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Abstract

Recent advancements in biosensor design and fabrication for
invasive and noninvasive monitoring of cardiovascular diseases (CVDs) have been demanding. This can be attributed to
the simultaneous advancement in polymer chemistry, technology relating to microelectronics development, interdisciplinary research encompassing interface and behaviour of
biological tissue and nonbiological material interaction to name
a few. To design an invasive or noninvasive biosensor system
for CVD application, polymers used for various parts and
components of the biosensor play a crucial role in the success
and in vivo performance of the system along with maintaining
high sensitivity and accuracy of the biosensor. In this
perspective, this review summarizes the importance of polymeric materials in the next-generation diagnostic approaches
for cardiovascular health care. The review discusses the recent
advancements of polymeric materials in the design and fabrication of biosensing agents, substrates and components,
highlighting recent biosensor platforms in real-time biosensing
cardiovascular health and disease application.
Addresses
Stem Cell and Molecular Biology, Laboratory, Department of Biotechnology, Bhupat and Jyoti Mehta School of Biosciences, Indian Institute
of Technology Madras, Chennai, Tamil Nadu, 600036, India
Corresponding author: Verma, Rama Shanker (vermars@iitm.ac.in)

Current Opinion in Biomedical Engineering 2020, 13:69–75
This review comes from a themed issue on Biomaterials: Biosensors
Edited by Rama S. Verma and Seeram Ramakrishna

https://doi.org/10.1016/j.cobme.2019.10.002
2468-4511/© 2019 Elsevier Inc. All rights reserved.

Keywords
Polymers, Biosensors, Real-time diagnosis, Cardiovascular diseases.

Introduction
Cardiovascular diseases (CVDs) are the primary cause of
mortality across the globe representing 31% of global
deaths [1]. Cardiac health care diagnostics have been a
focus of research owing to the extraordinary statistics
that represent the global population suffering from
CVDs. Although developed countries are said to be more
prone to CVDs owing to their lifestyle patterns, the
mortality rate due to CVDs is much higher in developing
countries as compared with developed countries. This is
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due to the lack of proper and timely diagnosis of risk
factors associated with CVDs along with poor treatment
alternatives [2]. Current diagnostic systems comprise
chemical-based techniques that require sophisticated
instrumentation and skilled labour for operating such
instruments. Access to these cost-intensive facilities is
limited in developing countries. A similar situation holds
true for treatment procedures which are yet to be
explored in these countries. Point-of-care devices are
being explored as alternatives to these expensive and
time-consuming biochemical-based detection techniques. These devices comprise miniaturized biosensors
based on biomolecular interactions and electrical
impedance that allow rapid, real-time qualitative and
quantitative data acquisition [3]. This class of biosensing devices includes injectable nanoparticles,
nanofibres, microfluidic chambers and wearable
devices (Figure 1).
Polymers are the key platforms used for the development of biosensors. Ease of synthesis and processing,
flexibility and molecular imprint ability are a few salient
factors that account for its widespread usage. The
abundant availability of biocompatible polymers makes
it the material of choice for injectable and implantable
biosensors. Different classes of polymers have been
utilized in various ways for the designing of biosensors
(Table 1). Natural biopolymers are exclusively used for
injectable nanoscale biosensing agents, as these polymers contain homing peptides that enhance the stability
of nanoparticles in the bloodstream/targeted region as
well as retention time essential for real-time monitoring
[4]. Electrically conductive polymer composites are
utilized for designing wearable devices/cardiac implants,
as these are highly sensitive and their electrochemical
activity can be easily fine-tuned using appropriate
agents.
Conductive polymers provide flexible design avenues,
are relatively less/nontoxic as compared with their
metallic alternatives and have reduced chances of
immune rejection when implanted within the living
system [5]. Molecularly imprinted polymers are another
class of polymers that are replacing conventional biological receptors owing to its cost-effectiveness, ease of
use, high shelf life and excellent reproducibility [6].
This review attempts to outline recent advances in
polymeric systems being utilized for cardiac health care
diagnostics. The review focuses on various applications
of polymers in the field of biosensors along with their
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Figure 1

Schematic representation for various applications of biosensors in cardiovascular health and disease.

mechanisms that are utilized for fabrication of cardiovascular biosensing systems.

