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ABSTRACT Detecting cancer biomarkers at an early stage at the clinical level has been the interest of
numerous researchers over the years due to its impact on recovery. Therefore, attention is towards fabricating
reliable, cost-effective, reproducible, and accurate devices for point-of-care screening. This review aims to
highlight the emerging field of memristive biosensors and compare it to similar electrochemical devices
used for cancer biomarker detection. The limit of detection (LOD) achieved by memristive biosensors was
generally in the femtomolar (fM) range in comparison to field effect transistors (FET) and electrochemical
immunosensors, which in most instances exhibited a LOD in the picomolar (pM) and nanomolar (nM) range.
Most current memristive biosensors are fabricated using silicon nanowires, which calls for exploring different
materials and structures that may lower fabrication complexity and increase reproducibility. This article
examines the working principle of memristors for biosensing, the biofunctionalization of antibodies, the
interaction between antibodies and antigens and its influence on memristors, as well as fabrication processes
and applications of memristors for biosensing. This paper will report on memristor-based biomedical sensors
focusing on cancer screening. In addition, the outlook of reduced graphene oxide (rGO) as an active material
for sensing will be discussed. Memristors are anticipated to enhance the future of sensing due to their great
sensitivity and simplicity of fabrication.

INDEX TERMS Cancer, biomarker, biosensing, memristor, antigens, rGO.

I. INTRODUCTION Another field of interest is detecting and characterizing dif-

The detection, characterization, and separation of different
particles and cells, including cancer cells, have gained
tremendous attraction from researchers in the past few
decades in pursuit of fabricating more effective and efficient
devices. Different separation techniques, like dielectrophore-
sis (DEP) [1], acoustophoresis (ACP) [2], magnetophoresis
(MAP) [3], optophoresis (OPP) [4], hydrophoresis (HYP) [5],
and deterministic lateral displacement (DLD) [6], were used
to fabricate devices for the separation of different micropar-
ticles. The mentioned separation techniques have various
applications and utilize distinct criteria or characteristics of
the target cells for their separation/capture.

The associate editor coordinating the review of this manuscript and

approving it for publication was Santosh Kumar

ferent cancer biomarkers using biosensors [7], [8], [9]. These
biosensors usually have two main components: a bioreceptor
and a transducer. The bioreceptor is a biomolecule attached
to the device that recognizes the target molecule, while the
transducer transfers a signal containing this identification
process [10]. The signal measured determines the type of
biosensor, which could be mechanical [11], optical [12],
electrochemical [13], or electrical [14]. Many biosensing
studies have been conducted on one of the electrical
biosensors, namely the field effect transistor (FET) since it is
a good candidate for point-of-care (POC) devices [15], [16],
[17]. FETs are usually composed of three main terminals: the
source, drain, and gate. These devices are used as biosensors,
utilizing the idea that a measurable change in device electrical
characteristics will occur due to a reaction between the
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bioreceptor and the biological analyte being sensed. Some
of the biological analytes will attach to the bioreceptors,
changing the charge carrier concentration of the conducting
material in use. Composite immunosensor electrodes are
another electrochemical device used as biosensors that
detect target analytes in a sample by combining recognition
elements, such as antibodies, and a transduction mechanism,
such as an electrode. To enhance the overall functionality
of the biosensor, the transduction mechanism, usually an
electrode, may be altered with additional components, such as
enzymes, and composed of different materials, such as gold
or carbon.

Another emerging technology or device used in molecule
sensing, and particularly in cancer biomarker sensing, is the
memristor. As the name suggests, the memristor is essentially
aresistor with a memory. This device was used as a biosensor
in multiple studies, exhibiting high sensing accuracy [18],
[19], [20]. Recently, Carrara [21] published a review in
the field of memristors, highlighting the new interest and
increase in research on memristors and the different types of
memristor sensors, mainly physical and chemical memristor
Sensors.

This article provides a comprehensive overview of
memristor biosensing applications. Memristive biosensors
used for the detection of cancer biomarkers like Prostate
specific antigen (PSA), Carcinoembryonic antigen (CEA),
and Vascular Endothelial Growth Factor (VEGF) will be
reviewed in depth. To the best of the authors’ knowledge,
a review of the current state of memristive biosensors
used to detect cancer biomarkers is unavailable in the
literature. Consequently, this review aims to provide a
detailed overview of the current memristive biosensors and
compare them to traditional electrochemical biosensors.
Initially, the general history and working principles of
memristors will be presented in Section II. Section III
will focus on the specific detection principle of memristive
biosensors, bio-functionalization of antibodies, and antibody-
antigen interaction. In addition, state-of-the-art works on
biomarker detection using memristive biosensors, fabrication
of silicon nanowires, comparison of memristors with other
types of biosensors, and the advantages and limitations
of memristive biosensors will be discussed in Section IV.
Finally, conclusions and future recommendations in this
emerging field of memristor biosensors will be highlighted
in Section V.

Il. THEORY OF MEMRISTORS

A. MEMRISTOR HISTORY

Leon Chua first described the memristor theoretically and
given its name in 1971 [22]. Leon Chua pointed out in
his paper that the theory of circuits seems to be missing a
fourth component. This component had to relate the magnetic
flux (¢) with charge (q) since all other possible governing
parameters, i.e., voltage, current, charge, and magnetic flux,
are already related by established essential components,
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namely, the resistor which connects voltage to current, the
capacitor which relates voltage to charge, and inductor which
relates current to flux. That said, this was not the first
time a device with memristor qualities was established;
such a device was shown in late 1800, as indicated by
Prodromakis [23].

