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Over the last few decades, electrical impedance-based sensors have been
investigated for clinical translation to detect changes in tissue conductivities,
including cardiac output and pulmonary function. Recently, electrochemical
impedance spectroscopy (EIS) provides metabolic measurements that occur at
the electrode-tissue interface, and the 3-D EIS can be reconstructed to generate
electricalimpedance tomography (EIT) for detecting the impedimetric properties
of the vascular wall or fatty liver disease. In both EIS and EIT applications,
the electrochemical properties of the interface electrodes are essential to
address the signal-to-noise ratio or sensitivity of measurements in the biological
environment. To enhance the conductive properties, we will survey a series
of carbon-based nanomaterials as the emerging candidates for coating the
electrodes of bioimpedance sensors. In this review, we will provide a theoretical
background on impedance-based measurements and highlight the current state
of EIS and EIT, including their applications for cancer screening and detection
of vulnerable atherosclerotic plaques. Next, we will focus on the strengths
of different nanomaterials when used as an electrode coating to optimize
charge transfer across the electric double layers and to enhance measurement
sensitivity. We will also identify some unmet clinical needs, such as the ability to
adapt to different hemodynamic conditions and blood vessel geometries, that
can be realized by the novel biomaterials for the future EIS-based sensors.

KEYWORDS

nanomaterials, electrochemical impedance spectroscopy, electrical impedance
tomography, wearable devices, implantable materials

1 Introduction

Developing minimally invasive, clinically translational, and highly accurate sensors
remains an unmet challenge in biomedical engineering (Henderson and Webster,
1978; Cho, 2008; Deanetal., 2008; Halter etal., 2008; Yuetal., 2011b; Zhangetal,
2018; Chakraborty etal., 2019; Choietal., 2019; Tyleretal., 2020; Sellaetal., 2021;
Zhao S. R. et al., 2022). Currently, ultrasound and optical coherence tomography rely on
the acoustic and optical properties of biological tissues, respectively, which are limited from
detecting the metabolic states of tissues or organ systems (Yu et al., 2011b). To address this
issue, investigators have sought to develop electrochemical impedance spectroscopy (EIS) as
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a minimally invasive diagnostic method. EIS analyzes the
impedimetric properties of a target tissue upon application of a
low-amplitude (typically < 10 mV) AC signal at the frequency
sweep from 10kHz to 300 kHz for vascular EIS measurement
of lipid-laden plaques, and 50 kHz-250 kHz for liver EIT of
fatty infiltrate, respectively (Cho, 2008; Merrill, 2010; Luo et al.,
2018; Zhangetal,, 2018; Chakrabortyetal., 2019; Changetal.,
2021; Magar et al., 2021). The measured frequency-dependent
impedance is fitted to an equivalent circuit consisting of resistors and
capacitive elements to analyze mass-transfer, charge-transfer, and
diffusion interactions that occur at the electrode-tissue interface.
The frequency-dependent changes in EIS can be used to distinguish
between tissue conductivities, from the least conductive bone
to the conductive lipid (fatty)-enriched liver; thereby, predicting
metabolically active arterial atherosclerotic plaques or fatty infiltrate
in the liver.

Current biomedical applications of EIS principles span from
molecular detection to organ imaging, and to intravascular sensing
(Stiselbeck et al., 2005; Lymperopoulos et al., 2017; Halter et al.,
2008; Yuetal, 2011a; Yuetal, 2011b). Over the last decades,
the number of electrodes on EIS sensors have been optimized
for tissue-specific applications. While initial studies, such as
that previously reported by Siiselbeck etal. (2005), relied on
four-point microelectrodes to detect the presence of neointimal
proliferation on stented arteries, later studies implemented two-
point electrodes allowing for integration with the catheter-based
imaging modalities, such as intravascular ultrasound (IVUS)
(Cao etal.,, 2014; Packard etal., 2016). In addition to reducing
the dimension of the system, the two-point electrode systems
for EIS measurement are capable of common mode rejection of
alternating current (AC); thus, allowing for deep arterial wall
penetration in the space-confining environments and a higher
signal-to-noise ratio (SNR) (Packard et al., 2016). These advantages
of two-point EIS reside in the feasibility for integrating multiple pairs
of EIS electrodes for 3-D reconstruction of electrical impedance
tomography (EIT) for endoluminal detection of lipid-laden plaques
(Abiri et al., 2022). Abirietal. (2022) further demonstrated that
increasing the number of microelectrodes of an EIS system improves
the spatial resolution for the EIT measurement. By implementing
a 6-point system for interrogation of the carotid arteries of a
Yucatan mini-pig model of atherosclerosis, fifteen permutations
of intravascular measurements were able to be recorded within
the frequency range from 1kHz to 300 kHz, resulting in high-
resolution EIT reconstructions for endoluminal mapping of the
lipid-laden plaques (Henderson and Webster, 1978; Mansouri et al.,
2021; Abiri et al., 2022).

However, designing microelectrodes to optimize the impedance
measurement remains a challenge for intravascular interrogations.
One way of overcoming this obstacle is to reduce the impedance
of the electrochemical double layer between the electrodes and
tissue surface, as illustrated by Eq.1, where Z denotes the
electrical impedance, R the real resistance, j the imaginary operator
(j= \/—_1), and X, the reactance (Yu et al., 201 1a; Packard et al., 2017;
Abiri et al., 2022).

Z=R+jX, (1)

The resistive component R could further be expressed as pt/A,
where p denotes resistivity, £ the length, and A area, demonstrating
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that the impedance is inversely dependent on the surface area of
the electrodes. However, space-limiting intravascular applications
is not conducive to increasing the surface area (Hinderliter et al.,
2006). Alternatively, electrode coatings have been applied to
increase the surface roughness (Packard etal., 2017). Materials,
which increases the effective surface area, typically exist at a
nanoscopic level (Huetal, 2008). In this context, this review
will introduce nanomaterials aligning with the safety parameters
and biocompatibility to mitigate immune reaction and blood
coagulation for the Federal Drug Administration (FDA) approved
biomedical applications (Suni, 2008; Hondroulis etal., 2012;
2014; Shahetal, 2015).
applications of EIS or EIT will consider the specific absorption rate
(SAR), which defines the level of energy absorbed by the body per
unit time, and the FDA limits the average SAR to 4 W/kg over the
course of 15 min (Seo and Wang, 2021). Given these constraints, we

Cao et al,, Furthermore, biomedical

will highlight the emerging nanomaterials to enhance the sensitivity
of EIS or EIT measurements.

