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ABSTRACT: Wearable, point-of-care diagnostics, and biosensors are on the verge of
bringing transformative changes in detection, management, and treatment of cancer.
Bioinspired materials with new forms and functions have frequently been used, in both &
translational and commercial spaces, to fabricate such diagnostic platforms. Engineered from
organic or inorganic molecules, bioinspired systems are naturally equipped with
biorecognition and stimuli-sensitive properties. Mechanisms of action of bioinspired materials
are deeply connected with thermodynamically or kinetically controlled self-assembly at the
molecular and supramolecular levels. Thus, integration of bioinspired materials into wearable
devices, either as triggers or sensors, brings about unique device properties usable for 3
detection, capture, or rapid readout for an analyte of interest. In this review, we present the %
basic principles and mechanisms of action of diagnostic devices engineered from bioinspired 1,%%
materials, describe current advances, and discuss future trends of the field, particularly in the

context of cancer.
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1. INTRODUCTION

Wearable diagnostics and biosensors (WDBs) illustrate the
efforts of the biomedical research community to miniaturize
technologies for detecting and monitoring disease processes.
Engineered with capabilities to identify patho-physiological
anomalies on a “plug and play” basis, these devices not only
reduce the complicacies and economic burden of any disease
screening processes but also increase user compliance
significantly. In addition, WDBs provide the opportunity to
integrate with various early detection modalities to design point-
of-care (POC) platforms. In fact, one of the major motivations
toward the development of wearable diagnostic and biosensors
stems from the demand to develop POC systems, which can
function robustly in a low-resource settings. The socio-
economics of the 20th century also pushed the boundary of
WDBs. Change of lifestyle, increase in health awareness, and
need for speed for early diagnostic readouts also propelled the
science and technologies of WDBs to its current state. Over the
last several years, a significant amount of contributions in WDB-
research resulted in their cost-effective availability and
production." Advancement in chemical biology tools and
techniques, microfluidics, emergence of lab-on-a-chip systems,
3D printing, genomics, and parallel computing further fueled the
development of WDBs. Materials science and engineering
played significant roles in developing soft, stretchable, and
biocompatible materials and electroactive substrates that can
house the core technologies of WDBs, such as a liquid electrode,
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a microfluidic chip, or a flexible electroactive polymer. One of
the breakthroughs with WDB development stem from
innovation in bioinspired materials and biomimicking tech-
nologies. Such materials and approaches not only improved the
efficiency and precision for detecting biological signals but also
provided the flexibility to construct WDBs of newer forms and
functions. Thus, the era of WBD has been shaped and formed
from the development of novel, natural, or semisynthetic
bioinspired materials capable of detecting an analyte of interest
with accuracy and precision. In this review, we tend to identify
the past, present, and future of bioinspired materials used for
WDBs, with a particular focus on cancer.

2. RATIONALE AND CONCEPT MAP OF THIS REVIEW

One of our driving forces to select cancer as the focus area of this
review is because still there is a relative scarcity of sensitive
detection technologies for the disease. An estimated new cancer
cases of 1898 160 and cancer deaths of 608 570 patients have
been projected to occur in the United States in 2021.”
Expenditure associated with cancer treatment is excruciatingly
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high for a huge segment of the population. Cost for caring of
cancer is ever-increasing; in 2020, the national costs for cancer
care were estimated to be $208.9 billion. These estimates
include costs associated with medical services and oral
prescription drugs.” With the developmental surge of POC
diagnostics for cancer, it can be expected that the cost of
treatment can be suppressed if early detection capacity is
increased. Thus, we divide this review into four sections, each of
which deals with fundamental aspects of WDBs for cancer. First,
we discuss the basic mechanics of WDBs with bioinspiration as
core-design principles. Detection and amplification of a disease-
associated signal are fundamental features for most of the
currently developed WDBs. Therefore, next we discuss the
advances in signal detection and amplification technologies and
feedback circuitry used in WDBs in the context of bioinspired
systems. Since the devices are wearable, a great stretch of
opportunity lies in matching the conformation of the materials
with human anatomy using 3D printing. Thus, we describe
material designs which are suitable for fabrication of WDBs
using advanced manufacturing methods. Finally, we will identify
how materials properties can be coupled to particular bio- and
pathological processes associated with cancer for rational
designing of WDBs. Lastly, we aim to identify future trends of
WDBs in detecting genetic signatures of diseases using the
“Omics” platforms.