Electroactive polymers for electrical
interface in biosensors
Conducting polymers (CPs) are a special class of materials with electronic and ionic conducting activity. The
mechanism by which the ionic electroactive polymers
shows conductivity is based on ionic groups present in
its polymeric chain backbone as well as the electrolyte
present in the medium or its surrounding. Electronic
conduction polymers can be further classified on the
basis of its electrical conductivity as intrinsic and

extrinsic. The electrically active (conducting) polymers
showing conductivity due to high electron mobility
arising from the constitutive bond between atoms are
intrinsic, whereas those showing conductivity due to the
presence of conductive particles are extrinsic.
Based on the previously mentioned working principles
of ionic and electrically conductive polymers, its use in
biosensors is highly sought after as noninvasive and
implantable devices. For example, the ionic conducting
polymerebased biosensors can be used to design devices that can quantitatively measure the ionic concentration of the extracellular environment of
electrically conductive cells such as cardiac cells,

Table 1
Tabular information about the polymers being used in biosensor development, tire mode of sensing and its application in the biomedical field.
S No.

Polymer

Mode of Biosensing

Application

Ref.

Electro conductive signals
Label-free nanosensing
Conductive microelectrode array
Fluorescence
Near-infrared spectroscopy
Molecular Imprinting
Molecular imprinting

Sensing release behaviour of drugs
Detecting biomarkers related to cardiac failure
Detection of cardiomyocytes action potential
In vivo imaging of thrombus
Monitoring of real-time oxygen levels
Myoglobin detection
Heparin detection

[15]
[16]
[19]
[21]
[22]
[26]
[27]

8.

Polypyrrole
Polyaniline (PANI)
Poly (3,4-ethylenedioxythiophene)
Boronated poly(ethylene glycol) acrylate
Poly(2-hydroxyethyl methacrylate)
2-Aminoethyl methacrylate hydrochloride
Poly(methacryloxyethyltriammonium
chloride -co- acrylamide -comethylenebisacrylamide)
Dopamine

Molecular imprinting

[25]

9.

PANI

10.

Polyvinylidene difluoride/hydroxylamine
hydrochloride

Triboelectrification/enzymatic
reaction coupling effect
Piezoelectric signals

Detection of cardiac
Troponin T
Real-time detection of Ca+ in sweat

1.
2.
3.
4.
5.
6.
7.
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Monitor subtle pressure
changes on the cardiac wall

[28]
[29]
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Figure 2

Representative images of polymers used in the design, fabrication and testing of biosensors for application in the cardiovascular system. Polypyrrole
(a.i, a.ii) and (b); polyaniline (c.i, cii and d.i, d.ii); PEDOT (e.i, e.ii and f.i, f.ii). (a.i) Strain-sensing polypyrrole-based elastomeric substrate for use in selfadhesive biosensor design; (a.ii) Self-adhesive capability and electroconductivity of the gel; (b) Stretchable and flexible cardiac tissue–electronics
hybrid system capable of multiple drug release, sensing electrical properties of cardiomyocytes and on-demand remote-controlled stimulation of cardiac
tissue; (c.i) Biosensor design based on polyaniline nanowire doped with cTnI for femto- to nano-level detection of Myo, cTnI, CK-MB and BNP biomarkers for diagnosis of heart failure, c.ii—SEM image of PANI doped with cTnI; (d.i, d.ii) 16-channel organic electrochemical transistor array–based
biosensor for mapping the propagation and studying the characteristics of action potentials of primary cardiomyocytes; (e.i, e.ii) The modulation of the
beating frequency of cardiomyocytes directly cultured on c-PEDOT:PSS substrates via electrical stimulation. (f.i) Schematic diagram of fabrication and
characterization of the EHD-printed microfibrous PCL scaffolds and multiscale conductive scaffolds by EHD printing, and (f.ii) SEM images (c and d) of
the microfibrous PCL scaffolds and multiscale conductive scaffolds (Reprinted with permission from Refs. [12–17]).