2 Background of electrochemical
double layer for impedance
measurements

EIS is defined by fitting the bioimpedimetric data to equivalent
circuits, and a well-accepted model is the Randles circuit
(Figure 1A) (Merrill, 2010; Magar et al.,, 2021; Jash et al., 2022).
This equivalent circuit consists of two domains. The first domain
is the series resistance R,, which represents the linear impedances
of the biological tissue, and the second domain is a three-element
mesh that models the non-linear ionic interactions occurring at the
electrode-tissue interface (Magar et al., 2021). The mesh consists of
a constant phase element (CPE), a Warburg diffusion element (W),
and a charge transfer resistance (R). The CPE serves as a non-
Faradaic pseudocapacitor with an impedance function described
by Eq. 2 (Franks et al., 2005; Packard et al., 2017; Holm et al., 2021;
Magar et al., 2021). Its corresponding capacitance can be simplified
as Cy, where Y, is the admittance parameter, and « is a fractional
constant that describes the relative behavior of the element.

Zepp = —Yo(jl'w)"" 0<ac<l (2)
A value of a =1 denotes an ideal capacitor with capacitance Y,
while a value of a =0 denotes an ideal resistor with resistance
1/Y, (Franks et al., 2005; Holm et al., 2021). The Warburg diffusion
element is a specific case of the CPE where a = 0.5. This impedance
function can be derived from Fick’s second law of diffusion,
capturing the passive transport of ions through the electrochemical
double-layer (Skale et al., 2007). Lastly, R, is a constant element
that quantifies the baseline impedance associated with a Faradaic
reaction (Merrill, 2010; Magar et al., 2021).

Taken
electrochemical double layer (Figure 1B). The region immediately
adjacent to the charged electrode surface is known as the Stern
Layer (Davis et al., 1978; Brown et al., 2016; Lin et al., 2020). Here,
oppositely-charged ions closely adhere to the electrode, forming

together, the electrode-tissue interface is an

a thin, immobile surface with high potential energy. Past this is
the diffuse layer, which contains both positively- and negatively-
charged molecules aggregated in a highly organized topological

frontiersin.org


https://doi.org/10.3389/fmats.2023.1146045
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles

Chen et al. 10.3389/fmats.2023.1146045
Electrode Tissue B Stern _ Diffuse  Bulk ¢
® N
Ryt o) 2
W] 21
R 2 g
g s ! ‘ !
_ | o
- fie
CPE & >
[0
12}
@ ©
£
. 1 T
Distance (r)
log |w]
FIGURE 1
(A) The Randles equivalent circuit captures both Faradaic and non-Faradaic ionic interactions occurring at the electrode-tissue interface. (B) The
interface is modeled as an electrochemical double layer. The Stern region consists of oppositely-charged ions that adhere to the electrode surface,
while the diffuse layer consists of highly organized aggregates. (C) A bode plot showing the impedance of the equivalent circuit as a function of
frequency. Impedances of high frequencies tend to the value of R;.

configuration. Due to screening effects and cancellation of charges,
the electric potential decays exponentially until steady state is
achieved in the bulk tissue (Kesler et al., 2020).

Combining the circuit elements, we obtain a complete
impedance function for the electrochemical system, as described
by Eq. 3 (Bredar et al., 2020; Lai et al., 2020).
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In principle, EIS characterizes tissues based on their impedimetric
response across a range of frequencies (Magar et al., 2021). The
values of the circuit elements are fitted from experimental results,
which are either portrayed by a Bode plot or a Nyquist plot. A
generic bode plot (Figure 1C) shows that the total impedance
is undesirably high at low frequencies, which can be attributed
to the diffusion of charge at the electrochemical double layer,
as captured by the Warburg element. At high frequencies, the
total impedance approaches the value of the tissue resistance R,
effectively rendering the effects of the electrochemical double layer
negligible (Carminati et al., 2022).

Compared with other biosensing modalities, the primary
advantage of EIS is its ability to leverage multi-frequency analysis,
making it desirable for tissue sensing applications (Magar et al.,
2021). A set of frequencies is chosen to maximize the impedimetric
difference between the target tissue and its environment. A
computational algorithm can evaluate the EIS data at these
frequencies to predict the type and severity of disease, as evidenced
by a recent work performed by Banerjeeetal. (2022), which
successfully applied a machine learning model to characterize bone
mineral content.

However, EIS is limited by the inability to distinguish between
specific and non-specific binding for molecular sensing applications
(Bogomolova et al., 2009). Other biosensing techniques, such
as cyclic voltammetry (CV), square wave voltammetry (SWV),
and quartz crystal microbalance (QCM), aim to address this
issue by providing additional information about the target
molecule (Limetal, 2020; Liuetal, 2022). CV operates by
applying a triangular scanning potential to the working electrode,
which induces a series of oxidation and reduction reactions
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(Liu et al., 2022). SWV is another technique that is similar to CV,
but the scanning potential is a staircase wave superimposed with a
symmetrical square wave. For both applications, the corresponding
peaks are visualized on a voltammogram, which shows the
relationship between voltage and current. Though CV and SWV
allow us to quantify important aspects of the reaction mechanism,
such as rate and concentration, these methods can be influenced by
the pH of the solution and other environmental factors. To this end,
QCM has been developed as a method to distinguish molecules by
molecular mass, yielding a sensitivity on the order of nanograms
per cm? (Lim et al., 2020). A complete summary of the comparison
between EIS, CV, SWV, and QCM can be found in Table 1.

Overall, the sensitivity of EIS can be enhanced through the
implementation of highly conductive nanomaterial coatings to
reduce the parasitic effects of the electrochemical double layer
(Kesler et al., 2020). Examples of such nanomaterials will be further
discussed in the following section.

3 Nanomaterial coatings for EIS
sensors

Emerging nanomaterials have been investigated as promising
candidates for improving the detection performance of EIS sensors
(Jash et al., 2022). For a nanomaterial to be clinically translational,
it must minimize the impedance of the electrochemical double
layer, while demonstrating biocompatibility. Biocompatibility is a
broad term that describes the ability of the host immune system
to accept foreign materials (Yoshioka et al., 2016). For in vivo EIS
applications, such as intravascular devices, it is important to prevent
activation of the complement system and coagulation cascade. The
complement system consists of specialized proteins that bind to
foreign substances to facilitate clearance by phagocytic cells, whereas
the coagulation cascade consists of a series of factors that trigger
the formation of blood clots as a means to prevent blood loss. For
EIS devices that come in contact with the skin, it is important to
avoid allergic reactions, such as inflammation induced by mast cells
(Yoshioka et al., 2016; Ud-Din et al., 2020).
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TABLE 1 Comparison of biosensing modalities.