3. BASIC CHARACTERISTICS AND DESIGN OF WDBS

Wearable diagnostics and biosensors can be classified as POC
testing devices. The World Health Organization (WHO)
focuses on the following criteria for portable POC testing
devices: (a) affordability (b) sensitivity, (c) specificity, (d)
compliance (measurements can be conducted in a few steps with
minimal training), (e) speed (results available in <30 min) and
robustness, (f) equipment-free setup, and (g) deliverable to the
end-users.'" Wearable electronics are usually defined as self-
sustaining electronic devices that can be worn on the human
body or loaded onto clothing. Generally, a biosensor is the
integrated core module of a wearable device. A typical biosensor
has been categorized into two basic units: an artificial or
semisynthetic “bioreceptor” coupled to a physicochemical
transducer. The bioreceptor usually interacts with biological
targets (fluid, enzyme, or macromolecules, such as DNA) with
substantial selectivity and specificity. The bioreceptor provides
the interaction output in the form of electrochemical or
mechanical signal to a transducer, which converts such input
into a readable signal. Of note, bioinspired materials can be used
to fabricate any one of the above-mentioned components of
WDBs, improving their capacity to interact with targets or
amplifying the readouts. One of the frequently used household
example of biosensing and biorecognition is blood-glucose test
strips. The basic operating principle for WDBs relies upon
multiplexing of analyte detection with high sensitivity and
specificity. A plethora of biological targets have been used as the
source of biological analytes which include but are not limited to
different types of body fluids, such as sweat, tears, saliva, and
interstitial fluid (ISF). This is because the fluids can be collected
in a noninvasive manner. Sensors for WDBs use different
biological tissues (such as skin, organs, eyes) for analyte sources.
The following sections describe different components of WDBs,
which when integrated in the form of biosensors, can efficiently
read the presence and amount of different analytes of interest
required for the detection and diagnosis of cancer.
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4. CIRCUITRY, DATA GENERATION, AND READOUT
OF A LAB-ON-A-CHIP (LOC) TYPE BIOSENSOR

As of now, most of the diagnostic screenings and tests are
conducted in hospital-based laboratories, where expensive
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Figure 1. (A) Biosensor components. Reproduced with permission
from ref S. Copyright 2009 Elsevier. (B) Classification of biosensors.
Reproduced with permission from ref 7. Copyright 2020 MDPL

equipment is being used for diagnosis with trained personnel.
Therefore, POC testing-based diagnostic tools and technologies
are gaining traction because of their ease of operation and low
maintenance. As the test procedures are significantly simplified,
POC testing platforms significantly reduce the overall costs
associated with equipment or personnel.” The advances in
biosensor and “lab-on-a-chip” (LOC) technologies resulted in
the ensemble of several POC testing modalities, which are
portable and usable by patients or onsite by medical staffs.
Fundamental characteristics of POC testing devices involve real-
time data processing, ease of use, robustness, cost reduction, and
simplicity of sample processing and preparation. To satisfy the
above-mentioned criteria, the circuitry and mechanical design of
WDBs needs to be compact and robust and readout must be fast
and precise. This section will discuss the overview of WDBs and
biosensors and their general mechanism of signal transduction
and power supply.

4.1. Electronic Construct of Biosensors. 4.1.1. Principles
of Analyte Recognition. As mentioned earlier, a biosensor is a
device which utilizes either biological entities, such as enzymes,
nucleic acids, and antibodies as analytes, or it can measure the
overall anomaly of biochemical status of the body as signature
stimuli. As a biochemical signature, a biosensor can identify the
alteration of pH, electrolyte, or temperature of any physiological
entity, such as blood, extracellular fluids, urine, etc. The
detection signal is then transformed into electrical signals
through a transducer, which is measured afterward through an
appropriate readout. Therefore, the biosensor has three main
components, i.e., a biorecognition element, a transducer, and a
signal display or readout module. For example, in an antigen—
antibody type classical biorecognition process, the recognition
event involves interaction between the substrate-bound anti-
body with their cognate antigen. The transducer converts the
analyte interactions into a quantifiable signal, so that the readout