Although the memristor was first theoretically established
and named in 1971, it was first fabricated in 2008 by
Strukov et al. [24]. Since then, utilizing memristors in
different applications has been pursued by many researchers,
and numerous works have been published throughout the
years, as shown in Figure 1. The category “Total” data
in the figure is derived from Scopus using the keyword
“memristor/s” in the manuscript’s title or keywords. The
data for the Sensors and Biosensors categories were acquired
using the same methodology, with the addition of having the
keywords “‘sensor/s”” and ‘‘biosensor/s” in the title, abstract,
or keywords of the articles. The figure shows the current state
of memristors, which receive great attention with the growing
number of papers published yearly. The pie chart in Figure 1
shows the different applications where memristors are
utilized with their respective percentages. Those applications
include studies on neural networks [25], [26], [27], [28],
resistive switching [29], [30], [31], [32], chaotic circuits
[33], [34], [35], [36], and sensing, which includes tempera-
ture sensing [37], force sensing [38], radiation sensing [39],
and gas sensing [40]. The category named “Other” in
Figure 1 includes and is not limited to applications like
material science [41], probabilistic computing [42], and
numerical computing [43].

B. WORKING PRINCIPLE

In simple terms, a memristor can be defined as a resistor
that changes resistance as you apply voltages. As established
by [22], the voltage across a memristor as a function of charge
is given by

v(t) =M (q@)i() ()
where the memristance M (q) is defined as
M (q) = do(q)/dq) 2

Analogously, the current through a memristor as a function
of flux is given by

i(t)=Wip@)v) 3
where the memductance W (¢) is defined as
W (@) = dq(p)/dy “)

This property is summed up by applying a sweeping voltage
across the device and measuring the current as a function
of voltage; this will result in the pinched hysteresis loop as
shown in Figure 2.

As the voltage increases, the current increases linearly as a
function of the voltage, and it has a shallow slope, indicating
that its conductance is low. After that, it reaches a threshold
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FIGURE 1. Number of publications per year on memristors (log scale) and pie chart showing the different categories of studies

conducted using memristors. Data were obtained from Scopus.

Current (mA)
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FIGURE 2. lllustration of current versus voltage for a standard memristor
at different frequencies, f1 < f2 < f3.

of adaptation, and the conductance increases, as indicated by
the steeper slope. These two slopes indicate two different
resistive or conductive states. As the voltage sweeps back
down, it is in a higher conductance state, and the polarity
reverses, where a reverse adaptation threshold is reached,
causing the conductance to decrease. The fact that the pinched
hysteresis loop goes through the origin implies that the device
is not storing energy and holds the memory of the last voltage
applied to it.

lIl. MEMRISTIVE BIOSENSORS WORKING PRINCIPLES

A. DETECTION PRINCIPLE

The detection of biomarkers using memristors is sim-
ilar to that of FETs, where a change in conductance
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FIGURE 3. Illustration of logarithmic current against voltage for a
functionalized memristor biosensor showing the voltage gap.

occurs due to bioreceptor and biological analyte binding,
as explained in Section I. However, in the case of memristors,
the attachment (bio-functionalization) of charged residues
like antibodies on the surface of the device causes a
gap in the logarithmic current-voltage curve, as indicated
in Figure 3.

Like FETs, this gap in the voltage-current curve of
memristors is due to a change in the device’s conductance.
The attachment of proteins (antibodies) can be viewed as
a virtual gate that controls the current. While applying a
positive gate voltage causes carriers to be depleted and
the conductance to decrease for a p-type device, doing
so while using a negative gate voltage causes carriers to
build up and the conductance to increase. During antigen
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uptake, the voltage gap gets smaller because the antigen
binding to antibodies (which happens when antigen and
antibodies interact) hides the effect that antibodies are already
giving.

The change in electrical properties upon antigen-antibody
binding on a device could also be caused when the electric
field acts as an energy source for the fluid, resulting in
AC electroosmosis (ACEO), a type of alternating current
(AC) electrokinetic forces. This force could create swirling
structures in the fluid, which will enhance the delivery
of the analyte to the immunosensor device’s reaction
surface [44].

B. BIO-FUNCTIONALIZATION OF ANTIBODIES

Menmristive devices used in biosensing are usually functional-
ized with antibodies to detect antigens through a change in the
voltage gap in the devices’ response due to antibody-antigen
interaction. Four main techniques exist in the literature for the
attachment of antibodies on the surface of a device, namely
direct adsorption [20], [45], [46], affinity approach [47],
covalent attachment using Glycidoxypropyltrimethoxysilane
(GPTS) [18], [48], [49], covalent attachment using 1-(3-
(Dimethylamino)propyl)-3-ethyl carbodiimide hydrochlo-
ride (EDC) and N-hydroxysulfosuccinimide (NHS) [16],
[50], [51], [52], [53], [54], [55], and non-covalent attach-
ment [17]. The direct adsorption technique usually starts by
treating the device with oxygen plasma for 15 minutes to
increase hydroxyl groups (OH-). Subsequently, the device is
exposed to a solution of target antibody in phosphate-buffered
saline (PBS) and incubated for multiple hours. Finally, the
device is washed with PBS and gently dried with nitrogen.
This process is graphically depicted in Figure 4 (a). The
affinity approach is presented in Figure 4 (b), where the
process starts by exposing the device to a solution of PBS
containing biotin to immobilize biotin on the surface. Then,
streptavidin is attached to the surface on top of the existing
biotin. Finally, the biotinylated aptamer is immobilized on the
device’s surface.