10.3389/fmats.2023.1146045

Principles Advantages Limitations
EIS o Low amplitude AC is applied to biological tissue o Can leverage multi-frequency o Unable to distinguish between specific and

across a range of frequencies (Magar et al., 2021) analysis to further distinguish non-specific binding in molecular

e Impedimetric data is measured and used to between tissue types (Magar et applications (Bogomolova et al., 2009)
determine the presence of certain cells or tissues al., 2021)

Ccv o Triangular scanning potential is applied to the o Able to quantify aspects of the e Dependent on the pH value of solution

working electrode (Liu et al., 2022) reaction mechanism, such as its (Fahmy Taha et al., 2020)

o Electroactive biological species undergoes rate (Liu et al., 2022) o Electrochemical reactions may induce
continuous oxidation and reduction reactions o Provides information about the enzymatic instability

o Corresponding peaks are visualized on the concentration of the target
voltammogram analyte

SWvV o Similar to CV, but the scanning potential is a o Able to quantify aspects of the o Yields a low response, especially when the

staircase wave superimposed with a symmetrical reaction mechanism (Liu et al., electrode reaction occurs at a slow rate
square wave (Liu et al., 2022) 2022) (Mirceski et al., 2018)

o Current is measured at the end of each pulse to o Faster detection speed with a
identify the biological target shorter potential period

e Ability to analyze reversible or
quasi-reversible processes
QCM e Piezoelectric effect due to an external electric field o Can detect virtually all biological o Application is typically limited to molecular

causes oscillation in the thin disc of quartz (Lim et molecules since mass is an sensing (Lim et al., 2020)
al., 2020) intrinsic property (Lim et al.,

o Target molecule characterized by a mass variation 2020)
through a mechanical transducer e Sensitivity on the order of

nanogram per cm?>

Fortunately, many nanomaterials are able to be conjugated to
functional groups so that their biocompatibility and conductivity
can be optimized. Here, we examine the strengths and limitations
of these nanomaterials-coated EIS electrodes. A summary of which
is shown in Table 2.

3.1 Graphene and its derivatives

Reduced graphene oxides (rGOs) are a form of graphene
that have been functionalized with oxygen-based groups, such as
carbonyls or hydroxides, rendering more impedimetric stability
for biological applications (Tarcanetal., 2020). One of the
unique properties of rGOs is their ability to significantly reduce
the impedance of the double layer in an electrochemical cell
(Zhang et al., 2012; Xu et al.,, 2015). This reduction in impedance
is due to the high surface area and excellent conductivity
of rGOs, allowing for effective transfer of ions within the
electrochemical double layer. In an atomic force microscopy
(AFM) experiment, the average surface roughness of rGOs
was measured to be 177 nm, which is much greater than that
of traditional graphene (~ 47nm) and gold nanostructures
(< 5nm) (Siegeletal, 2012; Zhangetal, 2012). Such a rough
surface is conducive to the convective and diffusive transfer
of charged particles. Moreover, rGO-based electrodes have the
ability to harness 7-stacking interactions that occur between the
aromatic groups of the target tissue and the electrode surface,
which further facilitates charge transfer for impedance reduction
(Kim et al., 2013; Chen T. et al., 2018).

Over the last decade, graphene-based EIS sensors have
garnered much attention due to their desirable impedimetric
properties (Kim et al., 2013). One application of graphene is in
the development of sensors to detect the water composition
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of human breath. Although graphene is hydrophobic in its
original form, it can be conjugated to hydrophilic groups to
increase water permeability and further increase its three-
dimensional surface area (Lee etal., 2016). Using this technique,
a composite lignosulfonate (LS)/rGO humidity sensor was reported
to monitor breathing frequency by analyzing fluctuations of
water molecules in human breath (Figure2A) (Chen C.etal,
2018). The real-time sensing of breathing processes could be
further exploited as an early warning system for sudden infant
death syndrome and sleep apnea (Figure 2B) (Yang et al., 2019).
Another application of graphene-derived nanomaterials is in the
field of electroencephalography (EEG) sensors (Choi et al., 2019).
In addition to the aforementioned properties, two-dimensional
graphene films layered on parylene C substrates demonstrate
high conformability on tissue-specific surfaces, resulting in low
contact impedance and high SNR (Park et al., 2014). Accordingly,
several studies have developed implantable graphene oxide (GO)
microelectrode arrays for high-resolution neurophysiological
recording and stimulation (Parketal, 2014; Luetal, 2016;
Xu B. et al., 2021). Overall, we observe the applications of graphene-
derived nanomaterials in numerous wearable and implantable
biomedical devices (Figure2C), where their effectiveness in
enhancing the sensitivity of EIS measurements can be attributed to
the high surface roughness and unique electromechanical properties
(Choi et al., 2019).

3.2 Metal-organic frameworks and their
derivatives

Metal-organic frameworks (MOFs) are formed by metal ions

and organic ligands via strong coordination bonds (Wang et al.,
2018a; Wang et al., 2018b; Wang et al., 2019; Wang et al., 2020). They
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TABLE 2 Comparison of nanomaterials for the enhancement of EIS.

10.3389/fmats.2023.1146045

Advantages Applications Average surface roughness
Graphene e Tunable chemistry (Tarcan et al., e Humidity sensors for monitoring © 47 nm (Traditional Graphenes)
2020) of breathing frequency (Chen et (Zhang et al., 2012) (Chen et al,,
e 71-stacking interactions (Kim et al., 2018a) 2018a)
al., 2013) e EEG (Choi et al., 2019) © 177 nm (rGOs)
MOFs e Tunable chemistry (Raptopoulou,  Bacterial detection sensors (Wang ®3.5nm (TFA) (Wang et al., 2022¢)
2021) etal., 2021b) e 19 nm (UiO-66-4F)
o Diverse structures and high © Drug detection (Su et al., 2017) © 34 nm (UiO-UiO-66-NH,)
porosity (Wang et al., 2022c)
Gold o Biocompatibility (Ostovari et al., e Immunosensors to detect harmful  Varies between 1.1 nm and
2018) pathogens (Wen et al., 2017) 4.0 nm (Siegel et al., 2012)
e Viable microenvironments
(Huang et al., 2022)
Polymers o Supramolecular 77-77, van der o Skin-compliant ionic sensors o 1.5 nm (Gasiorowski et al., 2013)
Waals, and dipolar interactions (Pan et al., 2020)
to promote charge transfer e Biomimetic skin (Park et al.,
(Nezakati et al., 2018; Yuk et al., 2022)
2020)
e High conformability (Pan et al.,
2020)
MXenes o Active sites (Iravani and Varma, e Theranostic sensor to detect 12 nm for single-layer coatings
2022) muscle fatigue (Song et al., 2022) (Zukiene et al., 2021)
e Porous structures (Castro et al., o Immunosensor for the detection
2022) of SARS-CoV-2 (Castro et al.,
2022)
MosS, o Flexibility and ability to ® Detection of toxic gasses (Moore ©0.33 nm (Yuan et al,, 2015)
self-assemble (Yuan et al., 2015; et al.,, 2022)
Yan et al., 2022) o Sweat sensors (Pang et al., 2020)
o Weak van der Waals interaction
to reduce strain (Yan et al., 2022)
A Multi-function integration > Vital signs monitoring B 8 ';i;gzl £ Bacteria |
2espiration o 02520 [ Nelyy sensor " }
Temperature Humidity ¢ ‘\kA‘A'\ ‘ ‘u tection Sl i\/ " -
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FIGURE 2
(A) Brief overview of a flexible graphene-based sensor platform. (B) A humidity sensor was fabricated based on an (LS)/rGO composite thin-film. (C)
Wearable and implantable soft bioelectronics using 2D materials. [adapted and modified from (Choi et al., 2019; Yang et al., 2019)].