neurons and skeletal muscles cells. Similarly, electrically
conductive polymerebased devices can be used as
implantable devices for fabricating pacemakers,
measuring heart activity, supplying electrical signals,
etc. [7e10].
Owing to its conducting properties, its use in cardiovascular application in recent times has seen a surge, in
particular, for fabricating biosensors to monitor CVD
diagnosis and prognosis [5e7]. The surface modification of CPs with biologically active molecules (e.g.,
proteins, peptides or polysaccharides) has been widely
performed using various methods such as chemisorption, ligandereceptor binding, chemical covalent
attachment, and electrochemical doping or polymerization which can be used to design and fabricate biosensors for biologically relevant purposes such as pointwww.sciencedirect.com

of-care diagnostics development, pacemaker, in vitro
system for studying cardiomyocytes function, pharmacological drugescreening activity and regenerative
medicine [11,12] (Figure 2).
Polypyrrole

Polypyrrole is a conductive polymer with excellent
electrical and mechanical characteristics. Its biocompatible feature accentuates its potential biomedical application. Owing to its greater chemical stability in air and
water, it has been widely studied for implantable
biomedical devices in preclinical studies [13]. Chen et al.
developed a novel conductive composite by introducing
in situ polymerization of polypyrrole within a hydrogenbonded supramolecular elastomer matrix of P(PEGMAco-UPy). Using this approach, the authors fabricated a
self-healing, highly elastic, mechanically robust and
Current Opinion in Biomedical Engineering 2020, 13:69–75
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strain-sensing capable polypyrrole-based elastomer composite. Conductive polymers can be combined with supramolecular polymers to develop an advanced functional
soft electronic device, in particular, for cardiac-related
applications [14] (Figure 2(a.i), (a.ii)).
Feiner et al. developed a stretchable and flexible cardiac
tissueeelectronics hybrid system that was capable of
releasing multiple drugs, performing sensing function
and providing on-demand remote-controlled stimulation of cardiac tissue. Polypyrrole was used to control the
delivery of multiple drugs on stimulation of the hybrid
system. This electroconductive and drug-release
behaviour on sensing of the signal displays an efficient
system for using it as an implantable medical device
[15].

showed biosensing capability of such scaffold for cardiomyocytes function. They proposed a novel strategy to
fabricate a multiscale conductive scaffold by combining
solution-based and melt-based ED printing techniques.
They printed PCL microfiber by melt-based EHD
printing. Poly(3,4-ethylenedioxythiophene) (PEDOT)
was used to create submicroscale conductive fibre inside
the well-organized PCL scaffold by solution-based EHD
printing. This fabrication strategy was then tested for
cardiomyocytes adhesion and proliferation which
showed enhanced proliferation and aligned cardiomyocytes on culture. It also increased the conductivity of
the cardiomyocytes, enhancing cardiomyocyte-specific
gene expression. Such a strategy has the potential to
fabricate scaffolds for designing a biosensing system for
electroconductive cells and tissue such as cardiac tissue
[18] (Figure 2(f.i), (f.ii)).

Polyaniline

To create a platform for use in biosensors, polyanilinebased substrates have been fabricated either alone or
in combination with other biomaterials to provide a
suitable matrix for cardiomyocytes which exhibits
anisotropy and better electrical conductivity and
promotes aligned growth of cardiomyocytes
mimicking native arrangement in cardiomyocytebased bioactuators or biosensors. Wang et al. fabricated poly(L-lactic acid) (PLA) blending with polyaniline (PANI)-based nanofibrous sheet with
electrical conductivity for cardiomyocyte-based actuator. Such scaffolds with cardiomyocytes with tubular
and folding shapes exhibited spontaneous beating
with higher frequency demonstrating its potential use
in cardiomyocyte-based bioactuator development.
PANI nanowire-based nanosensors have been developed for label-free detection of Myo, cTnI, CKMB and B-type natriuretic peptide (BNP) biomarkers
for diagnosis of heart failure as well as determining the
stage of the disease. The biomarkers were detected at
femtogram to nanogram level [16] (Figure 2(c.i),
(c.ii)).
Wang et al. studied the use of aniline pentamer (AP) in
enhancing the electronic signal between the cardiomyocytes. They developed PLA-b-AP-b-PLA triblock
copolymer of poly (l-lactic acid) (PLA) and AP with
electroactivity and studied the effect of cardiomyocytes
viability, morphology and conductivity of the cultured
cell. They found the calcium concentration inside the
cells to be greater than that of the cells cultured on
PANI after 6 days of culture, showing its potential use
in the development of cardiomyocyte-based sensing
devices [17].