Covalent attachment is the predominant type of func-
tionalization used for cancer biomarker sensing, as will be
highlighted later in this review. Covalent attachment can
be achieved by using either GPTS or EDC and NHS. The
first technique using GPTS starts by exposing the device to
ethanol, acetic acid, and GPTS. Subsequently, the device is
washed multiple times with ethanol and acetic acid, dried
with nitrogen, and heated in an oven. Finally, ethanolamine
is used to block any remaining GPTS groups active on the
surface.

On the other hand, covalent attachment using EDC and
NHS starts with treating the device with oxygen plasma
to increase OH- groups for better binding. After that, the
device is immersed in an ethanol solution and later exposed
to the target antibody in PBS, EDC, and NHS solution for
multiple hours. Finally, the device is washed with PBS and
gently dried with nitrogen flow. At this point, the device
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is ready for incubation successively in solutions of antigen
in PBS for antigen uptake. A graphical representation of
the covalent attachment using EDC and NHS is presented
in Figure 4(c).

Non-covalent attachment can be done through
m-stacking, like the interaction of graphene with the
1-pyrenebutanoicacidsuccinimidyl ester (PYR-NHS), as
shown in Figure 4 (d) [17]. Initially, to establish a linker, a
device is exposed to a dimethylformamide (DMF) solution
with PYR-NHS and washed with DMF afterwards. Then,
the device is incubated in a solution of PBS with the
target antibody for multiple hours. Finally, the device is
washed with PBS and exposed to ethanolamine to block any
remaining activated groups on the surface of the device.

A study related to the attachment of antibodies was
presented by Tzouvadaki et al. [56], where they studied the
effect of different bio-functionalization techniques on the per-
formance of silicon nanowire memristors taking anti-Prostate
Specific Antigen (PSA) antibodies as a case study. Their work
showed that the direct adsorption functionalization technique
performed almost two times better than the affinity approach
and covalent linkage at high humidity ratios.

C. INTERACTION OF ANTIGENS AND ANTIBODIES
Antibodies are Y-shaped proteins that are required for
an immune response. Antibodies recognize antigens with
high specificity, making them ideal therapeutic targets [57].
Antibiody-antigen complexes exhibit a high degree of shape
and chemical complementarity at their interacting surfaces.
Hydrophobic regions on the antigen surface interact with
hydrophobic regions on the antibody combining site, polar
atoms engage with polar atoms across the interface, and
proton donors and acceptors establish hydrogen bonds.
Protruding side chains on one surface nestle into depressions
on the other, and numerous van der Waals interactions are
interspersed with hydrogen bonds and the occasional salt
bridge [58].

Antibodies are classified into two types: polyclonal
antibodies and monoclonal antibodies [59]. Polyclonal anti-
bodies, also known as antiserum antibodies, are produced
from the products of numerous B-lymphocytes from animals
(in vivo), are less sensitive to epitope variations, and are
specific with some cross-reactivity. On the other hand,
a monoclonal antibody is produced using both in vivo and
in vitro systems and is characterized by its high sensitivity,
specificity, and lack of cross-reactivity. Furthermore, when
compared to polyclonal reagents, monoclonal reagents are
more complicated and expensive to produce in the long
term [59], [60].

Circulating immune complexes composed of tumour
antigens and immunoglobulin M (IgM) are a novel class
of biomarkers with diagnostic significance for the early
detection of cancer [61]. Antigenic components of circulating
immune complexes have been found to arise from diseased
tissues in most malignancies. As the illness advances, these
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FIGURE 4. a) Bio-functionalization of PSA antibody using direct adsorption technique, figure taken from [20].

(b) Affinity approach for the surface attachment of PSA antibody. Reprinted with permission from [47]. Copyright
(2016) American Chemical Society. (c) Covalent attachment of carcinoembryonic antigen (CEA) antibody using EDC
and NHS. lllustration of methodology used in [54]. (d) Non-covalent attachment of CEA antibody through = -stacking
by the interaction of graphene with PYR-NHS. lllustration of methodology used in [17].

tissues shred more antigens, which is believed to increase
the concentration of circulating immune complexes [62].
In the cases of prostate cancer [63], colorectal cancer [64]
and liver cancer [65], [66], [67], tumour biomarkers are
responsible for the development of circulating tumour-
related antigens-IgM complexes. Examining these circulating
immune complexes performed better than analyzing the
comparable free biomarker [68]. Cirrhosis and hepatocellular
cancer (HCC) may develop in patients infected with the
hepatitis B (HBV) or C (HCV) viruses. As a result,
patients must be regularly evaluated using serum alpha-
fetoprotein (AFP) determinations and liver ultrasounds every
six months to detect HCC nodules. The appropriate AFP cut-
off level for the diagnosis of HCC is still debatable. Some
studies used 20 ng/mL, and others favoured the 200 ng/mL
or 400 ng/mL concentration [69]. Another biomarker for
monitoring cirrhosis and HCC that has been proven to work is
the immune complex made up of Squamous Cell Carcinoma
Antigen and IgM (SCCA-IgM) [67]. 120 AU/mL was the
optimal SCCA-IgM threshold for discriminating between
HCC-free and overall survival rates. Patients whose baseline
levels exceeded this threshold demonstrated a significant
increase in both the HCC incidence and all-cause death
rates. Patients with higher baseline SCCA-IgM values (>120
AU/mL) were more likely HCV-positive and had higher blood
AFP levels [70].