serve as promising candidates for the coatings of electrochemical
sensors because of their diverse structures and large effective
surface areas (Figure 3A) (Qiu etal., 2019). Similar to graphene,
the surfaces of MOFs can be functionalized with a variety of
organic ligands so that they can be tuned for specific applications
(Raptopoulou, 2021). AFM results from a previous study concluded
that the impedimetric properties of MOFs varies based on the
particular ligand used for synthesis (Wang Y.-M. et al., 2022). For
instance, the average surface roughness of TFA was measured to
be 3.5 nm, UiO-66-4F 19 nm, and UiO-66-NH, 34 nm. In addition
to their tunable properties, MOFs have porous structures, making
them effective for the absorption of ions. However, one drawback

Frontiers in Materials 05

of MOFs is that they are poor conductors of electricity. Fortunately,
this can be overcome by high-temperature pyrolysis treatment,
which heats the material under oxygen-deprived conditions.
Accordingly, the heat-treated MOFs would possess enough
capacitance to reduce the impedance of the electrochemical double
layer.

MOFs have generally been the preferred nanomaterial for
molecular detection sensors because of their ability to facilitate
highly specific surface reactions (Koo etal., 2019). In a previous
study, an impedance immunosensor based on Mn-MOEF-74 was
designed to detect the concentration of Listeria monocytogenes
(L. m) suspended in water and milk (WangS. etal., 2021). The
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(A) MOFs have a variety of unique properties, such as nanoscaled structures and water stability, that make them useful for sensing applications. (B) A
two-dimensional zirconium-based MOF (denoted 521-MOF) was conjugated to gold nanoclusters (AuNCs) in a one-pot reaction to serve as an
aptamer-based biosensor for the detection of cocaine. (C) Co/Co;0, nanoparticles are coupled with hollow nanoporous carbon polyhedrons for the
enhanced electrochemical sensing of acetaminophen. (D) A graphic representation of a transient enzymatic biofuel cell array composed of LIG/Au
nanoparticles, which is used as a nanogenerator for low-power implantable devices. (E) Implantation of the transient enzymatic biofuel cell array into a
mouse model (top) and showing its flexibility (bottom). [adapted and modified from (Su et al,, 2017; Qiu et al., 2019; Wang et al., 2019; Huang et al.,

addition of H,0, causes the L. m-bound sensor to release Mn?*,
which is subsequently measured by frequency-dependent EIS.
The molar concentration of Mn®* should closely correspond
to the original amount of L.m in solution, making Mn-MOF-
74 an ideal nanomaterial for the ultra-sensitive detection of
molecules. In another study, nucleic acid-MOF biocomposites
were used to quantify the concentration of cocaine through its
binding to a single stranded DNA (ssDNA) aptamer (Figure 3B)
(Suetal, 2017; Qiuetal, 2019). 521-MOF was chosen for this
application because it contains an abundance of Zr-O moieties,
causing it to easily bind to the inorganic phosphates of ssDNA.
However, this interaction is disturbed by the addition of cocaine
because it blocks the transfer of electrons at the electrochemical
double layer. To further enhance the sensitivity of the device,
electrically conductive Au nanoclusters were deposited onto 521-
MOFE. Accordingly, the reported impedance sensor exhibited a low
level of detection (LOD) of 0.44 pg mL™'. To further expand the
application of this device to detect other drugs, a different study
developed a Co/Co;0,-based MOF to determine the presence
of acetaminophen (Figure3C) (Wangetal., 2019). Similar to
graphene-based nanomaterials, MOFs increase the surface area and
reduce the electrochemical double layer for developing sensitive
biosensors.
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3.3 Gold

Gold nanoparticles (AuNPs) are a well-established material
for enhancing the performance of EIS sensors, where its primary
advantage lies in its biocompatibility (Ostovarietal, 2018).
Compared to conventional electrodes coatings, AuNPs provide a
viable microenvironment for the detection of enzymes because
they allow for more freedom in orientation (Huang et al., 2022).
This makes them promising candidates for molecular and cellular
detection devices. Moreover, AuNPs can be deposited into other
substrates, such as laser-induced graphene (LIG) (Figure 3D),
to further decrease electrical impedance for in vivo applications
(Figure 3E) (Huang et al., 2022). This process causes rapid electron
transfer between active sites and electrode surfaces, improving the
performances of electrical outputs.

One previous study implemented a gold interdigitated
array microelectrode into an immunosensor to detect harmful
pathogens, such as Salmonella Typhimurium, contained in a 50 uL™*
solution (Wen et al., 2017; Strong et al., 2021). In addition to its
biocompatibility, gold was chosen for this application because of its
ability to conjugate to an S. Typhimurium antibody via streptavidin-
biotin chemistry, further increasing the double layer capacitance for
more precise measurements (Wen et al., 2017). Impedance signals
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were acquired at a frequency range of 1 Hz to 1 MHz, where the most
apparent impedance change between the bacteria and a negative
control sample occurred at 101 Hz (Strong et al., 2021). At this
frequency, the binding of S. Typhimurium to its antibody caused
the impedance of the electrode-sample interface to increase from
15.08 to 20.45kQ, corresponding to a 36% difference from the
control (Wen et al., 2017). Overall, the immunosensor exhibited
high specificity and an average detection time of 1h, suggesting
the effectiveness of gold-coated electrodes for impedimetric
reduction.