Kim et al. showed the potential of crystallized
PEDOT:PSS as a crucial component for development of
a variety of bioelectronics interfaces directed for electroconductive tissues such as cardiac and nerve tissue.
They crystallized PEDOT:PSS on a polyethylene
terephthalate substrate which exhibited excellent
electrical, electrochemical and long-term underwater
stability without the film being dissolved/delaminated
and with good viability of primary cardiomyocytes over
weeks. Such highly crystallised PEDOT:PSS with
nanofibrillar morphology enabled higher surface area and
better electrical conductivity. This PEDOT:PSS layer
on integration in a transparent microelectrode
array enabled for real-time recording of cardiomyocytes
action potential with high signal fidelity [19]. Advancements
in
fabrication
of
devices
that
record extracellular signals from electrogenic cells such
as cardiomyocytes are of great interest for developing
pacemakers. Such devices musthave features such as
transparency, biocompatibility and stability in terms
of overcoming mechanical mismatches between the
device and biological matters and is amenable to the
complicated tissue architecture. To this end, recently
Liang et al. developed an organic electrochemical
transistor with an interdigitated electrode array of
polyimide on a PEDOT:PSS polymer film. The authors
fabricated a device with submicrometer PEDOT doped
with poly (styrene sulfonate) layer that showed fast
transport of ions between the electrolytes. It showed
high performance of mapping the propagation of cardiac
action potential with a high signal-to-noise ratio,
thereby exhibiting its potential in vivo use like pacemaker system [20] (Figure 2(e.i), (e.ii)).

Nanosystem-based polymeric biosensors
Poly(3,4-ethylenedioxythiophene)

Polymeric nanosystems

Lei et al. used an electrohydrodynamic (ED) printing
technique to fabricate multifunctional micro/nanofibrous scaffolds of PCL-PEDOT mimicking native
cardiac microarchitecture and electrical properties and

Early-stage diagnosis and treatment for CVDs is critical so
as to avoid the life-threatening implications of its progression. Polymeric nanoparticles (PNs) allow for
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Figure 3

Schematic representing modes of biosensing using injectable polymeric nanosystems.

noninvasive real-time diagnostics, thus offering patientspecific treatment alternatives. PNs used for imaging are
generally doped with detectable agents such as fluorophore and magnetic resonance imaging contrast agents
(Figure 3). Kang et al. devised PNs for imaging of
thrombotic blood vessels. Boronated antioxidant poly(ethylene glycol) acrylate nanoparticles were conjugated
with a fluorescence dye and fibrin-targeting peptide. As
thrombus is characterized by the abundant presence of
fibrin, homing of these nanoparticles took place at the
site of thrombosis allowing in vivo imaging of thrombus
[21]. Poly(2-hydroxyethyl methacrylate) (polyHEMA)based injectable biosensors were utilized by Chien et al.
for monitoring the oxygen levels in ischaemic patients.