In the case of colorectal cancer, the carcinoembryonic
antigen-IgM complex (CEA-IgM) is used as a biomarker
for the early detection of the disease [64]. However, CEA
is also elevated in other types of cancer, such as lung [71]
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and breast [72] cancers. A free CEA reading of 5.0 ng/mL
and a CEA-IgM complex level of 200 AU/mL are considered
elevated. However, a particular cut-off value is not available.
Colorectal cancer is associated with higher CEA and CEA-
IgM levels [64].

Another biomarker is the Vascular Endothelial Growth
Factor (VEGF) which is a decisive angiogenesis factor
and is generally linked to the growth and metastasis of
tumours [73], [74] and specifically for the diagnosis of
breast cancer [75], [76]. Endothelial cells, smooth muscle
cells, fibroblasts, and cancer cells are some of the cells
that produce VEGF in the human body. Further, circulating
serum cancer antigen 125 (CA125) has been identified as
a biomarker of ovarian cancer and is used for screening
epithelial-type ovarian cancer [77], [78]. The threshold
value for CAI125 is 35 U/mL, and their higher levels
were correlated mainly with ovarian and other cancer
types [79], [80].

In prostate cancer screening, the first line and most often
utilized serum biomarker is prostate-specific antigen (PSA).
Prostate cancer is the second most common male malignancy
and the sixth leading cause of cancer death [81]. PSA is
an enzyme that the glandular tissue of the prostate typically
produces. The PSA test has an overall sensitivity of about
20% and a specificity of about 60% to 70% when using a
threshold of more than 4.0 ng/mL [82], [83]. Testing for
serum levels of the PSA-IgM immunological complex has
been shown to enhance the diagnostic performance of total
PSA in prostate cancer. The combination of PSA-IgM and
total PSA is the best technique for reducing the number of

19351



IEEE Access

R. Homsi et al.: Memristive Biosensors for Cancer Biomarkers Detection: A Review

TABLE 1. Biomarkers with their sources in the human body, associated
types of cancer, and concentration threshold values.

Biomarker Source Type of Threshold Ref
Cancer Value
CEA Cancer cells  Colorectal, 5 ng/mL [64]
lung, or
breast
VEGF Endothelial Breast - [75,76]
cells,
smooth
muscle cells,
fibroblasts,
and cancer
cells
PSA Glandular Prostate 4 ng/mL [82, 83]
tissue of
prostate

negative prostatic mappings and thereby improving prostate
cancer diagnosis [84]. Most modern PSA detection assays
are run on big analyzers at specialized testing facilities,
requiring samples to be transported away for analysis. This
causes delays in patient care and increases administrative
expenditure. The growing importance of managing patients
at the point of care has led to the development of new
biosensor detection techniques that are perfect for reducing
the size of assays for different targets, including PSA [85].
The associated biomarkers, cancer type, and threshold values
are listed in Table 1. It is noted that the VEGF concentration
threshold for breast cancer is not well defined and may
vary based on the stage and type of breast cancer. Increased
angiogenesis (the formation of new blood vessels) and a
poor prognosis in breast cancer patients have been linked
to elevated levels of VEGEF. Nevertheless, more research is
required to pinpoint a precise VEGF threshold concentra-
tion that would signal the presence or severity of breast
cancer.

Thermodynamic parameters reflect the state with the low-
est Gibbs free energy (G°) under equilibrium. A significant
negative shift in standard G° upon engagement characterizes
a strong molecular interaction. The change is expressed as the
sum of the experimentally determined changes in enthalpy
(H®) and entropy (S°). The standard enthalpy change upon
antibody-antigen interaction is primarily associated with the
non-covalent bond formation and conformational change.
On the other hand, bound water molecule behaviour and
the conformational flexibility of the antibody or antigen are
frequently associated with the standard entropy change [86].
At room temperature or lower, the antigen-antibody reaction
is usually exothermic (releases heat), but H can range
from —20 to 10 kcal/mol [87]. Further, a thermodynamic
study contributes to the picture by shedding light on the
molecular forces involved in the antigen-antibody interaction.
Understanding the specific molecular interactions that occur
in systems involving mutagenized antigen or antibody
molecules allows for developing improved diagnostic or
therapeutic reagents [88].
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IV. BIOMARKER DETECTION

A. MEMRISTOR STUDIES ON DETECTION OF
BIOMARKERS

Most studies conducted on memristive biosensors utilized
silicon nanowires sensors. Some early memristive biosensing
studies were conducted on rabbit antigens as a proof of
concept or case study. Carrara et al. [18] were the first
to utilize the memristive effect for biosensing. Silicon
nanowires fabricated through the top-down technique were
functionalized covalently with rabbit polyclonal antibodies
to detect rabbit antigens. Using the change in voltage gap
when exposing the memristor to different concentrations
of rabbit antigens, they achieved a sensitivity and limit of
detection (LOD) of 37 &+ 1 mV/fM and 3.4 £+ 1.8 fM,
respectively. Tzouvadaki et al. [89] fabricated a multi-panel
chip capable of biosensing through electrical (memristor)
and fluorescent characterization techniques. This device is
considered a pathway to point-of-care (POC) devices since
it can detect single or multiple biomarkers from a sample
containing various target and non-target molecules using
several characterization techniques. The device was shown
to successfully detect rabbit antigens at a LOD of 1.6 fM
in a sample containing three other negative control reagents
through a voltage gap change.

