 42 Q/log CFU
mL-"' and a limit of detection of 10 CFU mL™ in buffer (Fig. 4A-B). To prove potential of the
LIG-based immunosensor in the evaluation of real food samples, chicken broth was used as the
sensing matrix. Similarly, a calibration plot was obtained by normalizing R values with plain
chicken broth. Based on the calibration plot, the linear sensing range for Salmonella enterica
detection in chicken broth was between 10" and 10° (R? = 0.989) with a sensitivity of 24 Q/log
CFU mL™! and a limit of detection of 13 CFU mL™"! (Fig. 9C-D). The total response time for all
immunosensing tests was 21.5 minutes, which consisted of 20 min to allow bacteria contact

with the LIG electrode and 90 s to collect EIS measurements.
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Figure 9. Representative Nyquist plots of impedance spectra of the immunosensor for increasing
concentration of Salmonella enterica at: (A) 0 CFU-mL™" (red), 29 CFU-mL"" (orange), 63 CFU-mL"!
(yellow), 96 CFU-mL™" (green), 512 CFU-mL™! (blue), and 957 CFU-mL™! (purple) in BPW; (B) 0
CFU-mL™! (brown), 33 CFU-mL! (red), 92 CFU-mL™! (orange), 444 CFU-mL™! (yellow), 923
CFU-mL™! (green), 10* CFU-mL™" (blue), and 10° CFU-mL™" (purple) in chicken broth; bacteria

concentrations were confirmed by plate counting; (C-D) Linear calibration curve of charge transfer
resistance change (ARct) versus Salmonella enterica concentrations (log CFU-mL™") in (C) BPW
showing a linear regression corresponding to ARct = 41.9 log (concentration of bacteria) + 463.2 with
R?= 0.984 and (D) in chicken broth with a linear regression corresponding to ARct = 16.7 log
(concentration of bacteria) + 402.4 with R?= 0.989; data shown as mean + SD, n= 3. Plots were generated

from graphs (A) and (B).

The LIG based immunosensor was also subjected to selectivity testing with a negative
control, Escherichia coli, under the same conditions as those used for Salmonella enterica in
chicken broth. The Re values recorded from E. coli sensing did not show significant change

with the increase of bacteria concentration (Fig. 10A), with less than 2% change in signal-to-
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noise ratio over 10% to 10’ CFU mL™! of E. coli (Fig. 10B). In contrast, the signal-to-noise ratio
strongly is pronounced in the presence of Salmonella enterica as it can be seen with the addition

of 33 CFU mL! Salmonella enterica.
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Figure 10. (A) Representative Nyquist plots of impedance spectra using a non-specific pathogen
Escherichia coli O157:H7 in chicken broth to demonstrate immunosensor selectivity. (B) Percentage
charge transfer resistance change (ARct%) versus bacteria concentrations (CFU-mL™!) to show
specificity of the immunosensor between the target bacteria Salmonella enterica and negative control
E. coli, which is demonstrated by less than 2% change in ARy over 10? to 107 CFU mL" of E. coli
compared to Salmonella enterica with AR, starting at around 10% for a concentration of 33 CFU mL"!,

n= 3. Plot B was generated from graph A. Bacteria concentrations were confirmed by plate counting.

The developed immunosensor exhibited overall good performance using easily
obtainable and inexpensive materials with a cost estimate of $2 per immunosensor, which
contributes to its accessible fabrication. Previous studies have elaborated highly sensitive and
label-free sensors, for example those based on ion selective electrodes made of gold
nanoparticles!” and double-walled electrode made of carbon nanotubes’®, but all required time
greater than 20 minutes, as reported here (see comparsion on Table 1). In addition, much has
been advanced in the field of biosensors for pathogens detection, but according to the
information from this table, biosensors that display performance similar to this work use
expensive or complex materials, such as gold nanoparticles. Such comparisons indicate that

there are no records of a fast, sensitive and simple device like the one demonstrated in this work.
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Table 1. Comparison among different electrochemical biosensors for Salmonella spp.

detection.
Working
D i LOD Anal
Transducer Material Teectl‘:lcl?olile ( CFUOmL'l) range Itl:n):ls Sample Ref.
q (CFU mL")
GCE rGO DPV 10! 10'-108 1h Chicken in 8
BPW
ISE AuNPs P 6 10'-10% l1h PBS, Apple 17
juice
SPE rGO EIS 10! - - Water and 102
Juice samples
SP-IDME Gold EIS 10° 10%-10° <2h  Chicken rinse 16
water
SPE Gold EIS - 103-107 90 min Redox 7
solution
SPE Gold EIS 10° 103-108 20 min PBS, Milk 103
SPE Gold CcA 21 10'-107 i Chicken in 104
iquid
samples
DWE CNTs CA 9 10%-107 6h PBS 76
IME Gold/MSNTs I 500 103-107 30 min PBS 60
SPE Gold CA 10 10'-10° 125 min Milk 18
LIG Multilayers EIS 10 10'-10° 22 min BPW This work
Graphene
LIG Multilayers EIS 13 10'-10° 22 min Chicken This work
Graphene Broth

Glassy Carbon Electrodes (GCE), Ion Selective Electrodes (ISE), Screen-Printed Electrodes (SPE),
Interdigitated Microelectrode (SP-IDME), Double-Walled Electrode (DWE), Interdigitated Microelectrode
(IME), Reduced Graphene Oxide (rGO), Gold Nanoparticles (AuNPs), Carbon Nanotubes (CNTs), Magnetic
Silica Nanotubes (MSNTs), Buffered Peptone Water (BPW), Differential Pulse Voltammetry (DPV),
Potentiometry (P), Chronoamperometry (CA), Impedimetry (I).
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3.4. Conclusions

