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ABSTRACT
Early detection of bacteria in food products is crucial for protecting human health and reducing economic losses. Although
conventionalmethods, such as culture-based techniques, nucleic acid sequence-based detection, and immunoassays, are generally
accurate, they are often time-consuming, labor-intensive, and require specialized equipment. In response to these limitations,
sensing technologies emerge as simple, rapid, and cost-effective alternatives. Among these technologies, graphene gains significant
attention due to its unique electrical properties and biocompatibility, making it a promisingmaterial for bacterial detection. While
most efforts focus on functionalizing sensors for specific targets, recent studies demonstrate that non-functionalized graphene can
effectively detect bacteria, enabling simpler and more affordable sensor design. This review provides a comprehensive analysis
of non-functionalized electrical graphene-based bacterial sensors developed thus far. It evaluates and discusses the influence of
graphene properties, bacterial activity, sensor design, and operational conditions on sensor performance. Additionally, the review
emphasizes the need for further research to improve the reproducibility and scalability of reliable sensors and to develop sensitive,
selective, and physiochemically stable devices.
1 Introduction

The discovery of graphene in 2004, as a result of graphite
exfoliation, marked a milestone in the era of nanotechnology by
demonstrating the possibility of stably isolating a 2D crystalline
material [1]. Graphene is flexible, has high mechanical strength,
a large surface area, excellent electrical and thermal conductivity
[2, 3]. In addition, it has been demonstrated to be compatible with
human cells, biomolecules, and bacteria [4]. These properties
have led graphene to be widely studied for several applications
such as the construction of electronic devices [5, 6], energy storage
[7, 8], biomedical applications [9], and sensor development
[10, 11].
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In the past decades, sensing technology has become increasingly
important for its versatile applications both for the academic and
industrial fields. It allows non-invasive and rapid measurements,
can be portable andminiaturizable, and does not require complex
equipment or specialized operators [12]. These characteristics
are of particular interest for foodborne diseases prevention
and food quality monitoring. Despite technology breakthroughs
and awareness-raising efforts in society, foodborne diseases still
continue to be a global public health and economic drawback
[13]. Pathogenic bacteria likeEscherichia coli (E. coli), Salmonella,
and Listeria monocytogenes, among many other species, are the
primary foodborne disease-causing agents [14]. These microor-
ganisms pose a threat not only because of their pathogenicity,
its use, distribution and reproduction in any medium, provided the original work is properly
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FIGURE 1 Molecular structures of pristine graphene (pG), graphene oxide (GO), and reduced graphene oxide (rGO).
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but also because they can colonize and form biofilms on the
environment, making them more resistant and difficult to detect
[15]. A promising approach to mitigate the preceding problem is
the use of sensors to detect bacterial cells and colonies [16].

Graphene is very attractive for the development of sensors
capable of detecting the presence of bacteria in food, due
to the aforementioned properties, such as excellent electrical
conductivity, mechanical flexibility, biocompatibility, and easy
customization [17]. Graphene-based sensors often use optical,
electrical, or electrochemical transduction mechanisms [18]. Par-
ticularly, electrical transduction mechanisms are widely used in
bacterial sensors because they offer simplicity in design, ease of
mass production, and the ability to capture and amplify signals
[19]. In these sensors special emphasis has been placed, so far,
on the use of graphene functionalized with biomolecules that act
as bacterial receptors to obtain greater sensitivity and specificity
[20, 21]. However, recent scientific developments, such as the
wearable electrical sensor reported by Wibowo et al. [22], have
demonstrated that non-functionalized graphene-based sensors
can effectively detect and quantify bacterial presence. Further-
more, Pandit et al. [23] developed a non-functionalized graphene
sensor that can differentiate between two bacterial species. This
highlights the intrinsic selectivity of graphene toward biological
systems. These advancements not only emphasize the potential
of graphene as an active material for bacterial detection and
suggest that its unique physicochemical properties can be used to
address one of the most critical challenges of non-functionalized
2 of 23
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sensors: distinguishing between bacterial species or strains. These
findings encourage further exploration of strategies for devel-
oping simpler, more affordable, and scalable non-functionalized
graphene sensing devices.

This review focuses on a description and discussion of the state of
the art in the development and operation of non-functionalized
electrical graphene-based sensors for bacterial sensing. The anal-
ysis is based on comparable findings reported in published studies
to identify the main factors influencing sensor performance.

2 Graphene and Derivatives

Graphene is an allotrope of carbon composed of a monolayer of
carbon atoms arranged in a 2D hexagonal lattice that confers its
crystalline structure [24]. Graphene is presented in the form of
flakes which may or may not have well-defined dimensions, and
their size can vary from nanometers to millimeters, depending
on the production method [25]. Up to ten carbon monolayers it
is still considered graphene, and exceeding this number of layers
is recognized as graphite [26, 27]. Graphene can be presented
as pristine graphene (pG), graphene oxide (GO), and reduced
graphene oxide (rGO) (Figure 1). GO is graphene that has been
chemically modified with oxygen atoms, typically containing a
C:O ratio of less than 3:1 [28]. The 2D structure of GO exhibits
functional groups that lead to a significant change in its properties
when compared to pG. Hydroxyl and epoxy groups are randomly
Advanced Materials Interfaces, 2025
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TABLE 1 Primary properties of pristine graphene and graphene
oxide. Adapted with permission [33]. Copyright 2022, Elsevier.

Property
Pristine
graphene

Graphene
oxide

Electrical conductivity (S/m) 10 000 0.5
Thermal conductivity (W/m K) 5000 2000
Fracture strength (GPa) 125 0.120
Young’s modulus (GPa) 1000 208–230
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distributed in the basal plane, while carboxyl, carboxyalkoxy,
carbonyl, and phenol groups are located at edges [29]. These
functional groups alter both the chemistry and the crystal
structure of graphene, introducing various random defects, such
as vacancies and holes, which cause deviations from the ideal
carbon lattice of Pg [30]. Reducing GO yields graphene with
properties similar to those of pG, but it can never reach the
same quality since oxidation and reduction processes introduce
permanent defects that cannot be restored [31]. These structural
permanent imperfections result in a reduction of electrical, opti-
cal, thermal, and mechanical properties of rGO when compared
to pG. The final chemical and physical properties of rGO depend
mainly on the amount of remaining functional groups attached
to the graphene structure [32]. The most relevant electrical,
thermal, and mechanical properties of pristine graphene and
graphene oxide are presented in Table 1. Decreasing values of
the properties with the amount of oxygen-containing functional
groups evidence the impact of rupturing of the pG crystal lattice.
The reduction in electrical and thermal conductivity is due
to obstructions in the paths of electricity and heat, while the
decrease in fracture strength and Young’s modulus is the result
of a weakened molecular structure.

2.1 Electrical Configuration

The molecular structure of pristine graphene is very stable
due to strong covalent binding between carbon atoms by sp2
hybridization. It can withstand deformation by external forces
without reconfiguration of atoms. Furthermore, its molecular
structure exhibits high crystal quality, which results in unique
electrical features that are illustrated in Figure 2 [24]. Due
to its electronic band structure, graphene is classified as a
semiconductor, where the electric charge can be carried out
by electrons or holes. Semiconductors typically have a narrow
energy gap between the valence band and the conduction
band that differentiate them from conductors and insulators.
Figure 2a shows the schematic electronic band configura-
tion of conductors (metal or semimetal), semiconductors, and
insulators.

Particularly, pristine graphene stands out as a distinctivematerial
due to its zero-gap electronic band structure that enables its
conductor-like behavior [34]. This electronic structure gives
graphene inherent carrier ambipolarity. It means that graphene
can switch its electrical behavior fromelectron to hole conduction
and vice versa, changing external factors like pressure, voltage,
magnetic field, temperature, etc [35]. When charge transport
Advanced Materials Interfaces, 2025
is mediated by electrons, graphene acts as an n-type material;
conversely, when holes are the charge carriers it behaves as a
p-type material. The energy point where the conduction band
and the valence band meet is known as the Dirac point (ED) and
it can be determined by a current–voltage (IV) characterization
as illustrated in Figure 2b. The typical IV curve of ideal pristine
graphene that has a continuous V-shape and exhibits ED around
the minimum conductivity point. This parameter is crucial for
developing electronic devices as it helps to determine the type
of charge carriers and their concentration. It also reveals the
interaction with external physical and chemical stimuli [36, 37],
which is essential for sensing technology, and it will be discussed
in more detail in future sections.

Regarding GO and rGO, its electronic configuration is impacted
by the presence of oxygen-containing functional groups and the
presence of broken bonds, causing the loss of the unique zero-
gap electronic band structure, and consequently the loss of the
material ambipolarity [38].