Many studies utilizing silicon nanowire memristors
focused on the biosensing of cancer biomarkers like Vascular
Endothelial Growth Factor (VEGF) and Prostate Specific
Antigen (PSA). Puppo et al. [48], [49] fabricated memristive
silicon nanowires with Nickel Silici, creating a Schottky-
barrier at their terminals. The effect of humidity variation
on covalently functionalized silicon nanowires with anti-
Vascular Endothelial Growth Factor (VEGF) antibodies was
investigated. They found that unfunctionalized (bare) devices
exhibited a voltage gap of almost zero at all humidity levels
tested, while the voltage gap of devices functionalized with
antibodies changed significantly with a change in humidity.
The covalently functionalized memristors could detect VEGF
at concentrations of 0.6 to 2.1 fM. Tzouvadaki et al. [47]
were the first to fabricate memristive silicon nanowires func-
tionalized with DNA aptamers to detect PSA. Their device
exhibited a LOD of 23 aM, the lowest achieved for detecting
PSA using an electrochemical sensor. This LOD surpasses
the current sensitivity of the clinical tests available for
PSA [90]. Tzouvadaki et al. [91], [92] fabricated memristive
silicon nanowire sensors to detect PSA-immunoglobulin M
(IgM) through direct adsorption of an anti-PSA antibody.
PSA complexed with IgM is another significant biomarker,
along with free PSA present in the serum of cancer patients.
In the second study [92] electrical characterization through
a voltage gap difference and enzyme-linked immunosorbent
assay (ELISA) tests were conducted to detect PSA-IgM at
concentrations as low as 11.75 AU/mL. Tzouvadaki et al. [19]
proposed a memristive biosensing board prototype containing
a sensor module, ADC, MUX, microcontroller, data storage,
and power supply. The biosensing component comprises
12 identical memristive nanowires, each producing a distinct
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signal, while all sensors are excited by the same common
source. The device was functionalized with an anti-PSA
antibody and achieved a LOD of 3.3 fM, where the critical
value of PSA is approximately 133 pM. In a recent study,
Tzouvadaki et al. [93] studied the differences in the detection
of PSA using memristive nanowires functionalized with
three bio-probes, namely anti-PSA single-chain antibody
fragment, anti-PSA full-chain antibody, and anti-PSA DNA-
aptamers. They found that the voltage gap of the device
increases linearly with the size of the reagent on its surface.
The memristor achieved the lowest detectable concentration
of 4.8 fM based on an anti-PSA single-chain antibody
fragment.

Non-cancer biomarkers like Tenofovir and Ebola virus
were also detected using memristive biosensors utilizing
silicon nanowires. Tzouvadaki et al. [94] utilized mem-
ristive silicon nanowires fabricated through both top-down
and bottom-up techniques and functionalized with DNA-
aptamers to detect the antiviral drug Tenofovir. They focused
on detecting Tenofovir in a buffer and full human serum,
where a LOD of 3.09 pM and 1.38 nM was achieved,
respectively. Ibarlucea et al. [50] fabricated a memristive
honeycomb-shaped silicon nanowire functionalized with an
Ebola VP40 matrix antibody. The device detected the Ebola
VP40 protein (virus) by utilizing the pinched hysteresis in the
voltage versus current response at a limit of 6 M.

All previously discussed studies on memristors have
been limited to the use of silicon nanowires. However,
Hadis et al. [95], [96] fabricated a composite immunosensor
device with a microfluidic channel to detect non-structural
protein 1 (NSI protein) as a biomarker that aids in the
early detection of the dengue virus. The device consisted
of a glass substrate, indium tin oxide (ITO), titanium oxide
(TiO2), aluminium, and polydimethylsiloxane (PDMS) as
a microfluidic channel. The fabricated device achieved a
LOD of 52nM utilizing I-V curves and a resistance ratio
(Roff/Ron). Duwarah et al. [97] used zinc sulphide (ZnS)
quantum dots nanostructures as memristor devices to detect
Escherichia. coli (E. coli) bacteria. The ZnS nano-sample was
placed on top of an ITO glass substrate with a Cu electrode on
top for the electrical characterization through the memristive
voltage gap visible in the log of current vs voltage graphs
at different concentrations of E. coli. Tzouvadaki et al. [20]
fabricated a modified metal oxide memristor composed of
titanium, titanium oxide, platinum, and aluminium oxide, all
on top of a silicon wafer, used for the detection of PSA
using chemical state variables. The memristor could detect
a change in chemical state (antigen uptake) as a change in
resistive state with the lowest detected PSA concentration
of 0.6 ng/mL.

Studies on memristive biosensing are abundantly exper-
imental, and very few utilize computations or modelling.
Two of the few computational studies modelling memristive
biosensors were conducted by Tzouvadaki et al. [98], [99].
The latter, more recent work of the two, demonstrated the
electrical characterization of memristive nanowire sensors
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before functionalization (bare sensor), after antibody func-
tionalization, and during antigen uptake by modelling the
sensor as an equivalent circuit for each stage. A sum-
mary of all published works on memristive biosensors
highlighting their types, findings, and limitations are listed
in Table 2.

B. FABRICATION OF SILICON NANOWIRES

Most current memristive studies utilized planar (horizontal)
silicon nanowires to detect cancer biomarkers. This is due to
the higher area-to-volume ratio of planar silicon nanowires
compared to vertical standalone ones, which allows for
accurate sensing of a minor change in the charge on the
surface of such devices caused by the functionalization of
antibodies and uptake of antigens. Due to this abundant usage
of silicon nanowires in memristive biosensing, the different
fabrication techniques of such structures are discussed in this
subsection.