https://doi.org/10.1021/acsbiomaterials.1c01208
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can show the specific signal generated by such interactions
(Figure 1A).” The first biosensor was developed in 1962 by
Clark and Lyons, which essentially is an enzyme electrode. Its
function was to monitor the oxygen in blood through coupling
the glucose oxide with an amperometric electrode.” Since the
advent of these earlier biosensors, numerous disease mod-
ifications have been reported. Broadly, biosensors are catego-
rized in different groups based on the transduction processes or
the sensing components as shown in Figure 1B.” For example,
considering different biological sensing elements such as
enzymes, cells, tissues, antibodies, nucleic acids, etc., biosensors
can be classified as catalytic or affinity biosensors. The different
types of physiological changes derived from the sensing
receptors trigger the transduction process, where the trans-
duction systems can be categorized as optical, electrochemical,
piezoelectric, or calorimetric transducers, which are discussed in
the next section.

4.1.2. Signal Transduction in Biosensors. The selectivity of a
biosensor is dependent on the biorecognition element. There
are different transduction approaches to generate signals in
biosensors. Many of these approaches use optical inputs while
the others are based on electrochemical and piezoelectric
systems. In optics-based transduction, transducers collect
information about an analyte via photons when the target
analyte interacts with the biorecognition elements of the WDBs.
Here, the photodetector is used to measure the variations of
molecules in terms of concentration, mass, or number and then
transformed these variations into electrical signals.*” In
electrochemical systems, electric current transfer within the
sensing electrodes as a result of electrochemical reactions are
used as the transduction element. Readout signals can also be
produced by generation of potential or charge storage (as a
potentiometric biosensor), measurement of current (as an
amperometric biosensor), conductance measurement (con-
ductometric), or resistance measurement and via fluctuation
in capacitance (an impedimetric biosensor) within electrodes.
Electrochemical biosensors are composed of three electrodes,
such as a reference electrode, a working electrode, and a counter
electrode.” Sensing technologies using electrochemical pro-
cesses showed potential application for cancer biomarker
detection.'” In piezoelectric systems, the electric signal is
generated by pressure. Piezoelectric materials are coated with a
thin layer of conductive materials such as silver. Therefore, when
a stress is applied, the ions in the materials move toward one of
the conducting surfaces, which results in a flow of electric charge.
There is another transduction process called calorimetric
transducers, where changes in temperature result from a
biochemical reaction that is measured with a thermistor.""

4.3. Power Supply of Biosensors. To detect any
biomarkers, data processing, and output delivery via an on- or
offline mode, a source of power supply to the sensors will be
required. Therefore, self-powered sensors are highly popular for
WDB design. The generation of power can be acquired from
patho-physiological events or from the environment, like solar
cells.'” In the human body, biofluids such as sweat can be
collected for the generation of electrical energy.'”'* Body
temperature is another source that can be utilized as a
thermogenerator.15 Piezoelectric nanogenerators (PENGs)
and electromagnetic nanogenerators (ENGs) can convert the
mechanical movements of the human body into electrical
energy.'”"” In the literature, a combination of these energy
harvesting technologies is prevalent. For example, triboelectric
nanogenerators (TENGs) integrated with a supercapacitor
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(SC) have been reported for the generation of electrical energy
for self-powered sensors.'® Here, solar cells are used to generate
electrical energy, which is stored in TENGs and SCs and is
harnessed to convert the mechanical energy of the human body
into electrical energy.