2.2 Production Techniques

The understanding of how graphene is produced is essential for
the development of new technologies, since it determines the
final material properties by establishing their dimensions, num-
ber of layers, chemical composition, andmolecular structure [39].
Production technologies of pristine graphene can be classified
into top–down and bottom–up strategies. Top–down techniques
consist of mechanical or electrochemical exfoliation of stacked
graphene layers from graphite, while bottom–up techniques are
based on the synthesis of graphene from carbon sources [40].
Graphite exfoliation is the most widely usedmanufacturing strat-
egy as it allows the large-scale production of graphene due to the
abundance of graphite [41]. Bottom–up strategies have emerged
as alternatives to exfoliation because they provide greater control
over the final product quality, although production costs are
high. Among these strategies, the most studied techniques to
produce pG are chemical vapor deposition (CVD) from hydro-
carbons on metallic substrates, and epitaxial growth via thermal
decomposition of silicon carbide [42]. It is important to note that
these methods typically require the transfer of graphene onto
other substrates for final applications, as the substrate used in
fabrication is not always suitable for the intended use. Another
bottom–upmanufacturing approach, motivated by sustainability,
is the use of organic and plastic waste as carbon sources for
the synthesis of graphene [43]. Table 2 shows a summary of the
aforementioned production techniques, the size of graphene that
can be obtained, advantages and disadvantages, and applications
of pG produced by each technology.

The production of GO generally involves the chemical oxida-
tion of graphite and subsequent exfoliation [45]. Hummer’s
method and its derivatives are the most common techniques
used to produce GO. They are based on the use of strong
oxidizing agents, such as potassium permanganate, potassium
chlorate, or sodium nitrate, to oxidize graphite in an acidic
environment [46]. Regarding the synthesis of rGO, chemical
reduction of GO is the most widely used technique because it
is the most effective [47]. However, this methodology involves
the use of toxic agents that may remain in the final product.
3 of 23
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FIGURE 2 (a) Electronic band configuration of a conductor, semiconductor, and insulator. (b) Typical current–voltage curve of pristine graphene.
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In this sense, sustainable approaches such as reduction using
microorganisms, biomolecules, and plant extracts have been
explored [48].

The existence of various types of graphene and multiple pro-
duction techniques, with a variety of parameters involved in
them, results in a wide range of graphene quality available
in the market. Achieving a graphene material with the most
suitable properties often means applying a less suitable pro-
duction process in terms of large-scale production [49]. In
this sense, it becomes evident the a need to standardize pro-
cedures and materials used in graphene production, as well
as to establish quality control protocols. On this basis, the
most commonly used techniques for graphene characterization
involve microscopy and spectroscopy. Optical microscopy (OM),
atomic force microscopy (AFM), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM). Optical
microscopy (OM), AFM, SEM, and TEM are widely employed
imaging techniques to acquire information on the material
morphology and dimensions, as well as on the number of
carbon layers [50]. Moreover, Raman spectroscopy (RS) provides
information on structural integrity and indicates the presence
of oxygen-containing functional groups, meanwhile, X-ray pho-
toelectron spectroscopy (XPS) allows determining the purity of
graphene [51, 52].
4 of 23
3 General Aspects of Graphene-Based Bacterial
Electrical Sensors

3.1 Transfer and Deposition of Graphene

Graphene-based sensor development requires the use of high-
quality graphene to obtain a reliable device. CVD graphene is
frequently used for this purpose due to its high-quality structure,
that leads to the best physical properties, and also a large surface
area exposed to the analyte [53]. Even though the CVD technique
is promising, it faces challenges for large-scale production, in
particular due to the high cost of equipment and materials.
Additionally, it is limited to production on specific metallic
substrates, such as copper or nickel. To obtain graphene grown
by CVD on different substrates, wet or dry transfer techniques
have been studied, as schematized in Figure 3. Both techniques
are performed by using polymer films that support the graphene
to place on the target substrate prior to the dissolution of
the metal. In the wet transfer process (Figure 3a), the sub-
strate/graphene/polymer stack is immersed in a proper solvent
to remove the transfer polymer film. Dry transfer relies on
the difference in adhesion between the graphene/polymer film
and graphene/substrate interfaces. Figure 3b shows a transfer
polymer film with a pressure-sensitive adhesive layer which is
used to support the graphene during the transfer process [54].
Advanced Materials Interfaces, 2025
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TABLE 2 Description and main characteristics of pristine graphene production technologies. Adapted with permission [52]. Copyright 2022, IOP
Publishing.

Technology Description Flake size Advantages Disadvantages Applications

Top-
down
strategy

Mechanical
exfoliation

Mechanical
techniques such as
sonication and ball
milling, lead to

graphite exfoliation.

5–10 nm - Cost-effective
- High-quality
graphene layers
- Labor saving

- Low process
performance

- Presence of cracks
and defects

- Low size uniformity

- Aerospace
- Energy-storage

devices

Electrochemical
exfoliation

A fixed potential
applied onto

graphite submerged
into an electrolyte
with surfactants
induces expansion
and separation of
graphite layers.

2–3 nm - High-quality
graphene layers
- Single layer

- Difficulty in
removing the

surfactant molecules
- Low size uniformity

-
Supercapacitors

- Batteries

Bottom-
up
strategy

Epitaxial growth Graphene grows as a
consequence of the
sublimation of

silicium on silicon
carbide substrates.

50 µm - High quality
graphene layers
- Suitable for
electronics

- Highly expensive
- Low process
performance
- Large size

- Introduction of voids
in the transfer process

- Field effect
transistors

- Photodetectors

Chemical vapor
deposition

Graphene grows on
a metal catalyst in
the presence of a
carbon-containing
gas source at high
temperatures.

0.2–10 µm - High-quality
graphene layers

- Easy to transfer to
other materials
- Suitable for
electronics

- Highly expensive
- High-temperature

process

- Light-emitting
diode

- Biosensors
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Although dry transfer techniques have the advantage over wet
ones in reducing the number of contaminants added to graphene;
the transfer process, independently of the medium, inevitably
damages its structural integrity, reducing its ability to conduct
electricity [55].

An affordable, scalable, and versatile approach to develop sen-
sors and electronic devices involves the use of graphene inks,
based on aqueous or organic solvents, and applying printing
technologies such as lithography, spin coating, screen printing,
inkjet printing, and direct-writing [56]. A high-quality printing
requires not only a high-quality graphene, but also matching the
ink characteristics with the surface properties of the substrate and
the printing technique. Tran et al. [57] provided an interesting
review about the challenges in the synthesis of graphene inks,
discussing how the chemical formulations define their final
mechanical and electrical properties anddetermine their stability.
Moreover, Zhao et al. [58] offer a complete review describing
the chemical and physical interactions of graphene with metals,
semiconductors, ceramics, polymers, and biomaterials, which
are critical for optimizing ink compatibility with the desired
substrate.

3.2 Sensing Mechanism

Electrical sensors refer to devices whose electrical properties
are modified after interacting with the target analyte. The term
Advanced Materials Interfaces, 2025
“electrochemical” has been used interchangeably to denote them
in the literature. However, electrical sensors are strictly devices
able to performmeasurementswhere no electrochemical reaction
occurs [59]. Electrical sensors have a simple structure that
consists of at least two elements: a sensitive conductive layer and
contact electrodes. The sensing material bridges the gap between
the electrodes that can be printed directly on the substrate or on
the sensingmaterial, depending on design choices [60]. There are
various properties that electrical sensors can measure, including
resistance, conductance, impedance, and capacitance [61]. This
review focuses particularly on resistive and impedimetric sensors
as schematized in Figure 4. Both sensor types quantify the
opposition of the sensing material to the electrical current flow,
although they operate with different types of current. In resistive
sensors, the voltage polarity remains constant, resulting in a
unidirectional flow of charged carriers, which indicates the
application of direct current (DC). In contrast, impedimetric
sensors operate with alternate current (AC), where the voltage
polarity periodically changes, causing the direction of charge to
alternate accordingly [62].

These sensors operate based on changes in the resistance (Ω)
or impedance (Z) of the sensing layer when a direct current
(DC) or an alternate current (AC) is applied, respectively. These
variations result from chemical or physical processes (adsorp-
tion/absorption, chemical reactions, or diffusion) occurring at the
surface of the sensing layer. The choice between these transduc-
tion mechanisms largely depends on the physical phenomenon
5 of 23
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FIGURE 3 Schematic process of the transfer technique of chemical vapor deposition graphene: (a) wet transfer and (b) dry transfer.
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being measured and the complexity of the environment in which
the target analyte is present. Although resistive sensors are often
preferred for their simplicity, robustness, and straightforward
fabrication, their response may be influenced by metal-contact
effects and by Joule heating produced during current flow [63].
Since AC current is a quantity more complex than DC current,
as illustrated in Figure 4a, impedimetric sensors can provide a
richer analysis of interfacial and electrolyte properties through
frequency-dependent measurements. However, this increased
analytical capability requires more complex instrumentation,
making them more sensitive to interference from unwanted
molecules and changes in the environment. This demands amore
careful analysis of the signal [64].

A deeper level of interaction with the analyte can be achieved by
incorporating a third electrode into the device. On example is the
field effect transistor (FET), a type of sensor in which the charge
carrier density of the sensingmaterial ismodulated by an external
6 of 23
electric field applied through a third component called the gate
electrode. Thismakes FETs someof themost reliable and versatile
devices for sensing applications [65]. It is important to note
that FETs are neither purely resistive nor impedimetric sensors
because they do not directly measure these variables. However,
they can indirectly determine the resistance or impedance of the
analyte, alongwith other parameters. Integrating FET technology
into graphene-based sensors utilizes graphene’s unique electri-
cal properties, resulting in sensors with high sensitivity, rapid
response, and ease of operation [66]. Particularly, the function-
alization of graphene-based FET sensors has been widely studied
for biosensing applications involving proteins, cells, metabolites,
ions [67–69]. Figure 4b shows a schematic diagram of a typical
graphene-basedFET sensor, detailing its components: the sensing
material (graphene) and its three electrodes (source, drain, and
gate). The current flows from source to drain electrodes, and the
gate electrode regulates the flow of the charge carriers. Although
FETs offer exceptional sensitivity due to the direct modulation of
Advanced Materials Interfaces, 2025
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FIGURE 4 Schematic representation of a resistive and impedimetric sensor: (a) voltage versus time for direct and alternating current, and (b)
typical graphene-based field effect transistor.
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channel conductivity, their performance can be strongly affected
by ionic shielding and operational instability in complex samples
[70].