3.4 Conductive polymers

Conductive polymers are typically composed of an sp’-
hybridized backbone with alternating single and double bonds
(Malhotra and Ali, 2018). This type of structure facilitates
supramolecular 7-77, van der Waals, and dipolar interactions to
modulate covalent bonds for charge transfer (Nezakati et al., 2018;
Yuk et al., 2020). One of the most widely used conductive polymers
for electrode coatings is poly(3,4-ethylene dioxythiophene)
polystyrene sulfonate (PEDOT:PSS) (Dijk et al., 2020). Due to its
charged monomeric units, PEDOT:PSS promotes the Faradaic
transfer of ions at the electrochemical interface, reducing the
impedance by as much as a factor of 40, compared to conventional
electrodes (Wang A. et al., 2021). Another conductive polymer for
EIS applications is alginate-polyacrylamide (Alg-PAAm), which is
a hydrogel-like material that demonstrates high conformability,
similar to that of the thin graphene films previously discussed
(Park et al., 2014; Pan et al., 2020). In addition, Alg-PAAm tends
to form hydrogen bonds with macromolecules contained in human
tissue, providing it with a unique adhesive property that aids in the
minimization of parasitic impedance.

Detection instruments which integrate electronic circuits with
gel ionic conductors display an excellent stretchability and sensing
performance (Yaoetal, 2022). For example, a skin-compliant
ionic sensor coated with Alg-PAAm was reported to record
electromyography (EMG) signals with an ultralow impedance of
~20kQ (Figure 4A) (Pan etal, 2020). The Alg-PAAm hydrogel
shortened the electron transfer distance on the impedance sensor
due to firm electrostatic interaction and multiple hydrogen bonds
formations. Another application of gel ionic conductors involved
the development of a biomimetic skin using multilayer hydrogel-
silicone elastic composites prepared for tactile perception on robotic
skin (Park etal, 2022). The electrical impedance signals were
collected and processed by a deep convolutional neural network
(Luo et al.,, 2018; Ravagli et al., 2020; Chang et al., 2021; Park et al.,
2022). By taking advantage of the conformational properties
of conductive polymers, ionic transport across the electrodes
becomes more efficient, thereby producing more accurate EIT
reconstructions.

3.5 MXenes

MXenes are a relatively new family of two-dimensional crystals,
composed of transition metal carbides and nitrides (Naguib et al.,
2011; Hantanasirisakul and Gogotsi, 2018). The main advantage of
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MZXenes is the number of active sites, which enhance their catalytic
abilities and selectivity for biosensing applications (Iravani and
Varma, 2022). Accordingly, MXenes are able to detect biomarkers
at low concentrations with a high accuracy rate. Other properties of
MXenes that make it more advantageous to other nanomaterials are
its excellent breathability, low sensor-skin interfacial impedance, and
stable conductivity when exposed to sweat, as shown in Figure 4B
(Song et al., 2022).

MXenes were used to fabricate a “theranostic” sensor
to detect muscle fatigue and provide treatment (Figure 4C)
(Song etal.,, 2022). Similar to MOFs, MXene-based electrodes
have a porous structure, allowing them to store additional charge
from surrounding electrolytes (Wang Y.-M. et al., 2022; Song et al.,
2022). Accordingly, they maintain high conductivity while reducing
irritation, making them a favorable candidate for electrothermal
muscle fatigue treatment (Songetal., 2022). Another previous
application of MXenes was in an immunosensor created for the
early detection of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) (Castroetal., 2022). This rapid and accurate
COVID-19 screening technique is based on the interactions of
the receptor-targeted binding. In particular, the device (Figure 4D)
was coated with a peptide that mimicked the N-terminal domain
(NTD) to recognize the anti-SARS-CoV-2 spike protein antibody.
The charge transfer resistance was fitted from the impedance signals
measured from a reversible redox probe in solution (Bolotsky et al.,
2019). Compared to traditional uncoated electrodes, it was shown
that the impedance signals of MXene possess “unique spikes” with
lower amplitude, thereby improving the sensitivity of diagnostic
SEnsors.

3.6 MoS,

MoS, is another type of two-dimensional nanomaterial for EIS
applications. Although its average surface roughness (~ 0.33 nm) is
low compared to the materials previously discussed, the primary
advantage of MoS, coatings is its flexibility and ability to self-
assemble (Yuan et al., 2015; Yan et al., 2022). MoS, is characterized
by weak van Der Waals interactions, which allow thin sheets to freely
slide against each other, while maintaining structural integrity and
reducing strain (Yan et al., 2022). Accordingly, MoS, is a promising
nanomaterial for flexible electronics, energy converters, and skin-
interfacing devices (Li et al., 2020).

2D MoS, nanomaterials have been used in electrical impedance
sensors to demonstrate real-time impedance measuring for certain
gasses (Moore et al., 2022). One study demonstrated how NO,
can be detected by a 2D MoS, electrical impedance sensor at
a concentration of 1 ppb, reporting an improvement of more
than three orders of magnitude compared to a traditional device.
Impedance changes are amplified when a target molecule binds
to the MoS, semiconductor because of conformational changes.
Using the same principle, another study reported a dynamic
detection range from 1 to 500 ng mL™" for the continuous detection
of cortisol in human sweat as it binds to a MoS, nanosheet
(Pang etal,, 2020). Overall, the ability for MoS, devices to
detect gaseous molecules with high sensitivities can be attributed
to its high surface-area to volume ratio as well as its low
dimensionality.
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4 Applications of nanomaterials in
wearable and implantable
bioelectronics

In addition to EIS devices, emerging nanomaterials can
be applied to the broader field of wearable and implantable
bioelectronics. Here, we describe some of the recent advances in this
field, focusing on how conductive nanomaterials are implemented to
detect physiological signals with high SNR.

4.1 Wearable bioelectronics

Recently, wearable electronics for sweat analysis have attracted
wide attention because they provide the detection of biomarkers,
including electrolytes, metabolites, and proteins, which are
related with body health status. The prerequisites for the sensing
electrode contain decent mechanical deformability, high electrical
conductivity, chemical inertness, and biocompatibility. To satisfy
these properties, various materials and fabrication engineering
strategies have been developed, including gallium-based liquids,
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conductive polymers, nanocomposites and strain engineering
(Zhu et al., 2021; Ma et al., 2022; Lietal., 2022; Lv etal., 2021b;
Lv et al., 2021a).