5. LAB-ON-A-CHIP TYPE BIOSENSORS FOR CANCER
DETECTION

In this section, we will focus on the recent development of
biosensors and “lab-on-a-chip” (LOC) technologies as POC

Table 1. Summary of Lab-on-a-Chip (LOC) Devices for
Detection and Diagnosis of Cancer Disease

research analyte of
group lab-on-a-chip (LOC) design interest refs
Yildiz et MiSens LOC device integrated with PSA 19
al. microfluidic systems
Parra- LOC device consisted of gold electrodes  PSA and 20
Cabrera designed in a series array in a fluidic spondin-2
et al. microchannel (gPONZ)
Jiwei et al. metabolic enzymes decorated LOC PSA and 21
sensor AMACR
Akbari et sandwich typed electrode of GO/AuNPs PSA 22
al.
Indraetal. nonfaradaic biosensor, a lectin-assisted PSMA 23
capacitive sensor
Juliana et single-stranded DNA probe with LbL PCA3 24
al. pattern of chitosan and MWCNT

testing platforms for cancer patients. Yildiz et al. proposed an
LOC- prototype, termed as MiSens, which have the potential to
test cancer biomarkers.'” The authors developed a new biochip
which was integrated with microfluidic systems along with a real-
time amperometric sensing that acted upon the interaction with
an enzyme substrate. The authors also designed a docking
station, where sensors can be easily docked through plug and
play supports. This prototype has been used in the detection of
prostate-specific antigen (PSA), a serum biomarker for the
diagnosis and surveillance of prostate cancer. Serum samples
from clinical use were tested using the MiSens device and
provided equivalent clinical results with standard testing devices,
thus demonstrating a powerful approach of POC testing for
prostate cancer. Parra-Cabrera et al. designed a novel lab-on-a-
chip device which can simultaneously detect multiple
biomarkers in prostate cancer by using simple voltage
measurements.”’ This biosensing device consisted of gold
electrodes, acting as voltage-based biosensors. These gold
electrodes were arranged in a series array in a fluidic
microchannel. The device also used two lateral microchannels
to perform in situ functionalization and sensing protocols. The
fabrication has been done through photolithographic and cast
molding techniques. The results from this device successfully
quantified two proteins, namely, prostate-specific antigen (PSA)
and spondin-2 (SPON2), which are usually found in blood, and
when analyzed in combination can be used for reliable detection
of prostate cancer. Jiwei et al. designed a novel biosensor which
can detect both PSA and alpha-methyl acyl-CoA racemase
(AMACR) antigens from concentrated human serum.”’ Both
PSA and AMACR are metabolic enzymes that has been shown
to be highly expressed in prostate cancer cells and therefore can
be used as biomarkers. The biosensing was carried out using
differential pulse voltammetry. Authors concluded that relatively
shorter period of time and very small quantities of test medium
are capable of carrying out these experiments for significant

https://doi.org/10.1021/acsbiomaterials.1c01208
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Figure 2. (A) Adhesive patch “My UV Patch”, to detect UV exposure. Reproduced with permission from ref 26. Copyright 2018 Public Library of
Science. (B) OLED-based WDB device. Reproduced with permission from ref 28. Copyright 2009 British Association of Dermatologists. (C)
Oncomagnetic WDB is a helmet with 3 oncoscillators secured on it, (D) and the graph displays the variation in contrast enhanced tumor (CET)
volume over time. Reproduced with permission from ref 29. Copyright 2021 Frontiers Media S.A.. (E) High-tech iTBra is a smart WDB that can
accurately detect breast cancer early. Reproduced with permission from ref 31. Copyright 2019 Elsevier. (F) Palpreast system of the top view of the
internal layer and inflation process. Reproduced with permission from ref 32. Copyright 2019 MDPL

amounts of biomarker detection in prostate cancer. Akbari et al.
proposed a sandwich type electrode-based biosensor fabricated
with reduced graphene oxide/gold nanoparticles (GO/AuNPs)
to detect PSA.”* The glassy carbon-based working electrode was
electrochemically modified to GO/AuNPs in two steps, first
polished the glassy carbon electrode with alumina powder and
then GO/AuNPs/captured antibody (Ab,) was dropped on the
surface of the electrode. This electrochemical sensor worked on
the principle of single amplification and the dual recognition
strategy. Cyclic voltammetry and electrochemical impedance
spectroscopy were used to measure the electrochemical
properties during the analysis. Results showed that the biosensor
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showed high sensitivity toward the total and the free PSA. Indra
et al. reported a new nonfaradaic system, a lectin-assisted
capacitive biosensor, to detect the prostate-specific membrane
antigen (PSMA), which is an alternative to the conventional
biomarker, PSA, for determining prostate cancer.”® Here, lectin
was used as a bioreceptor for the direct detection of PSMA. The
device utilized capacitive-based sensing, where the change in
capacitance was solely originated from the dielectric changes,
local conductance, and the charge distribution upon the
biomolecular binding event on the transducer surface. In this
study, aluminum interdigitated electrodes (IDEs) were used as
transducers and was modified to form self-assembled mono-