In this sense, selecting between resistive, impedimetric, or FET
readouts requires balancing sensitivity, operational robustness,
measurement complexity, and compatibility with real biological
matrices. It also requires evaluating how each transduction
mechanism enhances or limits graphene’s intrinsic electrical
properties.

3.3 Graphene-Bacteria Interaction

Non-functionalized graphene-based electrical sensors are a sens-
ing approach in which the graphene itself acts as the conductive
sensing layer, with no intermediate agents required to capture
the target analyte, such as affinity receptors or bio-recognition
elements. These sensors rely on the affinity between the bare
sensing layer (graphene) and the analyte and measure their
resulting interaction [71]. When the analyte is a bacterial cell,
the mechanism of interaction between the cell and graphene
is still uncertain. Zhang and Tremblay [72] have explained the
factors determining the positive, negative, or undefined impact
of graphene on bacteria, being the growth-promoting activity
a positive impact, while the antibacterial activity a negative
effect. In case of factors with undefined impact, the resulting
interaction depends on the circumstances. For example, high
Advanced Materials Interfaces, 2025
specific sheet surface area and roughness increase the number of
bacterial contacts, but this may, or may not, lead to good bacterial
adhesion depending on several other factors such as the shape
and size of bacteria, the density of the exposed sharpen edges of
graphene, and the hydrophobicity of the surface, among others.
The characteristics of bacteria that influence their adhesion on
graphene will be discussed in more detail in subsequent sections.

3.4 Conventional Bacterial Detection
Techniques and Sensing Technologies

In order to provide a comprehensive understanding of the poten-
tial of non-functionalized electrical graphene-based sensors, it is
essential to describe the conventional and innovative bacterial
detectionmethods. Traditional laboratory-basedmethods for bac-
terial detection and identification often require long processing
times and lack sensitivity without preconcentration steps. These
methods also depend on specialized equipment and trained
personnel, which has driven the development of more advanced
alternatives [73]. The simplest and most traditional methods
rely on cell morphology or biochemical features to identify
microorganisms through visual examination. These techniques
are typically culture-dependent, involving sample collection,
serial dilution, plating on appropriate media, incubation times
to produce visible colonies. This process can take from a few
days to several weeks, requiring trained microbiologists. Some
methods also require biochemical assays such as staining,
7 of 23
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enzyme production, and antibiotic resistance tests, which involve
the use of specific and expensive reagents [74]. More recent
conventional techniques based on molecular recognition have
reduced processing times and offer greater sensitivity and selec-
tivity. Moreover, these techniques are applicable to a wider range
ofmicroorganisms. Sequence-basedmethods, such as polymerase
chain reaction (PCR), detect specific nucleic acid sequences
(DNA, RNA, or proteins), while immunological methods, such
as the enzyme-linked immunosorbent assay (ELISA), are based
on antigen recognition [75]. Although nucleic acid detection
typically offers greater selectivity and a faster response than
immunological recognition, it requires preprocessing steps, such
as cell lysis and target molecule concentration, which implies the
use of specific equipment and reagents. In contrast, immunode-
tection can detect whole cells directly, but the synthesizing and
properly selecting the antibodies can be expensive and laborious.
Even though these techniques are faster than traditionalmethods,
they can still take several hours to process [76]. The demand
for specific, sensitive, rapid, cost-effective, user-friendly bacterial
detection technologies suitable for on-site applications has led
to the development of biosensors as a promising alternative.
A biosensor is a chemical sensing device that incorporates a
biological recognition element and a physicochemical transducer.
The recognition element, such as a nucleic acid or an antibody,
is usually immobilized on the sensing surface, which enables
the detection of a specific target [77]. This is referred to as a
functionalized sensor, in which a biological molecule acts as
an intermediate agent. Biosensors are cost-effective due to their
low consumption of biorecognition elements and small sample
volumes. They also provide rapid responses and can be used in
situ without the need for highly trained personnel. However,
there are significant challenges to overcome before this technol-
ogy can be widely commercialized. These include the limited
stability of bioreceptors over time, which makes regenerating the
sensor for reuse difficult, and the high specificity required of
recognition elements, which limits scalability. Additionally, most
biosensors developed thus far exhibit reduced sensitivity when
applied to complex real-world samples, such as food. This often
requires preprocessing steps that increase both detection time
and costs [78]. Table 3 summarizes the most commonly used
bacterial detection methods, highlighting their advantages and
limitations. This brief overview of bacterial detection techniques
emphasizes the need to develop and test new technologies to
create a detection system that is highly sensitive and selective,
affordable, rapid, and easy to operate. It also highlights the
potential of sensing technologies to meet these requirements,
motivating further research and development of sensors with
novel materials and simple designs, such as non-functionalized
graphene-based sensors.

4 Development of Non-Functionalized Electrical
Graphene-Based Bacterial Sensors

4.1 State of the Art

The first attempt to produce a non-functionalized graphene-based
bacterial sensor was made by Daly et al. [79], who presented a
detailed procedure for the fabrication and operation of a graphene
FETmicrodevice, alongwith an initial electrical characterization.
The FET device consisted of a sensor used a single-layer CVD
8 of 23
graphene as the sensing material, which was dry transferred
onto a silica/silicium (SiO2/Si) substrate using thermal-release
tape. Graphene strips were patterned and then contacted by
metal electrodes to form the final array, which was then wire
bonded to a measuring device for electrical measurements. IV
characterizations revealed the typical V-shape of the IV curve of
graphene and a p-type behavior. Electrical measurements were
performed to monitor changes in the composition of the nutri-
ents present in a culture medium. Tested solutions, made with
different concentrations of lysogen broth (LB), distilled water
(DI), and glycerol, were dosed onto the device using a micro-
dispensing system. Glycerol was added to the solution to avoid
evaporation of the drop. Electrical tests showed an increase in
resistance with LB concentration. A shift in the Dirac point from
positive to negative values was observed when graphene was in
contact with LBmedium, indicating a change in carrier type from
holes to electrons due to the doping of graphene with electrons
from adsorbed molecules. To prove the device biocompatibility,
E. coli was dispersed on it, and the surface was observed by SEM.
An increase in cell density on the graphene array after one day,
demonstrated the sensor compatibility for bacterial applications.
Additionally, a test was performed to analyze the influence of
the graphene transfer technique on the FET response. The same
experimental procedurewas carried out using a newdevicewhere
graphene was transferred onto the substrate via a wet transfer
method. This new approach minimized the mechanical damage
to the graphene caused by using thermal release tape in the
transfer process. Once again, an increment in the resistance
with increasing concentration of LB was observed, indicating no
significant changes in the sensor response.However, the bare new
sensor exhibited clear changes on its IV curve since noDirac point
was observed, revealing an alteration of the graphene electronic
configuration. Summarizing, the observable increase in electrical
resistance of the sensor with LB concentration validated the use
of FET devices for detecting changes in a complex liquid system
used for cell proliferation and demonstrated their compatibility
for bacterial applications. Furthermore, this attempt highlighted
the importance of optimizing the sensor fabrication process to
achieve the desired electrical properties in the final device.

The sensing abilities of non-functionalized graphene in the
presence of E. coli cells have been studied by Rao et al. [80]
using monolayer, bilayer, and few-layer exfoliated graphene. All
graphene samples were produced bymechanical exfoliation from
highly oriented pyrolytic graphite and then directly transferred
onto SiO2/Si substrates. Each graphene sample was cut into
a regular shape, and metal electrodes were deposited on it to
complete the assembly of the resistive graphene-based sensors.
Rao et al. [80] developed devices with two different electrode
configurations: a four-probe sensor and a two-probe sensor.
For the bacterial loading process, E. coli cells were dispersed
in DI water to obtain bacterial solutions with different cell
concentrations. These solutions were deposited on the graphene
sensing surface, and the devices were heated to avoid liquid
contribution and ensure better cell attachment. The first analysis
was conducted using a few-layer graphene-based sensorwith four
electrodes printed on it that allows to study the influence of the
crystallographic orientation of graphene. The electrical measure-
ments for this sensor were conducted using different electrode
pairs aligned with different structural orientations of graphene.
IVmeasurements showed an increase in resistancewhen bacteria
Advanced Materials Interfaces, 2025
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TABLE 3 Conventional bacterial detection techniques and biosensors: Description, advantages, and disadvantages.

Technique Description Advantages Disadvantages

Culturing and biochemical
assays

Identification based on
bacterial growth,
morphology, and

biochemical properties.

- Simple
- Cost-effective

- Time-consuming (days to weeks)
- Lab dependent

- Requires experienced operators
- Not applicable to all strains

- Specific and expensive reagents
Nucleic acid
sequenced-based detection

Detection of specific DNA
or RNA sequences of target

bacteria.