The nanomaterials of noble metals featuring high conductivity,
excellent electrochemical stability, and large charge transfer
capacity are emerging as novel sensing electrode materials
for biomarker detecting devices, such as gold nanowires and
nanosheets. For example, Cheng et al. reported vertically aligned
mushroom-like gold nanowires (AuNW) serving as stretchable
and wearable ion-to-electron transducers for multiplexed, in situ
potentiometric sweat analysis (Zhaietal, 2020). The AuNW-
embedded polydimethylsiloxane (PDMS) ensures the great intrinsic
stretchability and mechanical duration of the sensor. As shown in
Figure 5A, by attaching this wearable electrode on skin, the pH,
Na*, and K* can be non-invasively detected with high selectivity
and stability even under 30% strain. Apart from AuNWs, porous
Au coating is also utilized for the sensing electrode of sweat
monitoring devices because of the highly improved effective
surface area and electrical performance. As shown in Figures 5A, B
wearable and disposable sweat-based glucose monitoring device
with a feedback transdermal drug delivery module has been
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(A) An integrated wearable multiplexed sweat analysis device with AUNWs
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-based electrode array conforming on a subject’s wrist. (B)
Wearable/disposable sweat monitoring strip with porous Au coating. (C) Nyquist plot of EIS of O-Au (black), N-Au(red), O-PB (green), and N-PB (blue).
(D) Schematic of a soft biofuel cells array consisting of LOx-modified bioanodes and Pt alloy nanoparticle-modified cathodes. (E) SEM image of
AgNWs-coated conductive microtextile. Insets: A large microfiber textile (top-right) and a magnified SEM image. (F) A schematic of the Au-coated
nanomesh conductors. (G) Impedance of the skin/electrode interface. (H) Electromyogram signals were measured on the forearm while the wrist was
flexed at 90° (two times) and at rest by both nanomesh and gel electrodes. [adapted and modified from (Chen et al., 2017; Lee et al., 2017;
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reported (Leeetal, 2017). A porous gold nanostructure was
employed as the electrode to maximize the electrochemically active
surface area for precise detection of glucose in sweat with high
sensitivity. The nanostructured gold also provides a better deposition
effect of other functional materials because of its larger surface
area. Feng etal. reported an ultrathin (~3 pm) nanostructured
biosensor for blood glucose monitoring (Chen et al., 2017). From
the EIS analysis, the nanostructured gold electrode has lower
diffusion resistance than the original gold electrode, as shown in
Figure 5C.

Nanomaterials also played an important role in constructing
self-powered wearable electronics. Power supply is also an
important composition for next-generation wearable electronics
(Xiao et al., 2022b). Apart from gold nanomaterials, carbon-based
nanomaterials, such as carbon nanotubes (CNTs) and rGOs, have
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been widely investigated for self-powered wearable electronics
because of their great conductivity, chemical stability and large
surface area (Xiao etal.,, 2022a; Zhao X. et al., 2022; Mayer et al.,
2022; Shen et al., 2022).

For example, Gao etal. reported a biofuel-powered soft
electronic skin for key metabolic analytes (e.g., urea, NHj, glucose,
and pH) monitoring (Yu et al., 2020). They developed bioanode with
rGO films with modified hierarchical Ni (h-Ni) microstructures,
rGO films, and Meldola’s blue-tetrathiafulvalene-modified
carbon nanotubes (MDB-TTF-CNT) on an Au electrode. To
form the BFC cathode, Pt-based nanoparticles were decorated
on an MDB-modified CNT network (MDB-CNT) through
electroless plating, as shown in Figure 5D. These nanostructured
materials contribute to the high power intensity and long-term
stability.
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(A) Soft and stretchable electrode grids. The electrode grid is based on Au-TiO2NW conductors embedded in PDMS and comprises 32 electrodes with
200 pm pitch. Scale bars: 1 mm. (B) SEM image and backscattered electron (BSE) image (inset) of Ag-Au nanowires (before surface modification; Au
sheath is in yellow). Scale bars, 5um and 200 nm (inset). (C) Ag—Au nanocomposite-based implantable cardiac mesh for monitoring and stimulating
swine heart in vivo. (D) Schematic showing the layer-by-layer construction of the liquid metal based electronic patch with nanocomposite electrodes.
(E) Optical images of the multielectrode array (left) and SEM image of the PPy nanowires synthesized on the PPy electrode surface (right). (F)
Electrochemical impedance spectra of the PPy film and Au film electrodes with the same geometric surface area. [adapted and modified from (Qi et al.,
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In recent years, integrating flexible conductors and electrodes
with textiles to form the textile-based wearable devices has attracted
much attention as their unique advantages include permeability,
comfort, and aesthetic. In addition, coating nanomaterials on
textiles with nanostructures also contributes to improving the
electrical and mechanical performances of the sensing electrodes,
such as large effective surface area, electrical conductivity, and
stretchability. Kong et al. reported a conductive textile which is
synthesized by bottom-up coassembly of silver nanowires and
TPU microfibers, as shown in Figure 5E (Zhaoetal., 2021).
This conductive microtextile exhibits an excellent conductivity
(>5000 Scm™), stretchability (~600% strain), soft mechanical
properties, breathability, and washability. Because of its soft
mechanical properties, the skin-electrode contact impedance of the
conductive microtextile is marginally higher than state-of-the-art
Ag/AgCl gel electrodes. Another article also proposed an ultrathin
conductive nanomesh fabrication strategy (Miyamoto et al., 2017).
In this report, they firstly deposited Au layers on PVA nanofibers
to form a mesh-like sheet, then dissolved the PVA nanofiber
with mater and finally got the highly gas-permeable, ultrathin
and stretchable sensors, as shown in Figure 5F. The contact
impedance with skin were comparable with gel electrodes and EMG
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signals were measured with the nanomesh electrodes, as shown in
Figures 5G, H.

4.2 Implantable bioelectronics

In recent years, implantable electronics are emerging as the next-
generation healthcare platforms for disease diagnosis and medical
therapies. Conventional rigid electrodes tend to induce long-term
inflammatory responses as the mechanical mismatch with soft
biological tissues. Various nanomaterials such as nanostructured
conductive polymers, metal-based nanowires and nanocomposite
have shown great potential for the sensing electrode materials
as their excellent electrochemical properties, soft mechanical
performance and great biocompatibility. Voros etal. proposed
a design for neural interfacing microelectrode array based on
an inert, high-performance composite material comprising gold-
coated titanium dioxide nanowires embedded in a silicone matrix
(as shown in Figure 6A) (Tybrandtetal, 2018). The platinum
coating decreased the impedance of the electrodes by a factor of
5, with an areal capacitance of = 2.7 mF cm™. For implantable
electronics on the cardiac system, the mechanical deformation
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property is an even more important consideration because of
the constant heart beats. To solve the problem, researchers have
proposed different strategies utilizing different nanocomposite as
the sensing electrode. For example, Kim etal. reported a Ag-
Au core-sheath nanowire composite (as shown in Figure 6B)
and developed a soft and stretchable bioelectronic devices that
can be conformally integrated with human skin and swine heart
(Figure 6C) for continuous electrophysiological recording, and
electrical and thermal stimulation (Choietal., 2018). Another
article proposed an innovative design for intrinsically stretchable
electronics featuring the deployment of liquid metal components
for ultrahigh stretchability up to 400% tensile strain and excellent
durability against repetitive deformations, as shown in Figure 6D
(Wang S. et al., 2022). By depositing a layer of micro-structured
PEDOT:PSS on the Multi-walled Carbon Nanotube (MWCNT)
nanocomposite, the interface impedance of the electrode is further
reduced. In addition to metal nanowires, polymeric microelectrode
array with nanostructured conductive polymers states for other
biointegrated electronics. The compliant feature of conductive
polymer enhances their compatibility with the soft biological tissues
as well as impedance performance. As shown in Figure 6E, Chen
etal. reported a polypyrrole (PPy) nanowire-based electrode for
recording the electrocorticographic signals and stimulating the
nerve of the rat (Qietal., 2017). According to the EIS shown in
Figure 6F, polymeric electrodes showed a much better impedance
than those of the gold electrodes at lower frequencies (below 100 Hz)
as their much larger surface area.