https://doi.org/10.1021/acsbiomaterials.1c01208
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Table 2. WDBs and Respective Core Technologies for Detection and Diagnosis of Cancer

manufacturer device/type application area refs
La Roche-Posay UV patch measure skin exposure to UV radiation and early diagnosis of skin cancer 25-27
Attili et al. photodynamic therapy efficient therapy for nonmelanoma skin cancer. 28
Baskin et al. oncomagnetic WDB reduced contrast-enhanced tumor (CET) volume 29
Bahrami et al. ultrawideband cancer diagnosis 30
Cyrcadia Health and Nanyang Technological iTBra detects early breast cancer symptom by sensing the breast tissues for any 31
University, Singapore circadian temperature changes
Arcarisi et al. Palpreast self-examination of breast and for early diagnosis of breast cancer 32
Teng et al. ‘WDB probe monitoring in breast cancer neoadjuvant chemotherapy infusions 33
Memorial Sloan Kettering Cancer Center, USA  wrist band identify cancer type and stage 34
Hayes et al. Intravascular CTC isolation and capturing from peripheral vein 35
aphaeretic WDB

layers (SAMs) comprised of carboxylate (—COOH) and thiol
(or mercaptan, —SH) functional groups. Then carboxylic-
functionalized gold nanoparticles (GNPs) were attached upon
the SAM using Au—S bond interactions to increase the
conductivity along with the promotion of active conjugation
of lectin. The latter was added as a molecule for specifically
coupling with mannose present in PSMA. Finally, capacitive
sensing was evaluated using Al-IDE to quantify the molecular
binding event of lectin and PSMA. Here, GNP was utilized as a
signal amplifier with lectin in a capacitive sensor. Data showed
that the device has a linear sensing range between 10 pM to 100
nM and accomplished the sensing threshold and sensitivity of 10
pM and 1.65 nF/pM respectively, which was comparable to the
traditional sensing platforms. The first electrochemical and
impedance-based biosensors that could detect PCA3 down to
0.128 nmol/L was developed by Juliana et al.>* These biosensors
were synthesized with the help of a layer of the PCA3-
complementary single-stranded DNA (ssDNA) probe, fabri-
cated in a layer-by-layer (LbL) film pattern composed of
chitosan (CHT) and carbon nanotubes (MWCNT). Therefore,
the system was selective to PCA3, a promising biomarker of
prostate cancer. The authors confirmed the detection of PCA3
through impedance evaluation as well as via polarization-
modulated infrared reflection absorption spectroscopy (PM-
IRRAS). Table 1 summarizes a set of technologies relevant to
different POC platforms proposed for the detection of various
cancers.

6. WDBS IN CANCER DIAGNOSTICS AND THERAPY

WDBs in cancer diagnostics have emerged as potential tools for
early diagnosis, cancer therapy management, and real-time
disease progression. WDBs such as adhesive patches, waist
diapers, breast patches, and watch bands have been explored for
the detection of skin cancer, prostate cancer, breast cancer, and
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other epithelial cancers, oftentimes fabricated using bioinspired
materials or designs.