- High selectivity and
sensitivity

- Rapid response (few hours)
- Adaptable to on-site detection

- Requires preprocessing to expose
and concentrate the target
- Expensive equipment and

reagents
Immunological detection Detection of bacterial

antigens using antibodies.
- Moderate selectivity
- Direct whole-bacteria

detection
- Adaptable to on-site detection

- Low sensitivity
- Expensive and laborious
synthesis of antibodies

- Time-consuming (several hours)
Biosensing detection Capture and detection with

biological recognition
molecules.

- High selectivity
- Very rapid response (minutes)

- Direct whole-bacteria
detection

- On-side testing

- Limited stability of bioreceptors
- Difficulties in reuse

- Low sensitivity in complex
samples without preprocessing

- Scalability limitations
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were attached to graphene. The magnitude of the responses
varied depending on the considered electrode pair, indicating that
crystal orientation played an important role in the sensitivity of
graphene devices. To further investigate the sensor sensitivity,
individual E. coli cells were loaded onto the graphene surface of
few-layer and monolayer graphene-based sensors with only two
electrodes on each. Both sensors showed a measurable response
even with one cell, but the recordedmagnitudes depended on the
number of graphene layers. Monolayer graphene had a change
in resistance five times higher than the few-layer graphene when
one cell was loaded. This was expected since the entire sensing
surface on a monolayer graphene is in direct contact with the
bacteria. Another test was conducted using a bilayer graphene
strip with a width approximately matching the size of bacteria
(around 1 to 3 µm). Since it is well known that nanoribbon-like
graphene structures exhibit enhanced electrical properties due
to charge confinement, similar behavior was anticipated for the
micro-ribbon. In fact, the response of a bilayer graphene-based
device to one cellwas two times higher than the one obtainedwith
a monolayer surface. The electrical response of all devices was
attributed to the negatively charged cells that act as trap centers
for the holes in the p-type graphene, reducing its conductivity.
This study was very promising as it demonstrated that a one-cell
resolution sensor could be developed. Additionally, it showed that
the number of layers significantly impacts the sensitivity of the
sensors as well as the crystallographic orientation of graphene.

Basu et al. [81] proposed a flexible impedimetric graphene-
based sensor. For this device, a multilayered CVD graphene was
produced and then wet transferred onto flexible and transparent
acetate sheets. Metal electrodes were deposited on graphene to
form an integrated electrode structure, and an acrylic O-ring
was added to create a well to contain the analyte solution.
E. coli was grown in LB medium, and cell suspensions with
different concentrations of bacteria were used as analyte solu-
tions to evaluate the sensor performance. Prior to the electrical
Advanced Materials Interfaces, 2025
measurements, bacterial solutions were deposited inside the O-
ring to allow cell binding for a 10-minute exposure, then the
liquid was manually removed to avoid its current contribution.
Impedance measurements were carried out to examine the elec-
trical response of the bare substrate and the sensor exposed to the
different E. coli solutions. No significant response was observed
with the bare substrate. However, a decrease in impedance with
increasing cell concentrationwas detected for the graphene-based
sensor, indicating the sensing capability of the device. In order
to confirm E. coli adhesion, the bare substrate was stained and
examined by OM. Micrographs revealed that no bacteria adhered
to the bare acetate sheet, while a large number of cells were
bound to the graphene surface. In order to better understand
the cell attachment mechanisms, Fourier transform infrared
spectroscopy was conducted on the sensing device, revealing the
presence of residues from the transfer process that could not
be completely removed. Thus, the increase in impedance with
bacterial concentration was attributed to the negative charge of
the E. coli cells that induced holes in graphene when adsorption
occurred on residues that acted as binding sites for bacteria. This
work highlighted the versatility of graphene for the construction
of flexible sensors. Furthermore, it revealed the contamination of
graphene during the transfer process and demonstrated that some
of these residues can positively impact the sensing performance
by facilitating bacterial adhesion.

Mulyana et al. [82] presented a detailed study on the alter-
ation of graphene ambipolarity after the adsorption of E. coli.
For this purpose, a graphene-based FET was developed using
exfoliated graphene obtained via micromechanical exfoliation
of kish graphite, a highly crystalline form of graphite naturally
produced as a by-product of stainless-steel manufacturing. This
graphene was directly deposited on a SiO2/Si substrate and
connected to metal electrodes to complete the assembly of the
device. The IV curve of this pristine graphene showed a V-shaped
behavior, demonstrating its intrinsic ambipolarity. For this study,
9 of 23
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E. coli was grown in LB medium and resuspended in pure water
before dropping it on the device. After 30 min, the aqueous
solution naturally dried, and electrical measurements were per-
formed under vacuum and anaerobic conditions to suppress the
metabolic activity of bacteria. The IV-curve remained V-shaped,
but important changes associated with bacterial adhesion were
appreciable. The Dirac point shifted positively due to the physical
adsorption of the E. coli cells that induce holes, indicating an
increase in the amount of charge. Moreover, the increasing
gradients of the IV curve suggested an increase in electron
mobility, attributed to the protective layer formed by bacteria,
which suppressed electron scattering. For a better understanding
of electrical results, a comparative study of ambipolarity was
performed by oxidizing the graphene surface and then reduc-
ing it, to restore its properties close to the pristine state. A
decrease in the gradient of the IV curve of the oxidized graphene
indicated a reduced electron mobility due to the presence of
oxygen-containing functional groups that obstruct the path of
electrons and increase the scattering. After the reduction process,
an increase in electron mobility was observed. The physical
adsorption of E. coli was confirmed since there was no decrease
in electron mobility, and no metabolic bacterial activity could
interfere with the results due to the low pressure and anaero-
bic environment. This work demonstrated that examining the
ambipolarity of graphene provides a deeper understanding of the
processes involved in bacterial detection using graphene-based
devices.

With the aim to develop a resistive sensing device for detecting
E. coli in wastewater samples, Wibowo et al. [83] investigated
the electrical response of commercial multilayer CVD graphene
deposited on a SiO2/Si substrate. For electrical measurements,
a pair of metal electrodes was attached to graphene, completing
the development of the sensor. To assess the bacterial response of
the sensing device, E. coli was obtained directly from wastewater
samples. These cells were identified and isolated before preparing
analyte solutions with different known concentrations of bacte-
ria. IV response of the sensor to bacterial samples showed that
an increase in the number of cells resulted in a decrease of the
graphene electrical resistance.Moreover, the analysis of graphene
exposed to bacteria by Raman spectroscopy indicated that higher
concentrations of cells induced greater disorder or defects in
graphene, attributed to the absorption of negatively charged
E. coli cells that create holes. Based on their previous work,
Wibowo et al. [22] disclosed a more detailed study of bacteria-
graphene compatibility and the development of a prototype of
a portable and compact sensor. The same commercial CVD
multilayer graphene used inWibowo et al. [83] was characterized
to study the susceptibility of bacteria to graphene exposure. A
compatibility test was performed by incubating an agar plate with
E. coli and graphene. With this test, the antibacterial activity
can be determined by observing the presence of bacterial growth
inhibition zones. As expected, no inhibition zones were observed
on the agar plate with graphene, indicating its biocompatibility.
Moreover, a wettability test was performed by contact angle
measurements on bare graphene, revealing the hydrophobic
nature of graphene which is favorable for bacterial adhesion.
Bare graphene exhibited a smooth surface and a uniform surface
area, being essential for optimal electrical measurements. SEM
micrographs of bacteria deposited on the graphene surface after
one day of exposure revealed well-preserved E. coli colonies with
10 of 23
no signs of cell membrane damage. For electrical measurements,
suspensions of E. coli in DI water with different concentra-
tions were analyzed. The sensor performance was studied by
placing a drop of bacterial solutions onto the graphene sensing
layer and measuring the signal after liquid evaporation. The
IV results revealed a charge transfer between graphene and E.
coli, causing a decrease in resistance that could be attributed
to the negatively charged E. coli cells that induce holes in
graphene, as previously reported. It was assumed that van der
Waals forces governed the interaction between the hydrophobic
part of the outer cell wall and the surface of the sensing layer.
The linear behavior of the IV curves indicates the expected
semi metallic nature of graphene and suggests the formation
of a low-electrical resistance contact between graphene and the
electrode. The final sensor prototype was assembled in a compact
and portable device designed with 3D modeling software. This
research demonstrated the possibility of constructing portable
graphene-based sensors for in situ detection of bacteria in
wastewater.

