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ABSTRACT: The recent advent of biodegradable materials has o ered huge opportunity to
transform healthcare technologies by enabling sensors that degrade naturally after use. The
implantable electronic systems made from such materials eliminate the need for extraction or
reoperation, minimize chronic inflammatory responses, and hence o er attractive propositions
for future biomedical technology. The eco-friendly sensor systems developed from degradable
materials could also help mitigate some of the major environmental issues by reducing the
volume of electronic or medical waste produced and, in turn, the carbon footprint. With this
background, herein we present a comprehensive overview of the structural and functional
biodegradable materials that have been used for various biodegradable or bioresorbable
electronic devices. The discussion focuses on the dissolution rates and degradation
mechanisms of materials such as natural and synthetic polymers, organic or inorganic
semiconductors, and hydrolyzable metals. The recent trend and examples of biodegradable or
bioresorbable materials-based sensors for body monitoring, diagnostic, and medical therapeutic
applications are also presented. Lastly, key technological challenges are discussed for clinical application of biodegradable sensors,
particularly for implantable devices with wireless data and power transfer. Promising perspectives for the advancement of future
generation of biodegradable sensor systems are also presented.

KEYWORDS: biodegradable materials, bioresorbable materials, naturally degrading sensors, implantable sensors, sustainable electronics,
health monitoring

1. INTRODUCTION only for a assigned duration and later elude without the need
for surgical removal,' thus promoting extensively to the
patient’s comfort and eliminating the cost and risks of removal
surgery. Additionally, using biocompatible and biodegradable
materials for sensor fabrication minimizes the foreign body
reactions to implants.

The main achievements in the development of biodegrad-
able sensors are quite new and have started from about a
decade ago with partially degradable sensors materials and
recently with further advances in functional materials and
fabrication methods, fully biodegradable systems that include
power source, circuitry, and wireless technologies in flexible
form-factors.'® Obtaining suitable materials for degradable
sensors is challenging, considering that the materials they need
to use should be nontoxic, biocompatible, biodegradable, and
yet exhibit high-performance electrical/optical/mechanical
properties. Flexibility and appropriate mechanical properties
for conformal interfacing and minimal stresses on the tissue are
other important aspects. The perfect route for such electronic

Over the past decade, biodegradable sensors and electronic
devices that naturally degrade or fully dissolve in their
physiological environments have emerged as attractive
alternatives for both invasive and noninvasive health
monitoring.™? They provide a unique opportunity for
temporary medical implants for continuous body condition
monitoring and in vivo sensing. With flexible form-factors, such
sensor systems integrated on wearables or clothing could o er
a hygienic route for monitoring of various physiological
parameters.>~> The ability for real-time monitoring of
parameters such as strain, pressure, temperature, pH, oxygen,
and other specific biomarkers would expressively improve the
information about tissue healing, early stage detection of
postsurgical infection, and personalized treatments.°™** Be-
sides, they are ideal for single-shot measurements in point of
care diagnostics as they are environmentally friendly and
reduce the medical waste associated with disposable sensors
and are usually low-cost.**~*°

Most of the sensors that are used today in medical

healthcare are often outside the body or noninvasive, and Special Issue: Wearable and Biodegradable Sensors |2t
those implanted into the body have the disadvantage of Received:  September 10, 2020

removal surgery that exposes patients to the distress of retrieval Accepted: December 20, 2020

and additional complications.*”*® Resorbable devices o ering Published: December 23, 2020

short-term performance are excellent temporary implants for

diagnostic and therapeutic applications that need to operate
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Figure 1. Chemical structures of natural and synthetic biodegradable polymeric materials. Chemical structures of moieties susceptible to hydrolysis
and oxidation. Mechanism of acid-catalyzed ester hydrolysis. Mechanism of PVA enzymatic degradation. Reproduced with permission from refs 57
and 58. Copyright 2008 Woodhead Publishing and ref 59. Copyright 2014 WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim.

devices requires production using green materials, those with
renewable and abundant sources with intrinsic biocompati-
bility and biodegradability (such as protein derived or
polysaccharide-based polymers), or synthetic materials with
desirable properties found in common commodity products.
This review emphases on the major advancements in the
area of biodegradable and implantable sensors used for
monitoring of biomarkers and body signals for diagnostics
and therapeutics. A comprehensive overview of the structural
and functional biodegradable materials that have been used for
the development of biodegradable systems, their properties,
degradation mechanisms, and dissolution rates is presented in
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section 2. This includes active sensing materials, substrates,
electrodes, interconnections, encapsulations, and adhesives
layers. Section 3 presents some examples of recently developed
physical and chemical biodegradable/bioresorbable sensors for
in vitro body monitoring and those integrated into the body for
diagnostic and medical therapeutic applications. In some
medical applications, the biodegradable sensors are needed
with wireless communication capability to decrease the
chances of infection caused by wires breaching the skin. To
achieve this, antennas/coils for data transmission and power
supply have been explored. A few such examples have also
been discussed in this section along with the potential

https://dx.doi.org/10.1021/acsabm.0c01139
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Table 1. Dissolution Behavior of Inorganic Dielectric Materials, Inorganic Semiconductor Materials, and Hydrolyzable Metals

in DI Water or Bu er Solution at Room Temperature

opportunities they open for implanted sensors to enhance the
understanding of biological systems. In section 4, the key
current challenges associated with biodegradable sensors are
discussed. This includes power requirements, size limitation,
data transmission from the body, degradation kinetics of the
device components, and performance stability. Lastly, the
concluding section presents a summary of key conclusions, and
the promising future perspectives for the advancement of a
new generation of biodegradable devices, with emphasis on
clinical application.

2. STRUCTURAL AND FUNCTIONAL MATERIALS FOR
BIODEGRADABLE SENSORS
Motivated by the growing demand for degradable electronics, several

research endeavors have targeted the expansion of biodegradable
substitutes for conventional electronic components using safe, low-
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cost, large volume, and disposable materials to fabricate state-of-the-
art biodegradable, bioresorbable, or transient devices. Subsequently,
innovative approaches from materials science and engineering have
facilitated the development of degradable fundamental device
components including substrate materials, dielectric layers, active
layers, conductive contacts and interconnects, and even circuitry using
natural, synthetic, and conjugated biodegradable polymers, organic or
inorganic semiconductors, and hydrolyzable metals.®~2

Polymeric materials o er high tunability in terms of their chemical
structure, morphology, and dissolution time scale, the rate of which
can be tailored by varying intrinsic polymer properties including
molecular weight, crystal structure, chemical composition, hydrophilic
or hydrophobic nature, and erosion mechanisms.?*~?® In addition to
flexibility and biocompatibility, this ability to tune the intrinsic
properties of polymeric materials makes them promising candidates
for compliant, customizable, and biodegradable device components.
Among the wide range of naturally derived polymers, protein-based

https://dx.doi.org/10.1021/acsabm.0c01139
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