Multiple WDBs are being developed to measure skin exposure
to UV radiation and early diagnosis of skin cancer. Since 90% of
nonmelanoma skin cancers are associated with exposure to UV
radiation from the sun, La Roche-Posay have developed
stretchable electronic adhesive é)atches with the brand name,
“My UV Patch” (Figure 2A).>**° Dimension of this transparent
adhesive patch is approximately 1 in.” in area and 50 ym thick.
The ultrathin patch is layered and stretchable and consists of an
electronically functional and a patterned photosensitive dye that
responds to UV radiation. Further, the same manufacturer also
developed the first portable electronic sensor without a battery
that tracks the UV exposure, marketed as “My Skin Track UV”.”
Attili et al. developed a WDB-based efficient therapeutic module
for nonmelanoma skin cancer. Their proposed WDB was based
on ambulatory photodynamic therapy and consisted of a low-
irradiating light source made up of an organic light-emitting
diode (OLED). The OLED element composed of a flat, circular
light-emitting area (2 cm in diameter) weighing 3 g. The OLED
had aluminum foil backing on all four sides, and the WDB was
fixed with an adhesive tape to the patient (Figure 2B).** Baskin
et al. devised an oncomagnetic WDB. This device produced a
treatment response when used in a patient with an untreatable
left frontal glioblastoma (GBM).” A 33-year-old patient
showed reduced contrast-enhanced tumor (CET) volume
with the treatment of this oncomagnetic device (Figure
2C,D). Bahrami et al. developed an ultrawideband for cancer
diagnosis. It utilizes single and dual-polarization antennas for
wireless detection of breast cancer.’® The antennas were 20 mm
X 20 mm in dimension and operated at a frequency range of 2—4
GHz. A breast patch (iTBra) for early diagnosis of breast cancer
(Figure 2E)’" was developed by Cyrcadia Health and Nanyang
Technological University (Singapore). The patch detected

https://doi.org/10.1021/acsbiomaterials.1c01208
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Figure 4. (A) Schematic diagram for synthesis of the pollenlike substrates with two steps process and (B) cell capture efficiency with functionalization
by anti-EpCAM biomarker. Reproduced with permission from ref 50. Copyright 2017 John Wiley and Sons. (C) Schematic diagram of anti-EpCAM
conjugated substrate for CTC capture and release and (D) fabrication process and SEM images of the CTC-capturing structure. Reproduced with

permission from ref 51. Copyright 2017 American Chemical Society.

breast tissues for any circadian temperature changes. It is worn
underneath clothes for a couple of hours per month to detect
variation in the biological temperature of breast tissue.
Conversely, Arcarisi et al. reported Palpreast, a new WDB for
self-examination of breast and for early diagnosis of breast
cancer (Figure 2F).** The working principle of the WDB was
based on a pressure sensing textile that is able to differentiate
tissue stiffness, thus distinguishing between healthy and
abnormal tissues. Teng et al. reported another WDB probe for
uninterrupted monitoring of breast cancer neoadjuvant chemo-
therapy infusions.”> The probe was based on a near-infrared
optical system, and the device was composed of a flexible printed
circuit board that holds a paired arrangement of six dual-
wavelength surface-mount LEDs and photodiodes.

Researchers from Memorial Sloan Kettering Cancer Center
developed an optical cancer detector in the form of a wrist band
(Figure 3A).** The wrist band can identify and distinguish
multitype cancers by identifying microRNA biomarkers
circulating in the bloodstream. Needlelike carbon nanotubes
are placed at key sites on the skin that are coupled with unique
molecular biomarkers that are circulating in blood. The external
wrist band consists of an infrared light emitter, wherein the
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infrared light is absorbed by nanosensor implants and re-emitted
to an infrared light detector of the external wrist band. The
measured signals calculated biomarker levels as an indicator of
the cancer stage.

Capturing circulating tumor cells (CTCs) at high efficiency
and precision will be a game changer in the area of liquid biopsy
technologies for cancer. Hayes et al. described in vivo, in dwelling
intravascular aphaeretic WDBs for isolation of circulating tumor
cells (CTC) through contlnuous CTC collection from a
peripheral vein (Figure 3B).>* The WDB returned the remaining
blood products after CTC enrichment. Thus, the WDB
permitted interrogation of larger blood volumes than the
traditional phlebotomy samples over a long duration. Table 2
provides a summary of the above-mentioned technologies
usable for detection of different types of cancers.