An interesting advance in exploring the sensing capabilities of
graphene for bacterial detection was achieved by Pandit et al.
[23] since they studied the electrical response of graphene to
two different bacterial strains. A CVD monolayer graphene was
produced and wet transferred onto a SiO2/Si substrate. Four
metal electrodes were printed on the substrate to develop an FET
sensor. Graphene was patterned into a small bar-shape structure,
and then a protective layer was applied over the entire surface
except the graphene structure, creating a submersible device.
Electrical measurements on bare graphene revealed its p-type
behavior attributed to chemical residues by the transfer method.
Bacterial tests were conducted individually using Pseudomonas
aeruginosa (P. aeruginosa) or Staphylococcus epidermidis (S. epi-
dermidis). LBmediumwas used to grow P. aeruginosa (rod-shape
and gram-negative bacteria), while tryptic soy broth (TSB) was
selected as growthmedium for S. epidermidis (spherical cocci and
gram-positive bacteria). Electrical resistance was continuously
monitored while the sensor was dipped in both culture media,
with and without bacteria. All experiments were performed
under optimal incubation conditions. After 5 h, an antibiotic
solution was added to the tested solutions to kill bacteria, and the
measurement continued for an additional 3 h. For both culture
media without bacteria, electrical resistance increased initially
and then remained relatively stable until an antibiotic was added.
The antibiotic induced a slight increase in resistance, followed
by a stable signal for the last 3 h. When bacterial solutions were
tested, a continuous linear increase in resistance with colony-
forming units (CFU) was observed for P. aeruginosa, followed
by a sharp saturation. In contrast, the resistance behavior with
CFU was more complex for S. epidermidis, with local minimums
and maximums. This behavior was attributed to the different
growth dynamics and biofilm formation of the different bacteria,
leading to variations in the density of the adhered microcolonies
on graphene. Bacterial growth was confirmed by the observation
of biofilm presence on SEMmicrographs. Although both bacteria
produced biofilm, their characteristics differed significantly. For
P. aeruginosa, most cells were in the single-cell stage, with few
multicellular clusters, while S. epidermidis cells were predomi-
nantly in large multicellular clusters. As observed previously, the
antibiotic induced an increase in resistance followed by a stable
signal, suggesting that dead bacteria did not alter the electrical
Advanced Materials Interfaces, 2025
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TABLE 4 Summary of key findings and illustrations of non-functionalized graphene-based electrical sensors for bacterial detection (2012–present).

Year Type of sensor Analyte Key findings Illustration of the sensor Refs.

2012 FET LB medium - Validation to detect changes in the
composition of bacterial culture medium
- Demonstration of the influence of the
graphene transfer process on the sensor

electrical behavior

[79]

Resistive E. coli in DI water - Study of sensor sensitivity based on the
number of layers and geometry of
graphene, as well as electrode

arrangement
- Validation of single-bacterium detection

[80]

2014 Impedimetric E. coli in LB - Development of a flexible sensor
- Evidence that residues of the transfer
process of graphene can enhance

bacterial adhesion

[81]

2018 FET E. coli in pure water - Analysis of changes in the IV curve and
ambipolarity for chemical reactions
(graphene oxidation) or physical
adsorption (E. coli adsorption)

[82]

2020 Resistive E. coli in DI water - Validation of a portable sensor design
for in situ measurements

[22]

2021 FET P. aeruginosa in LB
S. epidermidis in TSB

- Study and validation of graphene
selectivity for detecting different bacteria.
- Construction of a submersible sensor

for real-time monitoring

[23]

2022 Impedimetric E. coli in LB - Detection and monitoring of biofilm
formation

- Analysis of sensor responses at different
frequencies

[84]
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signal. This study highlighted that graphene can be intrinsically
selective, as evidenced by the different electrical responses of the
sensor to two species of bacteria that differed markedly from one
another.

In addition to sensing cell suspensions, it is crucial to test the
graphene ability to monitor biofilm formation. To this aim,
Nakagawa et al. [84] developed an impedimetric sensor using
CVD graphene deposited on a copper substrate. Mono- and
bilayer graphene were initially characterized using impedance
measurements that yield impedance-frequency curves. For these
electrical measurements, graphene samples were positioned
between two copper plate electrodes contacted by an insulating
organic substance to form the measurement system. E. coli
bacteria were grown in LB medium to produce biofilms on the
graphene surface. After 24 h, biofilm formation was confirmed in
both mono- and bilayer graphene. Quantification of biofilm was
performed by absorbance analysis of the stained samples. These
tests revealed a higher biofilm amount on monolayer graphene
compared to bilayer samples. Furthermore, impedance studies
revealed that the presence of biofilm altered the impedance
behavior of graphene, particularly at high frequencies. Prior to
biofilm formation, the impedance of graphene decreased with
frequency, while an increase in impedance with frequency was
observed when biofilm was present on the graphene surface.
Advanced Materials Interfaces, 2025

C

This behavior is attributed to the alteration in the electric
pathway by varying frequencies. At lower frequencies, ionic
conduction in the aqueous solution was more favorable, whereas
at higher frequencies the current tended to move to areas with
a higher concentration of extracellular polymeric substances
from the biofilm. This study suggested that alterations in the
impedance of graphene at high frequencies could be crucial
to indicate the presence of biofilm and subsequent bacterial
colonization.

Table 4 summarizes studies from 2012 to 2022 on non-
functionalized graphene-based electrical sensors for bacterial
detection, reporting sensor type, target analyte, key findings,
and a representative illustration of each device. This compilation
highlights common trends and distinctive features in sensor
development, supporting the critical discussion in the follow-
ing section on design and operational factors that influence
performance.

4.2 Sensor Constructive and Operational
Challenges

Developing a reliable, non-functionalized sensor requires a thor-
ough understanding of the interaction between the analyte and
11 of 23
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FIGURE 5 Illustration of: (a) construction and (b) operation of electrical graphene-based bacterial sensors.
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the sensing platform. Therefore, it is essential to determine the
surface properties of both graphene and bacteria to understand
their interaction. Moreover, it is important to study the influence
of the sensing device development process of and environmental
factors that may affect sensingmeasurements. Figure 5 illustrates
the construction and operation of a typical electrical graphene-
based bacterial sensor, which helps comprehend the discussion in
this section. Figure 5a shows the main materials and procedures
involved in developing the sensor, while Figure 5b shows an
operational sensor and details about the liquid sample to be
measured.

4.2.1 Bacterial Adhesion on Graphene

Bacterial adhesion to graphene is a multifactorial process gov-
erned by the interaction between the physicochemical properties
of the graphene surface and the intrinsic characteristics of the
bacterial cells. There is no single surface characteristic that is
more relevant than the others, thus when developing bacte-
rial sensors, it is important to consider all factors. The main
mechanisms of interaction between bacteria and graphene are
schematized in Figure 6.

4.2.1.1 Graphene Surface Characteristics. The key prop-
erties of graphene that favor the initial bacterial adhesion
include surface characteristics such as charge density, wettability,
roughness, stiffness, and topography (Figure 6a). Zheng et al.
[85] presented a comprehensive review outlining the typical
bacterial responses to each of these graphene features. The main
forces driving bacterial attachment are van der Waals forces and
electrostatic interactions. Given that bacteria possess a negatively
12 of 23
charged cell wall, increased adhesion is observed on positively
charged surfaces. The wettability of graphene, which is primarily
governed by its surface energy and roughness, is another crucial
property since it influences the contact area with biological
samples. However, having a large contact area does not guarantee
bacterial attachment. In the presence of a liquid medium that
usually forms part of the biological systems, ionic strength
also participates in the complex interaction between graphene
and bacteria. In addition to affecting wettability, the surface
roughness of graphene offers anchor points and protection for
already attached bacteria, promoting both adhesion and biofilm
formation. In some cases, ultra-rough surfaces lead to reduced
bacterial adhesion due to a decrease in contact area between
bacteria and graphene, as well as the mechanical disruption
of bacterial cell membranes caused by the sharp nano-edges
of graphene sheets [86]. Regarding surface stiffness, it has
been observed that softer surfaces exhibit higher retention and
stronger adhesion under external shear stress. Surface topog-
raphy is another critical factor since bacteria are capable of
sensing and responding to surface structures. They tend to align
along valleys and pillars to maximize their attachment area,
prioritizing grooves between protruding features. Surfaces with
structural features larger than the size of a single bacterium
provide greater contact area and shelter, leading to enhanced
bacterial attachment. Notably, the topographical features of
graphene-based sensing platforms can be customized by printing
graphene patterns to optimize bacterial adhesion for sensing
applications [87].

4.2.1.2 Bacterial Characteristics. The bacterial character-
istics that influence adhesion are essentially cell wall compo-
nents, appendages, and motility. Kreve and Reis [88] provided
Advanced Materials Interfaces, 2025
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FIGURE 6 Schematic representation of: (a) graphene’s surface factors that influence bacterial adhesion. Reproduced with permission [85].
Copyright 2021, Frontiers, and (b) adhesion mechanisms between bacteria and the graphene surface.
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a comprehensive review detailing the mechanisms underlying
bacterial surface adhesion. The interactions involved can be cat-
egorized into non-specific physicochemical interactions, specific
interactions, and surfacemechanosensing (Figure 6b). In the case
of non-specific interactions, adhesion occurs through van der
Waals forces, electrostatic charges, and the hydrophobic effect
between the bacterial cell wall surface, appendages, and the
sensing surface. Specific interactions involve appendages that can
recognize and bind, through a chemical reaction, to particular
molecules present on the graphene surface. This mechanism
was highlighted by Basu et al. [81] that demonstrated that
the bacterial graphene-based sensor they developed retained
polymer residues from the transfer process, which serve as
binding sites. Last, surface mechanosensing refers to the active
detection by appendages of physical features of the sensing
surface. Appendages play a crucial role in bacterial adhesion
due to their small diameter, which allows them to overcome
repulsive electrostatic interactions. Moreover, appendages can
be equal to or greater in length than the bacteria themselves,
enabling them to detect mechanical signals from a distance. A
demonstration of the impact of bacterial properties is shown
in Figure 7, which illustrates the individual responses of the
graphene-based sensor developed by Pandit et al. [23] to dif-
ferent bacteria. Figure 7a reports the response of P. aeruginosa,
showing an increase of resistance with CFU until a maximum
point. In contrast, Figure 7b presents the sensor response for
S. epidermidis, evidencing a more complex behavior associated
Advanced Materials Interfaces, 2025
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with different growth dynamics that lead to changes in the
environment.