5 Biomedical applications of EIS

EIS sensors are currently being used for a variety of biomedical
applications, in which biocompatibility, measurement accuracy, and
device lifetime are important considerations when implementing
novel nanomaterials (Magar et al., 2021). Here, we discuss the
different biomedical uses of EIS sensors and the corresponding
materials used for their fabrication processes.

5.1 Molecular detection

One of the biological applications for impedance-based sensors
is molecular detection. In a pioneering study, a method was
developed to detect the presence of protein with high specificity,
in which a biotinylated aptamer was conjugated to a streptavidin-
polymer-coated electrode made up of indium tin oxide (ITO)
(Rodriguez et al., 2005). The biotinylated aptamer has a net
negative charge, repelling the negative ions, [Fe(CN)]*/+", from
transferring electrons to the surface of the ITO electrode. Once
selective binding of a specific protein to the aptamer occurs, the
surface charge becomes an excess positive charge, which reduces
the electron transfer resistance. This results in a highly specific and
sensitive protein detection device that relies on electronic signals
induced by protein-aptamer binding. Accordingly, the significance
of this study is that it provides a label free EIS system that can be
used for specific molecular detection.

Other choices for electrode materials include AuNPs and
carbon-based nanomaterials. AuNPs have been previously designed
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to form nanoparticle-biomolecule conjugates inside a solution
phase (Suni, 2008). The formation of such a complex amplifies
the impedance signals, which effectively increases the signal-to-
noise ratio. More recently, carbon-based nanomaterials have become
a popular coating for molecular detection devices because of its
ability to achieve a greater measurement specificity. For example, a
composite electrode made of CNTs and PDMS were implemented
into the original ITO protocol to aid in the specific detection
of DNA (Moon et al., 2021). Compared to that of standard gold
(Au) electrodes, the fabrication process of MWCNT/PDMS was
more efficient, and therefore, more commercializable. Moreover, the
composite coating was shown to have reduced the LOD from 25 p.m.
to 20 M for DNA.

After years of development, an ongoing challenge with
impedance-based molecular detection sensors is integrating them
into wearable devices. Recently, wearable technology has become a
popular research topic due to their ability to provide personalized
healthcare (Xu J. et al., 2021). Everyday clothing, such as shoes and
watches, can serve as a means to deploy health-monitoring sensors.
In one recent study, a non-invasive sweat sensor (Figures 7A, B)
was created to monitor the concentrations of various nutrients
and metabolites through electrochemical analysis (Wang M. et al.,
2022). This sensor was designed to be a patch which has two
graphene electrodes. These electrodes are repeatedly regenerated
in situ with the integration of carbachol iontophoresis based
sweat induction modules which assist with the microfluidic sweat
sampling. The graphene electrodes are conjugated with synthetic
antibodies and reporter nanoparticles to improve sensitivity and
selectivity for a variety of biomarkers. With advances in the Internet
of Things (IoT) technology, health data can easily be synchronized
to the internet (Figure 7C) and interpreted by a physician in real
time (Song et al., 2021). Another study conducted around the same
time discovered that the serial impedance of the electrode slightly
increases (<200 Q) if the sweat sensor was stretched, although other
parameters of the Randles circuit remain unchanged (Yin et al,
2022). Thus, a potential topic for future research is a correction
algorithm that can normalize measurements taken from a stretched
electrode.

5.2 Organ imaging

Another biological application of impedance-based sensors is
the imaging of whole organs to diagnose abnormalities, such as
tumors or diseased tissues, which could be performed with EIT
(Henderson and Webster, 1978; Sella et al., 2021). During the initial
stages of EIT, a major challenge was developing a signal-processing
algorithm that can reconstruct the target organ. This issue was
solved in the early 2000s with the creation of an open source
MATLAB-integrated program called EIDORS, which still remains
as the gold standard for EIT applications (Adler and Lionheart,
2006). The program consists of two parts: the forward problem
and the inverse problem. The purpose of the forward problem
is to describe the relationship between known parameters (i.e.,
the positions of the electrodes, conductivity, and current) and the
resulting electrical potential distribution ¢ (Faia et al., 2012; Adler
and Holder, 2022). Fundamentally, this procedure is described by
Eq. 4, which is derived from Maxwell’s equations (Faia et al., 2012).
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(A) A flexible patch for the detection of metabolites is comprised of a polyimide film, an electrochemical sensor, as well as several other layers to aid in
signal conduction. (B) A three-dimensional rendering of the electrochemical sweat sensor. (C) IoT technology allows data from wearable
electrochemical sensors to be synchronized to the cloud. Physicians could monitor such information in real time, further improving personalized
healthcare. (D) An EIT belt is capable of diagnosing medical conditions by producing an impedance map of various organs, such as the lungs. (E) Blood
flow restriction is present in the right carotid artery due to atherosclerosis. (F) EIS balloon catheter using six electrodes to develop 3-D images
intravascularly. [adapted and modified from (Bachmann et al., 2018; Abiri et al., 2022; Wang M. et al., 2022)].

y describes the complex admittivity, whose real and imaginary
parts are dependent on the conductivity (¢) and permittivity (&),
respectively.