This work reports on a highly sensitive, selective and simply fabricated impedimetric
immunosensor by direct formation of graphene on commercial polyimide film through a laser
induction technique. The results obtained reinforce that this sensor can be implemented
worldwide due to its easy fabrication and accessibility, which has great potential for food safety
monitoring. It is a versatile device that can be elaborated for monitoring other pathogens,
depending only on the selectivity of the bioreceptor. The working electrode based on LIG
presented excellent electrochemical performance and were functionalized with antibodies for
Salmonella enterica detection, since there are no previously reported studies using LIG-
eletrodes to monitor this pathogen. The immunosensor was able to detect the target bacteria at
a low concentration of 13 + 7 CFU mL™! in complex media such as chicken broth in just 20
minutes without addition of exogenous reagents, which corresponds to response time and
detection limit that has been never previously reported. In addition, the sensor showed a wide
linear range, from 10! to 10° CFU mL". Therefore, impedimetric immunosensors based on LIG
are very promising for bacteria sensing, since it is easily manufactured in ambient conditions
compared to other complex fabrication procedures that require CVD?? and/or complex
substrate-transfer techniques, ink and ink-preparation®® or post-printing processes'!.
Consequently, resulting in a low-cost fabrication process that produces porous graphene with
high electrical conductivity, and good chemical stability?>. All these properties promise to make
this sensor an extremely viable device to be used for food safety monitoring and an excellent

platform for future electrochemical sensors.
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4. Final considerations

It is known that the exceptional properties of graphene make it feasible for several
electrochemical biosensor applications. However, some limitations concerning its synthesis
methods hampered its expansion, but numerous efforts have been established to solve these
obstacles. Thus, this novel technique LIG provides consistent graphene production with defined
properties in a large scale and cost-effectively, indispensable for future commercialization.

There are many methods for immobilizing biological materials such as chemical
adsorption, covalent immobilization, encapsulation, among others. In this work antibodies were
immobilized onto LIG-electrodes by covalent functionalization through the cross-linker
solution EDC / NHS. Although it is an efficient and very used mechanism, its optimization was
not tested. It would be interesting to test it in future research projects to optimize the amount of
antibodies and reagents expended and to check if they will be properly immobilized, in order
to develop a highly effective and reproducible immunosensor.

In spite of extensive studies that have been made to fabricate novel electrochemical
biosensors, long-term stability and application in real sample matrices should be considered. In
this case it was possible to obtain good results testing the developed device in complex media
such as chicken broth, since real biological fluids contain molecules and ions which undermine
the performance of electrochemical biosensors.

In further experiments it would be interesting to test the sensor in solid food samples. In
addition, a suggestion for upcoming studies is to evaluate the durability of the developed
immunosensor over time, in order to verify its kinetic stability. Another important point to take
into account is the demand on developing new methods for pathogen detection that distinguish
viable cells from non-viable ones. Furthermore, it would be interesting to test several negative
controls and the target pathogen in the same solution to test accurately their selective
performance.

In this work we presented the results from a developed impedimetric immunosensor,
which will lead to a significant advance in analytical applications for the highly effective and

sensitive detection of Salmonella and open new paths in several fields.
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APPENDIX

Experimental Details

All statistical analysis and grahing was performed using JMP v.13 Software (SAS
Institute, USA) and SiglmaPlot 12 software, respectively. The electroactive surface area (ESA
or A) was calculated from CV curves using Equation 1 (Randles-Sevcik equation).

I, = 2.69 X 10°ADY2n3/2y/2¢C (D

where I, is the oxidation/reduction peak obtained from the CV curves (ampere), A is the
electroactive surface area (cm?), D is the coefficient of diffusion (cm? s™), n is the number of
transferred electrons in the redox reaction, v is the scan rate (V s™), and C is the concentration
of the redox probe (mol cm™).

The heterogeneous electron transfer rate (HET) represented by the constant (k%) was
calculated according to Nicholson method for reversible electron tranfers® through Equation 2

used to calculate the dimensionless kinetic parameter (‘¥'), dependent on AE,.

&)a/ 2 | RT 2)

— 1,0
=k (Dr

nFD,vrt

where Do/D:x is the ratio of diffusion coefficients of the oxidized and reduced forms of the
electroactive species, a is the transfer coefficient, R is the universal gas constant (8.314 J K™!
mol™!), T is the absolute temperature, n is the number of electrons transferred in the
electrochemical reaction, F is the Faraday constant (96489 C mol '), v is the scan rate in V s,

Considering D, = D; and the redox kinetics approximately symmetric, it means o = 0, Equation

2 can be simplified to Equation 3.
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Since this is a one electron process, ¥ depends on AE; and can be determined from the
Equation 4 below, where X is equal to the peak potential separation (AEp) of the system
multiplied by the number of electrons involved in the electrochemical reaction (n). Therefore
k? could be determined®.

_ —0.6288 +0.0021 X 4)
N 1—-0.017 X

The 36 method was used to calculate the limit of detection (LOD)***! and to predict
about the sensitivity, using the Equation 5 below, where yy is the value for the blank (charge
transfer resistance of BPW or chicken broth without bacteria), SD is the standard deviation (n
= 3), yo 1s the y-intercept, and sensitivity represents the slope from change in charge transfer
resistance (ARct) versus bacteria concentration. The reproducibility at different bacteria
concentrations was evaluated by repeating the experiment three times using three different

working electrodes.

_ (yp+35D) — yo (5)
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