4.2.2 Electrical Response

4.2.2.1 Graphene Molecular Structure Influence. Even
though the properties of graphene and bacteria that influence
bacterial adhesion have been discussed, it is crucial to analyze
the impact of the sensing device development on the sensor
response. Particularly, for electrical sensor development, a deep
comprehension of the electrical properties of the device is
necessary. As mentioned in previous sections, the properties of
graphene depend on its type and production method. Given
that graphene is a zero-bandgap semiconductor, its electrical
configuration is highly sensitive to external factors. The intro-
duction of contaminants and the creation of structural defects
are the major sources of changes in the electrical behavior of
graphene-based sensors. Daly et al. [79] analyzed the IV curves
of graphene-based sensors, which they developed using different
transfer techniques, demonstrating the impact of contaminants
and defects. The first sensor was fabricated using a dry transfer
method with thermal-release tape, while the second sensor was
developed through a wet transfer method to mitigate mechanical
damage associated with the use of thermal-release tape. Figure 8
shows the IV curves obtained for these sensors for different medi-
ums (DI water and LBmedium). The first development approach
13 of 23
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FIGURE 7 Electrical resistance versus number of colony-forming units for: (a) Pseudomonas aeruginosa and b) Staphylococcus epidermidis.
Reproduced with permission [23]. Copyright 2021, MDPI.

FIGURE 8 Current–voltage curves for the graphene-based sensors developed through a: (a) dry transfer, and (b) wet transfer techniques.
Reproduced with permission [79]. Copyright 2012, Wiley.
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displayed an IV curve with the expected V-shaped characteristic
(Figure 8a). In contrast, the second approach resulted in different
electrical behavior, where the Dirac point is not observable, and
hysteresis cycles become prominent, especially during analyte
measurement (Figure 8b). These results highlight the effects
of contaminants and defects. Defects typically act as obstacles
to the movement of charge carriers, leading to a decrease in
conductivity; however, they cannot be interpreted independently.
Although the second sensor was designed to avoid mechanical
damage, its conductivity did not improve and, in fact, worsened,
as evidenced by comparing the current scales of the IV curves for
both sensors. Furthermore, a shift from the intrinsic IV curve of
14 of 23

 C
graphene is observable, elucidating the predominant impact of
contaminants introduced during the wet transfer process.

4.2.2.2 Graphene-Analyte Electron Exchange. Under-
standing the role of molecules that interact with graphene is
not only essential for detecting contaminants in the sensor, but
it is also critical for interpreting the response of the electrical
sensor when exposed to analytes. Pristine graphene has its Dirac
point that aligns with its Fermi level (EF), the highest energy
state that an electron can occupy at 0 K. When electron-donor or
electron-acceptor molecules adsorb onto graphene, EF increases
or decreases, respectively [89]. In the case of electron-donor
Advanced Materials Interfaces, 2025
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FIGURE 9 Electronic characteristics of ideal pristine graphene, n-type graphene, and p-type graphene: (a) energy band diagram and (b)
representative IV curves.
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molecules, the increase in electron density causes graphene to
behave as an n-type semiconductor, where electrical conduction
ismediated by electrons. Conversely, electron-acceptormolecules
induce p-type behavior in graphene, where conduction is driven
by holes. Figure 9 illustrates the band diagrams and characteristic
IV curves for n-type, ideal, and p-type graphene. Analyzing the
energy band diagram of n-type graphene reveals that its EF is
higher than ED, while for p-type graphene, EF is lower than
ED. Under ambient conditions, graphene typically behaves as a
p-type material. When p-type graphene is exposed to electron-
donor molecules, these molecules donate electrons, which fill
the holes and consequently reduce its conductivity. On the
other hand, if electron-acceptor molecules adsorb onto p-type
graphene, they remove electrons, increasing conductivity. These
variations can be detected by analyzing the IV curves of graphene.
Figure 9b represents the typical IV curves for ideal pristine
graphene, n-type graphene, and p-type graphene. The IV curves
of the graphene-based electrical sensor developed by Daly et al.
[79], as shown in Figure 8a, confirm that pristine graphene
exhibits p-type behavior. When the sensor is exposed to DI water,
no molecules are adsorbed on the graphene surface, and the
observed increase in current is attributed to exposure to the
electrolyte. However, when the sensor is exposed to pure LB,
a shift in ED occurs, which is attributed to the adsorption of
phosphoproteins present in the analyte that act as electron–donor

molecules.

Advanced Materials Interfaces, 2025
4.2.2.3 Bacterial Metabolism Influence. The electrical
behavior of bacteria ismore complex than that of othermolecules,
as bacteria are living cells withmetabolisms that can interact with
the sensingmaterial. In the bacterial respiratory process, electron
transport across the cell membrane is mediated by electron
acceptor molecules in both aerobic and anaerobic respiration
[90]. The electron exchange between bacteria and graphene
can have a significant impact, potentially leading to chemical
reactions that alter the material itself. It has been demonstrated
that several bacteria, such as Shewanella, Lactobacillus, and E.
coli, are capable of reducing graphene oxide through their res-
piration processes [91–93]. This evidence shows the importance
of distinguishing whether bacteria induce chemical modification
of the sensing material in graphene-based sensors. In this sense,
Mulyana et al. [82] compared the IV curves of graphene-based
electrical sensors before and after exposure to E. coli, and before
and after oxidation via UV/O3 treatment, to identify changes
related to chemical reactions on the sensing material. It has been
demonstrated that when the sensor was exposed to E. coli, no
decrease in conductivity was observed in the IV curves, indicating
that the bacteria did not chemically react with graphene, but
only physical adsorption occurred. However, when graphene was
oxidized, a significant decrease in conductivity was observed
as a consequence to the oxygen-containing functional groups
that obstruct the path of charge carriers. It is important to
note that these tests were conducted under vacuum conditions,
15 of 23
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FIGURE 10 Survival of bacteria on graphene deposited on different substrates. Schematic electronic configuration and electron transport between
graphene and (a) conductive copper (Cu), (b) semiconducting germanium (Ge), and (c) insulator silica (SiO2). (d) Viability of bacteria on graphene
deposited in each substrate determined by fluorescence images (red: dead cells, green: live cells). Reproduced with permission [94]. Copyright 2014,
Nature.
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suppressing bacterial metabolic activity and eliminating the
possibility of oxidation induced by the bacteria.

Given that bacterial respiration involves electron transport, the
conductivity of the sensing surface is also crucial in developing
graphene-based sensors. The good biocompatibility of graphene
allows bacteria to come into close proximity with the sensing
surface, facilitating interactions not only with the graphene layer
but also with its substrate. Additionally, since graphene behaves
as a p-type material at room temperature, it acts as an efficient
electron acceptor, potentially bridging electron transfer between
bacteria and the substrate. Li et al. [94] investigated the responses
of two bacterial strains, Gram-negative E. coli and Gram-positive
S. aureus, when exposed to monolayer graphene on substrates
with varying electrical conductivities. The substrates studied
were conductive copper (Cu), semiconducting germanium (Ge),
and insulating silica (SiO2). It was demonstrated that differences
in the electronic band configuration between the bacterial cell
wall and the substrate affect bacterial survival on the sensing
surface, depending on whether electron transfer is possible, as
illustrated in Figure 10. Since the cell wall of both Gram-positive
and Gram-negative bacteria can be modeled as a semiconducting
material with a significant energy gap between their conductive
band (EC) and valence band (EV), the differences in EC between
bacteria and each substrate should be analyzed. When the EC of
the substrate is lower than that of the cell wall, electrons from
the respiratory process drain into the substrate, as occurs with
the conductive Cu and the semiconducting Ge (Figure 10a,b,
respectively). In contrast, the conduction band of the insulating
SiO2 substrate has a higher energy than that of the bacterial
cell wall, which prevents electron transfer, as represented in
Figure 10c. Fluorescence imaging of bacteria on graphene for
16 of 23
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each substrate, presented in Figure 10d, confirmed that the
interruption of electron transport in the respiratory process
results in the death of both E. coli and S. aureus cells. This study
highlights the importance of selecting an appropriate substrate
for constructing graphene-based bacterial sensors, as it has a
significant impact on the biocompatibility of graphene.

4.2.2.4 Alterations in the Electrical Configuration of
Graphene. The substrate selected for the development of
graphene-based sensors not only determines the survival of
bacteria on the sensing surface but also influences the electrical
behavior of the sensor and defines its potential application field.
As discussed in the previous section, silica/silicium (SiO2/Si) is
the most commonly used substrate in graphene-based sensor
construction. This is due to its strong covalent bonding with
graphene, its inertness in altering the electrical behavior of the
sensing material, and its suitable properties for building reliable
electrical sensors [95]. On the other hand, metal substrates often
induce significant changes in the electronic configuration of
graphene, leading to the opening of a band gap, which causes
a loss of its ambipolarity [96]. Polymer substrates, such as the
flexible acetate used by Basu et al. [81], are limited by the
interaction strength between the two surfaces, which is mediated
by van der Waals forces. The weak bonding allows graphene to
retain its intrinsic physicochemical properties [58]. Additionally,
polymer substrates enable the fabrication of transparent and flexi-
ble devices, which can lead tomore efficient sensing technologies
since it mold to the sample, providing a larger contact area [97].