V-pVé =0 (4)
Once the forward problem is solved and the potential distribution is
known, the next step is to reconstruct the conductivity distribution
from measured electrical potentials at the boundary of the organ
(Faia et al., 2012). This process is known as the inverse problem, and
several mathematical methods have previously been proposed to
solve for the reconstruction parameters. A well-accepted procedure
is the Gauss-Newton algorithm, described in Eq. 5, where J is the
Jacobian, ¢ the predicted potential from the forward problem, ®
the measured potential, a a regularization parameter, and R the
regularization matrix.
Ojp1 = 0; (]iT]i - “RTR) ) (],'T(q)i -¢(0;)) - "‘RTRUi) (5)
The Gauss-Newton method is an iterative process that begins with
an initial guess o0;, which is unlikely to yield an accurate prediction
(Adler and Holder, 2022). However, we can calculate an update, as
given by the second term of Eq. 5, which is added to ¢ to yield
a more accurate estimate. This process is iterated until the final
solution satisfies a pre-defined stopping criteria.
One clinical application of EIT is the diagnosis of pulmonary
embolism, an arterial blockage in the lungs caused by blood clots
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(Lymperopoulos et al., 2017). The risk of pulmonary embolism is
especially higher for patients who recently underwent surgery or
had a certain illness, such as COVID-19 (Tapson, 2008; Sakr et al.,
2020). Current method of diagnosis involves the insertion of
radioactive materials into the lungs, which makes it easier to
distinguish between regions of normal air flow and perfusion
(Lymperopoulos et al., 2017). Since the use of x-rays and radioactive
particles may be harmful to the patient, EIT offers a promising
alternative to the diagnosis of pulmonary embolism. EIT devices
are able to easily distinguish between blood, tissue, and air
because of their distinct electrical conductivities. In recent years,
several case reports have documented the successful application of
EIT to identify pulmonary embolisms in post-operative patients
(Wang X. et al.,, 2021; Kuk and Wright, 2022). Consequently, EIT
data provided physicians with useful information, such as risk
of bleeding, so they can make more informed decisions about
prescription of anticoagulants and additional procedures. Another
application of EIT is in the detection of non-alcoholic fatty liver
disease (NAFLD), which is largely present in patients with obesity
(Luo et al., 2018). In Western countries, NAFLD affects around
20%-50% of adults and is the most common liver disease in children
(Brunt et al., 2015). Magnetic resonance imaging (MRI) is currently
considered the gold standard for diagnosis of NAFLD, as it is non-
invasive and highly accurate. However, some limitations associated
with MRI are its high cost and its use of contrast agents. To overcome
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these limitations, an EIT belt with 32 stainless steel electrodes was
designed and tested on fat-fed New Zealand white rabbits and
on human volunteers (Luo etal., 2018). It was shown that EIT
measurements were most accurate at frequencies above 50 kHz, as
validated by MRI data.

Recently, many EIT studies have shifted their focus towards
improving the contrast ratio of the reconstructions so that diseased
tissues can better be distinguished from healthy tissues (Brazey et al.,
2022). To accomplish this, one study proposed the use of pure
water, normal saline, and titanium dioxide (TiO,) as sensitizers
(Liu et al., 2013). The goal was to use these nanoparticles to enhance
tissue impedance so that they can be more clearly measured by the
transducer. Other studies have employed computational methods,
such as Bayesian approximation, to enhance the contrast of EIT
reconstruction (Nissinen et al., 2015).

Despite EIT technology having been around for several decades,
its clinical usage still lags behind other imaging modalities
(Figure 7D), such as computed tomography (CT) and magnetic
resonance imaging (MRI) (Bachmann et al.,, 2018). Non-etheless,
EIT remains a promising diagnostic tool, as its dependence
on the electrical properties of biological tissues allows it to
detect abnormalities that would otherwise be angiographically
invisible. Accordingly, many research groups are now focused on
the commercialization of EIT sensors, prioritizing their clinical
significance and ease of access. In 1999, the Food and Drug
Administration (FDA) approved the first EIT device for its
application in the detection of breast cancer (Adler and Holder,
2022). Since then, more than three companies have created new
EIT systems and successfully placed them on the market for clinical
use.

5.3 Intravascular sensors

Another biomedical application of EIS technology is in the field
of intravascular sensors, which was first used in animal models
to test for the buildup of plaque (Siiselbeck et al., 2005). Because
intravascular sensors are an in vivo application of impedance-
based sensors, biocompatibility must be heavily considered in order
for it to be clinically translational. In this study, four electrodes
were coated with platinum (Pt) and placed on a flexible polyimide
substrate. Later on, a similar study fabricated a catheter with Au
electrodes and parylene C substrate to be tested on New Zealand
white rabbits with hyperlipidemia (Cao et al., 2014). This device was
first tested on the aortic explants of these rabbits, followed by in vivo
testing to demonstrate biocompatibility. Parylene C has been shown
to be an effective alternate substrate material to polyimide, yielding
similar results during in vivo biocompatibility tests (del Valle et al.,
2015). It was concluded that the impedance of Au electrodes is most
sensitive between 10 kHz and 300 kHz for biological applications
(Cao et al., 2014).

To further improve the study of intravascular sensors, this study
further incorporated IVUS, along with an EIS sensor to enhance
quality of images (Maetal, 2016). EIS can detect calcification,
oxidized LDL, and foam cells, while IVUS can detect thin-cap
fibroatheroma, calcification, and fibrous structure. By combining
these two sensing technologies together, we can gather data which
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contain information on all five of the intravascular components. The
studies performed ex vivo on New Zealand White Rabbits showed
reliability and consistency with results gathered from histology
segments of the vasculature.

Another way researchers are constantly improving EIS is by
incorporating new nanomaterials in order to increase the specificity
of their devices. Nanomaterials with higher effective surface area
decrease the impedance of devices, therefore increasing their
specificity. In one particular study, the incorporation of Pt-Black
onto electrodes via electroporation increases the accuracy of
two-point electrodes in EIS sensors (Abirietal., 2022). The Pt-
Black sensors were tested on Yucatan mini pigs in vivo after a 16
week long high fat diet with partial ligation of the right carotid
arteries (Figure 7E). This sensor proves the capability of sensing
the high lipid content in the vasculature of Yucatan mini pigs.
Figure 7F shows a three-dimensional rendering of impedimetric
data gathered from the Pt-Black electrodes used for this
study.

6 Perspectives

The emergence of conductive nanomaterials has undoubtedly
revolutionized the field of bioimpedance sensors. However, as
we enter a post Moore’s era, the future outlook of conducting
nanomaterials for bioimpedance sensors remains unclear (Iwai,
2016). The ratio of the effective surface area to macroscopic
surface area begins to approach a certain limit, hindering the
ability of new materials to significantly improve the sensitivity
of EIS. This effect is evidenced by a nominal or sometimes
downward trend of new publications with the keyword “carbon
nanotubes,” “gold nanoparticles,” or “nanomotors,” according to
data recorded between 2010 and 2018 (Arduini et al., 2020). Even
currently trending nanomaterials, such as graphene derivatives,
are not immune to the limiting repercussions of post Moores
era.

Despite the uncertainty of future research, many of the
nanomaterials discussed in this review are still in their early
stages of discovery. There remains a large sum of work to
be done on the commercialization and mass-production of
nanomaterial-coated EIS electrodes, particularly ensuring that all
requirements set by the FDA are met. As previously discussed,
several classes of nanomaterials can be further functionalized to
improve biocompatibility and clinical translation. Going forward,
it is essential to balance the promise of novel materials with the
practicalities of scaling up production and ensuring safety for
clinical trials.
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