Silicon nanowires are fabricated through two techniques,
namely, bottom-up and top-down approaches. The bottom-
up approach uses a catalyst to direct the growth of nanowires
on a substrate in a silicon-containing reactive environment.
The most common growth process for bottom-up fabrication
is vapour-liquid-solid (VLS), which results in meshes of
nanowires in different configurations. The main drawback
of this technique lies in the requirement of high-accuracy
alignment processes for transferring the silicon nanowires
onto the surface of the device where the electrodes are placed.
This limits the standardization and capability of fabrication in
the bulk of this technique. On the other hand, the top-down
approach directly fabricates nanowires on the silicon device
using E-beam or focused ion-beam lithography (FIB), which
increases the standardization of the process.

C. OTHER TYPES OF BIOSENSING DEVICES

As mentioned, memristors started being implemented in
various fields, including biosensing, in the past decade. Other
biosensing devices based on the electrical characterization
and detection of molecules, such as FETs and composite
immunosensor electrodes, have been utilized for the same
purpose. For example, Patolsky et al. [100] fabricated
silicon nanowires covalently functionalized with anti-PSA
antibodies to detect PSA under the working principle
of FETs. The device utilized the change in conductance
because of a change in the electric field or surface voltage
when varying the concentration of PSA. In another study,
Gao et al. [16] fabricated a graphene field-effect transistor
to detect PSA. A covalent antibody attachment was used
on the device, which allowed for the detection of PSA at a
limit of 1 nM. An example of the second type of fabricated
device is illustrated by the work of Jonous et al. [51].
They fabricated a sandwich electrode composed of reduced
graphene oxide (rGO) and gold nanoparticles covalently
functionalized with anti-total and anti-free PSA antibodies.
The device utilized square wave and cyclic voltammetry for
electrical characterization, resulting in a LOD of 0.2 ng/mL
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TABLE 2. Summary of studies on memristive biosensors.

. Analyte . s
Ref. Memristor Type Findings Limitations
detected
[18] Si nanowires with NiSi Rabbit e Memristive biosensors made of silicon nanowires are o The reproducibility of biosensors
contacts Antigen used to detect rabbit antigens with high sensitivity and is not indicated.
LOD. ® Biosensing of antigens is limited
o The effect of air humidity on the voltage gap of the to pretreated solutions.
sensor is investigated.
[89] Multi-panel of 12 Si Rabbit and ® Design and fabrication of multiple biosensors on a  Biosensing of antigens is limited
nanowires memristors with Prostate single chip demonstrating multi-panel sensing. to pretreated solutions.
NiSi contacts Specific e Demonstration of the individualized bio-
Antigens functionalization of a particular nanostructure on a chip.
o Detection of specific analytes in the presence of non-
specific analytes.
[48,49]  Sinanowires with NiSi VEGF ® High reproducibility was demonstrated by comparing © Biosensing of VEGF is limited to
contacts the voltage gap of 20 memristors. pretreated solutions.
o Investigation of an equivalent circuit model
demonstrating the behaviour of a memristive biosensor.
o Studied the effect of relative humidity on the voltage
gap of the memristors.
[47] Si nanowires with NiSi PSA o DNA aptamer-modified memristive biosensors are ® Biosensing of PSA is limited to
contacts used for the detection of PSA. pretreated solutions.
o Obtained a LOD of 23 aM, the lowest concentration
published for PSA detection.
o High reproducibility was demonstrated by comparing
the voltage gap of 10 memristors.
[91,92]  Sinanowires with NiSi PSA-IgM o Utilizing the voltage gap of a memristive biosensor for o High variation in fabricated
contacts the detection of PSA-IgM biomarker and comparison devices due to the nature of the top-
with the Enzyme-linked immunosorbent assay method down fabrication technique utilized.
(ELISA) through optical density. ® Biosensing of antigens is limited
to pretreated solutions.
[45] 12 Sinanowires memristors ~ PSA  Design and fabrication of a biosensing board prototype ® The reproducibility of biosensors
with NiSi contacts placed consisting of a sensing module, microcontroller, data is not indicated.
on an electronic board storage, and power supply. ® Biomarker detection results are at
prototype ® Board is capable of sensing different biomarkers a proof-of-concept level.
simultaneously.
o The initial board prototype is a good candidate for
point-of-care applications.
[93] Si nanowires with NiSi PSA o Accurate detection of free PSA using silicon nanowire e Inconsistent variation in the
contacts memristors. menmristors’ output (voltage gap)
o Investigate the effect of antibody size on the across different PSA
memristor’s voltage gap. The antibodies studied are anti- concentrations.
PSA single-chain antibody fragments, anti-PSA full- ® Biosensing of antigens is limited
chain antibodies, and anti-PSA DNA-aptamers. to pretreated solutions.
[94] Si nanowires with NiSi Tenofovir o Sensitive detection of Tenofovir using memristive o Low reproducibility is indicated
contacts silicon nanowires functionalized with DNA aptamers. by the high variation in voltage gap
o Tenofovir is detected in both buffer and full human between the biosensors when
serum. detecting high concentrations of
Tenofovir.
[50] Honeycomb-shaped Ebola VP40 o Detection of Ebola protein using the fabricated ® The reproducibility of biosensors
nanowires connected to protein biosensor in both memristor and FET modes achieved is not indicated.

source, drain, and reference

better results than the traditional Enzyme-linked
immunosorbent assay method (ELISA).