It is important to emphasize that the sensitivity of graphene to
changes in its electronic behavior can be considered as an advan-
tageous feature for engineering graphenewith tailored properties.
Advanced Materials Interfaces, 2025
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Numerous studies have explored various techniques to tune the
electronic band structure of graphene [98–100]. These techniques
include molecular doping via substitution of carbon atoms or
adsorption of molecules, the introduction of defects through
electron or ion beam irradiation, hydrogenation, fluorination,
and oxidation, and also, substrate selection. A notable example of
property tuning was demonstrated by Rao et al. [80], who devel-
oped a graphene-based bacterial sensor by cutting a graphene
strip to a width comparable to that of bacteria. The authors
reported that the semimetal behavior of graphene was lost, and
the micro ribbon exhibited semiconductor-like properties. As the
size is reduced, graphene turns from a 2D to a 1D material, and
its electronic band structure changes by the opening of a bandgap
and confinement of charges. Consequently, these changes alter its
transport properties, resulting in a sensor with higher sensitivity.
Rao et al. [80] also demonstrated that the sensitivity of graphene-
based sensors can be improved by controlling the number of
carbon layers. Due to interlayer resistances, it was shown that the
higher the number of layers, the higher the electrical resistance,
until the resistivity of graphite is reached [101]. The obstacles in
charge transport, generated by interlayer resistances, result in a
reduced sensitivity of the graphene-based sensor as the number
of layers increases.

4.2.2.5 Selection and Configuration of Metal Elec-
trodes. A key factor in developing graphene devices is the
contact between graphene and metal electrodes. A complex
phenomenon takes place where charge carriers are injected from
a 3D metal electrode into the 2D semimetal graphene layer.
Due to differences in electronic configuration and dimensions,
contact resistance between the two materials is formed, resulting
in an energy barrier to charge carrier injection, affecting the
performance of the electrical sensor [102]. Low contact resistance
in graphene–metal contacts can be observed through the IV curve,
whichwill showa linear response, as highlighted byWibowo et al.
[22, 83] for the portable graphene-based sensor they developed.
The linear response is characteristic of an ohmic contact, as the
IV curve follows Ohm’s law. Zheng et al. [103] present a review
of strategies to form ohmic contacts between 2D materials, such
as graphene, and 3D metal electrodes. These strategies, which
include doping, energy band matching, and optimizing electrode
configuration, aim to enhance the reliability and sensitivity of the
conventional method involving metal deposition onto graphene.
The performance of electrical graphene-based sensors can also
be influenced by the structural orientation of graphene. Rao
et al. [80] demonstrated the impact of graphene orientation on
sensor sensitivity by comparing the responses of the bare sensor
with different electrode pairs. They used a configuration of four
electrodes printed onto the graphene sensing surface, where
the electrical resistance measured by one pair of electrodes was
higher than a different pair of electrodes. Since the electrode
area and distance between them are constant, the differences in
electrical response between the electrode pairs are attributed to
the orientation of graphene. Exploring graphene orientation is
crucial when developing electrical sensors since directions that
facilitate charge carrier movement are promising for creating
devices with higher sensitivity.

4.2.2.6 Medium and Environmental Conditions. The
principle of measurement in the studied graphene-based sensors
relies on changes in electrical behavior due to the adsorption of
Advanced Materials Interfaces, 2025
bacteria. Therefore, direct contact with the analyte is required.
This type of measurement can perturb the sensing layer due
to various factors, such as temperature and composition, where
chemical species, ions, and water are of particular interest. These
factors are typically influenced by the sample being analyzed,
which can have a wide range of characteristics. This is especially
true when considering that the target analyte is bacteria, and
when the sample is food. Temperature is a key factor to consider,
since graphene increases its conductivity with temperature due
to a stimulation of the charge carriers [104]. In addition to the
surrounding media and sample, the conduction of electricity
through graphene can also increase the temperature of the sensor
due to the Joule effect, causing it to eventually fail [105]. The
composition of the sample involves not only the medium in
which the bacteria are present, but also the metabolic byproducts
of the bacteria, which vary depending on the growth stage
of the cells [106]. This is especially important when bacteria
produce biofilms, as they secrete polymeric substances that
lead in biofilm formation. The complexity of biofilms requires
special attention to ensure the correct interpretation of sensor
responses. Nakagawa et al. [84] proposed an electrical model
to describe the behavior of their impedimetric graphene-based
sensor during biofilm detection. The model accounts for pref-
erential current pathways under different applied frequencies:
at high frequencies, the current predominantly flows through
regions rich in the polymeric substances of the biofilm, whereas
at low frequencies, it tends to pass through the more aqueous
areas.

It is important to analyze the effect of ions and water on the
composition of the medium because they form an electrolyte that
can conduct current and potentially interfere with the sensor
response. This is because the electrolyte is not the target analyte.
One way to avoid electrolyte interference is to dry the sample
before sensing. This can be done by heating, as Rao et al. [80]
did with their sensor, or by natural evaporation, as performed by
Mulyana et al. [82] and Nakagawa et al. [84]. When measuring in
the presence of an electrolyte it is necessary to know its electrical
response before including the bacteria to the analysis. [22, 23, 81,
83] An interesting consideration when measuring liquid samples
is to prevent evaporation during the time the sensor needs to
yield a result. To address this, Daly et al. [79] proposed adding
glycerol to the sample, since it is a substance that increases surface
tension and reduces evaporation during measurement. Even in
the absence of an electrolyte, humidity normally is present in the
environment. This is not aminor factor since it was demonstrated
by Teoh et al. [107] that the current flow going through graphene
can promote its reaction with water molecules of the ambient,
conducting to an oxidation or even a reduction of the material.
It is important to note that temperature and composition of
the sample not only affect the graphene sensing layer but also
have a significant impact on the metabolism of bacteria and,
consequently, on their adhesion [108].

4.3 Comparative Analysis and Discussion

Only a few non-functionalized graphene-based electrical sensors
have been developed for bacterial detection since 2012. Figure 11
summarizes key information that enables a proper comparison
of the electrical response to bacteria adhesion of these sensors,
17 of 23
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FIGURE 11 Key information and electrical responses of non-functionalized electrical graphene-based bacterial sensors.
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highlighting the impact of the previously described constructive
and operational factors on sensor performance.

A comparative analysis can be conducted between the sensor
developed by Rao et al. [80] andWibowo et al. [22, 83] as both are
graphene-based resistive sensors designed for detecting E. coli. It
can be noticed that their responses are opposite: while one sensor
exhibits an increase in the electrical resistance in the presence of
bacteria, the other one shows a decrease. There are twokey factors
that may lead to this variation in sensor response: the production
method of graphene and the sample conditions. Despite having
the same substrate (SiO2/Si) and electrode configuration, Rao
et al. [80] utilized mechanically exfoliated graphene, directly
transfer onto the substrate, whereas Wibowo et al. [22, 83] used
CVD graphene, which likely required a transfer process to deposit
it onto the substrate. Both sensorsmeasuredE. colidispersed inDI
water; however, Rao et al. [80] dried the bacterial solution before
measurement, whileWibowo et al. [22, 83] analyzed a liquid drop
of the solution. It is also important to note that both studies
implemented a centrifugation step to disperse the bacteria into
DI water. This process may be a relevant factor, as centrifugation
has been reported to alter the surface charge of bacterial cells
[109]. Regarding the number of graphene layers, it appears to
affect the sensitivity rather than the direction of the response,
since Rao et al. [80] analyzed mono-, bi-, and few-layer graphene,
consistently observing an increase in the electrical resistance
when E. coli gets in touch with the sensor.

Another comparative analysis can be conducted between the
sensors developed by Basu et al. [81] and Nakagawa et al. [84]
since both are graphene-based impedimetric sensors and the
target analyte is E. coli. Despite exhibiting the same response,
which is a decrease in impedance with bacteria adhesion, there
are significant differences between them, including the substrate,
electrode configuration, and sample conditions. Both sensors uti-
lized CVD graphene; however, Basu et al. [81] employed a SiO2/Si
substrate, while Nakagawa et al. [84] used a Cu substrate. In this
18 of 23
last device, no transfer method was required as CVD graphene
was directly grown on Cu, whereas the other sensor required a
transfer method. Moreover, there is a significant difference in
electrode configuration that determines the direction of the cur-
rent path in each sensor. In the device developed byBasu et al. [81]
the electrical current flows exclusively through graphene, parallel
to the sensing surface. Conversely, in the sensor constructed by
Nakagawa et al. [84], the current flows through both graphene
and the Cu substrate, in a direction perpendicular to the sensing
surface. Regarding sample conditions, both sensors measured E.
coli dispersed in LBmedium. However, Basu et al. [81] analyzed a
liquid drop, while Nakagawa et al. [84] dried the sample prior to
measurement. Since the bacteria were suspended in their growth
medium, no centrifugation step was required in either study. It
is interesting to note that Nakagawa et al. [84] investigated the
response of the sensor to the biofilm formation. In this case,
the sensor response shifted, showing an increase in impedance
due to the presence of bacteria and biofilm. This highlights the
importance of studying the influence of bacterial metabolism
byproducts on sensor response.