7. BIOINSPIRED MATERIALS AND STRUCTURES IN
DESIGNING WDBS AND LOC DEVICES

Classically, bioinspiration encompasses the idea of development
of novel materials, devices, and structures that has been inspired
by solutions found in biological systems.’ ® Bioinspired devices
are developed with materials of organic or inorganic origin,

https://doi.org/10.1021/acsbiomaterials.1c01208
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modification and surface adhesion process of the AP-Octopus Chip along with SEM images of the microarray arrangement. Reproduced with
permission from ref 52. Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

which can mimic the form, function, or conformational
fluctuations of naturally occurring materials. Bioinspired
materials and scaffolds have been used to detect physio-
pathological conditions and do diagnostics such as drug
screening, artificial tissue fabrication, and blosensmg 3
Before entering the area of cancer diagnostics, we would like
to present an overarching theme of materials that have been
selected routinely for constructing bioinspired materials. A large
plethora of such materials have been investigated for various
diseases with variable success. Materials such as graphene,
carbon nanodots, quantum dots, and cellulose derivatives have
long been used as materials candidates for preparation of WDBs.
For example, Guo et al. developed a bioinspired framework
structure with microcrack mechanosensory designs as spiders
and wing-locking sensing designs as beetles.*” In their work, the
authors developed a microcrack mechanosensory structure
using reduced graphene oxide (C-RGO) sheet layers. The C-
RGO layers on elastic 3D polyurethane (PU) hydrophilic
sponge systems (C-RGO@PU) were coated via supramolecular
assembly of graphene oxide (GO) upon the modified PU
sponge. To mimic the wing-locking sensing design of beetles,
polyaniline nanohair (PANIH) based conductive patterns were
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coated upon the surface of C-RGO sheet layers followed by an in
situ oxidative polymerization. Finally, this conducting polymer
(PANIH)-coated C-RGO sheet was layered upon the PU
sponges (PANIH/C-RGO@PU). This arrangement was used as
a pressure sensor. The sensors were used for monitoring the
strain deformations with substantial flexibility (from 0.2% to
80%) and showed excellent sensitivity and prompt response/
recovery time-period (22 ms/20 ms). Such properties could be
usable to identify the early stage Parkinson’s disease (PD).
Inspired by the natural wing-locking capacity of beetles, this type
of sensor is indeed a typical example of bioinspired design and
can be used for developing smart artificial electronic skins (E-
skins) to monitor the pressure distribution, shape, and location
of touch response in robotics.

Polyurethane (PU) and the related high molecular weight of
polymers have served as an attractive starting material for
developing WDBs. The Gao group reported a scalelike wearable
substrate that is derived based on the principles of kirigami and
combined with microfluidics and electronics.*' The bioinspired
stretchable sensor with wearability and biodegradation proper-
ties can help to collect sweat and perform diagnostic analysis
along with motion monitoring. The end structure was composed

https://doi.org/10.1021/acsbiomaterials.1c01208
ACS Biomater. Sci. Eng. 2023, 9, 2103-2128
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of polyurethane (PU) and paper (cellulose) derived materials.
This tunable scale sensor has different patterns of stretch length,
which helps to detect the applied strain for lactate, urea, uric acid
sensing, and motion sensing. The authors reported the
fluctuation in resistance for stretching the scalelike paper sensor
and fluorescence enhancement resulting from sensing of lactic
acid and urea from sweat. The sensor was composed of an
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integrated paper loaded with silica photonic crystal (PCs) and
can be fabricated on regular office printing paper. One side of the
paper was coated with conductive graphite and designed in
kirigami style to generate a stretchable scalelike paper substrate,
while the other side of the paper was designed for microfluidic
channels with no carbon layer on this surface. Polyurethane
(PU) strips were also attached on the paper from fish head-to-

https://doi.org/10.1021/acsbiomaterials.1c01208
ACS Biomater. Sci. Eng. 2023, 9, 2103-2128
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Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim).

tail to support the elastic stretching and stability of the kirigami-
styled paper design.

Hydrogels composed of natural polysaccharides, proteins, and
cellulose are also interesting platforms for preparing bioinspired
materials. Zhang et al.** fabricated a chameleon skinlike
bioinspired E-skin from modified cellulose hydrogel with
addition of hydroxypropyl cellulose (HPC), thermoresponsive
poly(acrylamide-co-acrylic acid) (PACA), and carbon nano-
tubes (CNTs). It was reported that HPC can be used to generate
a photonic liquid crystal structure and provide higher intensity
colors for the responsive additives. Nanotubes were used to act
as an enhancer of structural colors. This E-skin has cholesteric
liquid-crystal nanostructure of HPCs along with the highly
thermoresponsive PACA hydrogel component, which trans-
mitted an optical response from external stimuli, such as
temperature, mechanical pressure, and tension fluctuation. The
presence of CNT helped as a conductive material and reported
the stimuli as a change of resistance. Overall, this flexible E-skin
could not only report a stimuli through a resistance fluctuation
but also located the stimuli via optical response.