The study incorporated Pd-porphyrin as the optical
oxygen sensor embedded within the polyHEMA carrier
that displayed inverse optical activity in relation to in vivo
oxygen levels that could be detected using nearinfrared spectroscopy [22].
A semiconducting polymer is also utilized for nanoparticle-based imaging as they can form spherical
nanoaggregates because of the presence of p-electrons
in their backbones. When these polymers come in contact with hydrophilic solvents, the p-electrons lead to
the disintegration of polymeric chains, thereby forming
spherical PNs [23]. These nanoparticles offer advantages over conjugated nanoparticles, as they possess

Figure 4

Schematic representing the basic principle of fabrication of molecularly imprinted polymers.
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tuneable optical properties, offer better biocompatibility and provide size modulation. p-Phenylene ethynylene with charged terminal groups was shown to form
aggregates by undergoing a conformational change that
was coupled with photophysical activity such as
quenching of fluorescence under hydrophilic conditions
[24].

Molecularly imprinted polymers
Molecular imprinting refers to the formation of
template-induced recognition motifs on polymer matrix
analogous to those found on biological receptors.
Molecularly imprinted polymers (MIPs) have gained
popularity in the past few years and emerged as inexpensive biosensing systems with excellent sensitivity
and selectivity. These offer advantages over conventional antibody-based detection methods, as they do not
require specific storage conditions, provide easy transportability, have ease of fabrication, have long shelf
life and have high stability under different solvent
conditions (Figure 4). Palladino et al. fabricated a polydopamine-based MIP biosensor for detection and realtime sensing of cardiac troponin, a biomarker used for
detection of myocardial infarction. The MIP film was
self-assembled on a gold surface that allowed a label-free
detection. On binding of target analyte on the MIP, the
change in the refractive index could be analysed by an
optical technique called surface plasmon resonance.
This allowed for the real-time detection of the analyte
[25]. 2-Aminoethyl methacrylate hydrochloride and 4styrenesulfonic acid monomers were used by Moreira
et al. to fabricate MIPs for myoglobin detection, a
biomarker for early cardiac damage. They used ethylene
glycol dimethacrylate as a crosslinker for self-assembling
the polymeric units around the template analyte. This
MIP was surfaced on the graphite substrate that allowed
for squarewave voltammetry analysis of the interaction
between myoglobin and MIP biosensor where the current measurements were inversely proportional to the
log concentrations of the myoglobin analyte [26].
Another application of MIPs was shown in real-time
monitoring of heparin concentrations. Heparin concentration plays a crucial role during cardiac surgeries as its
underdosage leads to blood clotting while overdosage
can induce internal bleeding. Thus, real-time monitoring of heparin concentration becomes crucial. Yoshimi
et al. fabricated an imprinted biosensor using poly(methacryloxyethyltriammonium chloride -co- acrylamide -co- methylenebisacrylamide) as imprinting
material on graphite microparticles. Graphite particles
acted as electrodes and allowed for cyclic voltammetrybased analysis. An inverse relationship between heparin
concentration and cathodic peak potential was established. MIPs offer great reproducibility, making them
promising candidates in the field of disposable
biosensor-based detection systems [27].
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Drawbacks of polymers for biosensors in
in vivo application
1. Change of mechanical properties when exposed to
varying temperature and humidity conditions.
2. Gaseous diffusion across the polymeric sheets often
results in alteration of the chemical structure of the
electrodes that may vary the sensitivity of
biosensors.
3. Prolonged retention of nanosensors in blood may lead
to surface modification causing nonspecific background signals.

Conclusion and future perspective
In recent times, studies focussing on creating biosensors for invasive and noninvasive implantation to
monitor CVD system were advanced. However, there
still exist many challenges in current polymer systems
to make them biocompatible, biodegradable without
exhibiting general or local toxicity and displaying
better stability over its long course of performance
[30]. For example, polyaniline and polypyrrole
show mild inflammation on in vivo implantation.
Although inflammation subsides within months, its use
in the cardiovascular health careerelated application
needs an in-depth understanding of cellematerial
interaction and host response. To achieve these features, polymer systems must be further explored using
existing polymers and biosensing techniques as a
blueprint. Improvement in fabrication strategies of
conducting polymers is required to further improve its
biocompatibility and biodegradability. Physical and
chemical properties of polymers such as their molecular weight, modifying hydrophobicity to improve the
materialebiological interface integration, are some of
the aspects that can be looked on to increase its
application for implantable device fabrication.
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