This comparative analysis suggests that the graphene production
method has the most significant influence on sensor perfor-
mance. Additionally, bacterial metabolic byproducts appear to
play a crucial role in sensor response. This is supported by the
FET graphene-based sensor developed by Pandit et al. [23] that
monitored the electrical resistance while bacteria grew in culture
mediums under favorable conditions. Among the two bacteria
tested, P. aeruginosa exhibited a linear response in which the
electrical resistance increasedwith bacterial adhesion, whereas S.
epidermidis showed a non-linear response, indicating the impact
of metabolic byproducts and biofilm formation.

The studies conducted by Mulyana et al. [82] provided valuable
insights, as they reported a decrease in electrical resistance
when bacteria adhered to the graphene sensing layer. Moreover,
an increase in the electrical resistance indicated that chemical
Advanced Materials Interfaces, 2025
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reactions, such as oxidation of graphene, occurred during mea-
surement. Given that both bacteria and electrical current can
induce graphene oxidation, it is crucial to determine whether
physical or chemical interactions are taking place between
graphene and bacteria. The findings from existing studies high-
light the need for deeper investigation and testing to fully under-
stand how constructive and operational parameters influence
the performance of non-functionalized electrical graphene-based
bacterial sensors.

4.4 Main Challenges

The development of an ideal bacterial sensor requires particular
attention to factors such as sensitivity, selectivity, and physic-
ochemical stability. Although functionalized bacterial sensors
meet essential criteria such as speed, cost-effectiveness, portabil-
ity, and ease of use, non-functionalized sensors still face other
critical challenges in practical application. Sensitivity is especially
critical for food samples, where the acceptable limit for some
pathogenic bacteria is just a few cells per 100 mL [110]. Cur-
rent bacterial detection technologies typically have a volumetric
capacity of only a few milliliters, and further advancements are
needed to achieve higher capacity and sensitivity without relying
on preprocessing steps for sample concentration that are time
and cost-intensive [78]. Some approaches have been explored,
such as integrating microfluidic structures into biosensors to
enable real-time sample concentration.However, these structures
present operational challenges, such as the risk of damaging
the sample, which compromises the device’s reliability [111]. As
demonstrated by Rao et al. [80], non-functionalized graphene-
based sensors can achieve single-cell detection; however, this
level of performance can decrease significantly when the sensor
is exposed to real, complex matrices, such as food. Selectivity
remains one of the major challenges for bacterial sensors, par-
ticularly non-functionalized ones. Unlike functionalized devices,
such as biosensors that depend strictly on specific biorecognition
elements, non-functionalized sensors detect bacteria through
direct, intrinsic interactions between the target microorganism
and the sensing surface. This raises concerns about their ability to
distinguish between different bacterial species or to discriminate
bacteria from other biological or chemical components in the
sample. Interestingly, the graphene-based sensor developed by
Pandit et al. [23] exhibited differential responses to distinct
bacterial strains, which may be related to differences in cell wall
composition or metabolic activity. As a result, it is intriguing to
consider whether graphene can directly detect differences in cells
and respond accordingly due to its electrical properties. While
graphene’s high sensitivity can be advantageous for detection, it
also makes the sensing layer susceptible to non-target stimuli,
such as humidity, oxygen, and temperature, which can alter its
electronic behavior. These fluctuations contribute to the inherent
instability of graphene and may compromise the reliability of
sensors, particularly in complex matrices like food. A stable sens-
ing layer is a key factor to enable sensor reuse and regeneration
processes, and, consequently, ensuring the long-termdurability of
devices [112]. Together, sensitivity, selectivity, and physicochemi-
cal stability, along with key attributes such as speed, affordability,
ease of use, and portability define the essential features of a reli-
able, non-functionalized bacterial sensor. Meeting these criteria
is crucial for the successful development of practical devices with
Advanced Materials Interfaces, 2025
strong potential for real-world applications and future market
integration.

5 Concluding Remarks

Graphene exhibits unique physical and chemical properties that
make it a promising material for the development of non-
functionalized bacterial sensors. Its high surface area and 2D
structure enable strong interactions with analytes, while its
compatibility with living cells allows for the direct adsorp-
tion of bacteria. Particularly, its electronic characteristics make
graphene ideal for developing electrical sensors. Its excellent
charge carrier mobility, combined with its intrinsic ambipolarity
that allows it to conduct electricity through electrons and holes,
ensures the creation of versatile sensing devices with tunable
characteristics.

A wide range of graphene quality and form is available not
only because of its electronic properties, but also because it
can be produced using various techniques classified as either
bottom–up or top–down. While this variety poses challenges
due to the lack of uniform quality control protocols, it also
enables the selection of graphene with the most suitable prop-
erties for sensor optimization. Another significant advantage
of using graphene in sensor development is its affinity with
various substrates, including metals, ceramics, and polymers.
This offers considerable versatility in sensor design, particu-
larly for the development of portable sensors that can support
decentralized, low-cost monitoring in rural or resource-limited
settings. Additionally, using flexible substrates enables the fab-
rication of bendable sensors that can be integrated into systems
such as packaging. This application is especially relevant for
detecting foodborne bacteria through intelligent food packaging
solutions.

The high sensitivity of graphene to external factors such as
temperature, chemical species, living cells, and electrical or
magnetic fields allows for the construction of sensitive and
highly reliable sensors. Graphene-based field-effect transistor
sensors are a promising configuration for bacterial detection
and allow us to fully exploit graphene’s electronic properties.
These devices modulate the charge carrier density on graphene,
providing greater control over device operation, which is crucial
when dealing with samples containing living cells that often
yield dynamic responses. Furthermore, this review discusses how
graphene-based sensors emerged to overcome the limitations
of conventional bacterial detection methods and biosensors.
Traditional approaches, such as culturing, biochemical assays,
nucleic acid sequence-based detection, and immunological detec-
tion, provide high sensitivity and selectivity, but they often
require long processing times, expensive reagents, complex
preprocessing, and trained personnel. Meanwhile, biosensors
are compact, portable devices that provide a fast response;
however, they are limited in terms of sensitivity and scala-
bility. Non-functionalized graphene sensors are an innovative
alternative offering fast, cost-effective, on-site detection. They
are simple and easy to use, making them particularly suitable
for scalable real-world applications, such as food safety mon-
itoring, where fast, affordable, and user-friendly solutions are
crucial.
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This review highlights the key findings from studies on
non-functionalized electrical graphene-based bacterial sensors,
emphasizing both their potential and the challenges that remain.
The reviewed sensor types include resistive, impedimetric, and
FET-based sensors. Significant advances have been made in
demonstrating the capability of graphene to directly sense bacte-
ria without the need for intermediate agents. Moreover, graphene
has shown the ability to tune sensitivity simply by controlling
parameters such as thickness and shape, achieving detection
limits as low as a single bacterial cell. Additionally, graphene-
based sensors exhibit differential responses to different bacteria
species, highlighting their promising selectivity. These sensors
have successfully sensed both wet and dried samples, proving
their versatility. It has been demonstrated that a deeper under-
standing and exploitation of the distinctive electrical properties
of graphene can enable reliable bacterial detection, promising for
sensing complex media such as food samples. Beyond detecting
bacterial cells, graphene has also shown the ability to sense
biofilm formation, expanding its potential, for example, to the
healthcare field. Furthermore, the discussed graphene-based
sensors have been developed with flexible, real-time monitoring,
or portable designs, enhancing their practical usability. Even
though no studies have yet explored the regeneration and reuse
of these sensors, the fact that bacterial interaction with graphene
occurs primarily through physical adsorption suggests promising
potential for sensor reutilization. Moreover, this review identifies
critical constructive and operational factors that directly impact
on sensor performance. One of the most important factors is the
molecular structure and composition of graphene, as it has a
significant influence on its electronic behavior, and consequently,
on sensor response. This molecular structure can be altered pri-
marily by the production process of graphene and the transfer or
deposition method used to construct the sensor. Additionally, the
materials selected for the substrate and electrode can also affect
the electronic configuration of graphene.More importantly, these
materials influence bacterial metabolism, which directly impacts
on bacterial adhesion. Determining the physical or chemical
interactions that occur during the sensing process is challenging
because they are driven not only by graphene–analyte interaction
but also by the flow of electrical current.

Despite the significant potential of non-functionalized electrical
graphene-based bacterial sensors, several critical challengesmust
be addressed to achieve reliable and scalable devices. Ensuring
sensitivity, selectivity, and physicochemical stability is essential
for real-world applications. The absence of biorecognition ele-
ments hinders selective detection, and the high sensitivity of
graphene makes it susceptible to interference from environmen-
tal factors. Furthermore, ensuring long-term operational stability
and developing reusable devices remain unresolved issues. Over-
coming these challenges requires strong interdisciplinary efforts,
integrating advances from materials science, microbiology, and
electronic engineering. Closer collaboration between academic
research and industrial development is also crucial to translating
laboratory findings into practical, market-ready technologies.
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