® Biosensing of Ebola protein is

limited to pretreated solutions.
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TABLE 2. (Continued.) Summary of studies on memristive biosensors.

electrodes composed of Ti

and Ag layers. pH sensing

o A microfluidic chamber was used to transport the

sample onto the biosensor’s bio-functionalized surface.

o Investigation of the bare biosensors’ performance in

® Biosensing of NS1 protein is

limited to pretreated solutions.

o NSI protein concentrations are detected through a

change in the Off-On resistance ratio of the device.

detecting concentrations of PSA as a function of the

[95,96]  Glass/ITO/TiO,/Al NS1 protein
sandwich type in PDMS
[97] ITO/Cu/ZnS quantum dots Escherichia.
coli (E.coli)
bacteria. bacteria.
[20] Si/SiOy/Ti/Pt/TiO,/AL,Os/Pt  PSA
device’s resistive state.
[98, 99] Si nanowires Rabbit
antigens
and VEGF

antigen uptake.

o 7ZnS quantum dots were utilized as memristive

nanostructures to detect Escherichia. coli (E. coli)

o Fabrication of metal-insulator-metal memristor

® Biosensing of E. coli bacteria is

limited to pretreated solutions.

o The reproducibility of biosensors
is not indicated.
® Biosensing of PSA is limited to

pretreated solutions.

o Developed a computational model mimicking the
behaviour of memristive biosensors before

functionalization, after functionalization, and after

o The model is validated experimentally, showing good

agreement.

Si: silicon, NiSi: nickel silicide, Ti: titanium, Ag: silver, ITO: indium tin oxide, TiO,: titanium dioxide, Al: aluminium, PDMS:

polydimethylsiloxane, Cu: copper, ZnS: zinc sulphide, SiO,: Silicon dioxide, Pt: platinum, AL,O5: Aluminum oxide, NS1: non-structural protein 1, VEGF:

Vascular Endothelial Growth Factor

for total PSA and 0.07 ng/mL for free PSA, respectively.
Wu et al. [52] fabricated a label-free device consisting of
Au/Ag-rGO with added aminated and carboxyl graphene
quantum dots functionalized with an anti-PSA antibody. The
sensor used electrochemiluminescence (ECL) intensity to
detect PSA at a 0.29 pg/mL limit.

A summary of all presented studies and more on the
detection of various biomarkers using memristive sensors,
field effect transistors (FETSs), and composite immunosensor
electrodes is included in Table 3. The table compares different
types of biosensing devices that detect various biomarkers,
highlighting biosensor type, the detected biomarker, type of
antibody attachment, type of electrical characterization used,
and LOD. Although this review focuses on the detection
of cancer biomarkers like PSA, CEA, and VEGF, which
were discussed in Section III-C, other studies conducted on
non-cancer biomarkers have been discussed and summarized
because of similarities in devices and working principles.
These include studies on rabbit antigens, Ebola

VP40 matrix virus, non-structural protein 1 (NS1), teno-
fovir antiviral drug, Escherichia coli bacteria, and Avian
Salmonellosis bacteria. For comparative reasons, the bold
values of LOD in the table are converted from g/mL to the
unit of Molarity or molar concentration (M) defined as mol/L,
using the molar mass of the biomarker being detected. It is
important to note that all the studies presented in Table 3
used in-vitro samples in which the detected biomarker was
prepared in a serum solution. It is evident from the table that
most of the studies presented utilized covalent attachment
for antibody functionalization of the sensors. Moreover,
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as indicated by the table, most works using memristor devices
achieved a LOD in the fM range. In contrast, studies working
with immunosensor electrodes attained a LOD in the pM
range.

D. ADVANTAGES AND LIMITATIONS

Some advantages of traditional electrochemical biosensing
devices like FETs are their high sensitivity to minute
alterations in biological signals, low power consumption,
and ease of microfluidic device integration. The other type
of traditional devices, namely composite immunosensor
electrodes offers advantages like high reproducibility and
stability, cost reduction through simpler fabrication, and
detection of multiple analytes simultaneously through mul-
tiplexing. One of the main limitations of FETs is the low
sensing capability of high-ionic solutions due to the Debye
screening effect [16]. This drawback is not noted in the
case of memristive biosensing devices since they usually
have a better active sensing region. Another advantage of
memristors over traditional biosensing devices is the superior
LOD achieved in most instances, where memristors achieve
a LOD in the range of fM. In contrast, FETs and composite
immunosensor electrode devices achieve a LOD in the pM
and nM range.

The main limitation of memristive biosensors is the
reproducibility of the fabricated devices. This limitation
mainly arises from the inconsistency embedded in the
fabrication technique of the sensor and during the antibody
attachment process, where different amounts of antibody may
functionalize on the surface. This increases the difficulty
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TABLE 3. Comparison between different types of biosensors on the detection of several biomarkers.

. Biomarker Antibody Characterization .
Ref. Biosensor Type . LOD Sensitivity
detected Attachment technique
[19] Memristor SINW PSA Direct Memristive 33 M -
adsorption voltage gap
[47] Memristor SINW PSA Affinity Memristive 23 aM -
voltage gap
[18] Memristor SINW Rabbit Covalent Memristive 34+1.8 M 3741 mV/IM
Antigens (GPTS) voltage gap
[100] FET SiNW PSA - Conductance vs 90 fg/mL or ~2.5 fM -
time curves
[20] Memristor PSA Direct Resistance 60.9 ng/mL ~ 1.69 nM 68.7+12.7
adsorption change kQ/[dec.Cpsa]
[50] Memristor/FET Ebola VP40 Covalent Memristive 6 M 50 mV/pH
matrix protein (EDC and voltage gap
NHS)
[16] FET PSA Covalent Conductance vs 1nM 0.152 mV/mM
(EDC and time curves
NHS)
[45, 46] Memristor SINW VEGF Covalent Menmristive 0.6t02.1 M -
(GPTS) voltage gap
[95, 96] Glass/ITO/TiO,/Al/PDMS NS1 Covalent Memristive 52nM 8.21x107 1/nM
Memristor (GPTS) voltage gap and
the off-on
resistance ratio
[97] Glass/ZnS Quantum Dots E. coli - Menmristive - -
Memristor voltage gap
[51] rGO/AuNPs/anti-PSA antibody PSA Covalent SWV and CV 0.2 ng/mL ~ 5.55 pM -
(sandwich) (EDC and and 0.07 ng/mL ~ 1.94
NHS) PM for total PSA and
free PSA antigens,
respectively.
[102] rGO/G-C;N4/AuNPs/ aptamer PSA - SWV and CV 1.67 pg/mL ~ 0.046 pM -
[52] Au/Ag-rGO/Aminated- PSA Covalent ECL intensity 0.29 pg/mL ~ 8.05 fM -
GQDs/Carboxyl-GQDs (EDC and
NHS)
[53] GO/Fe;04/ PSA antibody PSA Covalent SWV and CV 15 fg/mL ~ 0.416 M 0.0361 nA/log(pg/mL)
(EDC and
NHS)
[54] GCE/rGO/CEA antibody CEA Covalent CV and EIS 0.05 ng/mL ~ 0277 pM -
(EDC and
NHS)
[17] Graphene FET/CEA antibody CEA Non- Source-drain 100 pg/mL ~ 0.55 pM -
Covalent voltage-current
curves
[55] FTO/rGO/antibody/Ag Avian Covalent CV and DPV 25 and 37 cells of S.gal -
Salmonellosis (EDC and and S.pul.
NHS)
[46] GCE/3D PYHGO CEA Direct CV and DPV 0.0006 ng/mL ~ 3.33 5 uA/logCepa(ng/mL)
adsorption M
[103] Graphene/PEDOT:PSS/Aptamer CEA - EIS 0.45 ng/mL ~ 2.5 pM -

SWV: Square wave voltammetry, CV: Cyclic Voltammetry, ECL: Electrochemiluminescence, EIS: Electrochemical impedance spectroscopy,

DPV: differential pulse voltammetr
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in reproducing sensors with identical sensing properties
across different fabrication batches. One solution for such
a challenge is using planar devices where multiple sensors
are fabricated simultaneously in one fabrication step. This
reduces the variation in the production of such sensors and
increases uniformity. Another resolution when it comes to
memristive sensors is altering the viscosity of the solution
containing the sensor, which could enhance the reproducibil-
ity and stability of fabrication. Another disadvantage arises
from the fact that all current memristive biosensors are silicon
nanowires, which increases the complexity of fabrication
and requires specialized equipment. This limitation may be
eliminated by exploring different materials and structures
that behave like memristors. Such an example could be the
use of reduced graphene oxide as a memristor for detecting
cancer biomarkers, as it has been shown to exhibit memristive
features [101].

Finally, a significant limitation in most electrochemical
biosensing devices, including memristors, that keeps them
from being utilized clinically is the required pre-treatment of
samples, for which devices capable of processing untreated
human blood samples have not been developed. Most current
electrochemical biosensing techniques can detect antigens
in a pretreated solution. This leaves the current state of
memristive and traditional electrochemical biosensors at a
proof-of-concept level. The main limitation stopping such
sensors from reaching promising clinical relevance and
becoming a great candidate for point-of-care (PoC) devices
clinically is the inability to selectively detect a particular
analyte in a complex blood sample composed of numerous
molecule types. However, suppose this limitation is overcome
in the future. In that case, the proposed memristive biosensors
can reduce the required screening time and offer an on-
site detection of biomarkers, unlike current clinical detection
assays which are run on big analyzers at specialized testing
facilities, leading to a relatively slow screening process.
A more advanced challenge would be the characterization and
sensing of cancerous cells at the cell and subcellular levels.
This opens the door to new challenges like the lysing of cells
and the standardization of the conductivity of the solutions
containing cells and sub-cells.

V. CONCLUSION AND REMARKS

In recent years, memristors have gained tremendous attention
from researchers in various fields and applications. This
paper reviews the different applications of memristors, the
history of memristors, and the general working principle of
memristors. More specifically, it looks deeply at the current
studies where memristors are used as biosensors for cancer
biomarker detection compared to other devices developed for
the same application. The attachment of antibodies to the
surface of a memristor results in a change in conductance,
which appears as a change in voltage gap when compared
to the bare device. However, when immersing the sensor
in a solution containing target antigens, antibody-antigen
interaction causes a masking effect on the change in voltage
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gap, taking it back closer to the bare memristor case. From the
review conducted, the LOD of memristive sensors appears to
be, in most cases, better than that of other devices like FET's
and immunosensor electrodes. Moreover, most fabricated
memristive biosensors are composed of silicon nanowires.
This calls for exploring different materials and structures
to be used as memristive biosensing devices. Given its
conductive properties and remarkable memristor behaviour,
reduced graphene oxide could be a promising candidate.
A vital recommendation for future research in this area is
the exploration and design of memristive devices capable
of handling actual blood samples, where the biosensing and
characterization of cells and sub-cells would be possible. This
objective raises challenges that currently do not exist, like
controlling the conductivity of the cell’s solution and the
lysing of cells.
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