Synthetic polymers such as poly(dimethylsiloxane), PDMS,
and poly(vinylidiene fluoride), PVDF, found versatile applic-
ability to generate bioinspired structures. Recently, electrospun
polymeric mats have been widely used for drug delivery,
anticancer, and various other biomedical applications.*>**
Inspired by plant leaves, a leaf venation (LV) skeleton structure
was developed by Sun et al. These authors developed a
tribologically driven device with PDMS films using encapsula-
tion layers, electrospun PVDF nanofiber mats, and a silver
nanowire network arrangement synthesized by a green galvanic
displacement reaction.” Silver nanowires have a low sheet
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resistance of 1.4 Qsq™" along with 82% transmittance and can
increase up to 99% transmittance for sheet resistance of
68.2 Q sq”". Using these fundamental properties, the developed
nanodevice could detect physiological signals such as heartbeat,
pulse, swallowing, and neck tilting and provided medical
diagnostics and prediction of cardiovascular, esophageal, and
Parkinson’s diseases. The system acted as a self-powering device,
which harvested mechanical (triboelectric and piezoelectric
mechanism) and thermal energies (pyroelectric mechanism)
from the body. The sensor could also monitor health conditions
during cold or flu using frequency and magnitude of voltage
detected from coughing and breathing where mechanical and
thermal energies were used as readouts.

Carbon-based materials with virtually limitless diversity in
terms of molecular properties and arrangement played a
significant role in the fabrication of bioinspired diagnostic
devices and biosensors. Guan et al. developed a graded,
bioinspired nestlike architecture and detected enhancement of
sensitivity and pressure due to the combined effect of the
nestlike architecture and carbon black (CB) percolation
network.** This 3D porous structure was designed based on
ant nests and developed using the template method resulting in a
network structure. This system can be used as a flexible pressure
sensor with high sensitivity and a wide detection range of
pressure fluctuation up to 1.2 MPa along with a lower detection
limit value of 20 Pa (rapid response time of 15 ms with high
stability above 10000 loading and unloading cycles). The
authors used conductive CB nanoparticles due to its active
material properties, which aided to develop mechanical strength
with large pressure loadings, promoted superior stability in
percolation conductance, and enhanced uniform dispersion in a

https://doi.org/10.1021/acsbiomaterials.1c01208
ACS Biomater. Sci. Eng. 2023, 9, 2103-2128
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polymer matrix. This flexible sensor on human skin was used to
monitor physiological responses such as human breathing and
wrist and jugular venous pulse (JVP). Due to its high sensitivity
and low detection limit, this nestlike sensor device can be used as
a wearable diagnostic device with real-time monitoring.
Metallic nanoparticles have always been a great source of
materials repository for designing bioinspired sensors. Inspired
from tactile hairs in insects, Yin et al. developed bristled
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microparticles with zinc oxide (ZnO) microparticles that has a
high-aspect-ratio and density and acted as a sensor.”’ This
bioinspired sensor design was developed with particulate
structures at the micrometer scale range that were termed as
“sea urchin-shaped microparticles (SUSMs)”. These bioins-
pired bristled microparticles have high sensitivity for pressure
and strain detection. The sensor could monitor respiratory
fluctuation using air-pressure and track swallowing motion with

https://doi.org/10.1021/acsbiomaterials.1c01208
ACS Biomater. Sci. Eng. 2023, 9, 2103-2128
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superior sensitivity. Going from 3D to 2D materials, Shi et al.
developed bioinspired microscale “brick-and-mortar” sensors
based on a nacre-mimetic architecture which showed high
sensitivity, stretchability, and long-term durability.*® This nacre-
mimetic architectures were derived as a “brick” from the
combination of 2D titanium carbide (Ti;C,Tx) MXene
nanosheets and 1D silver nanowires. Such a combination
promoted high electrical conductivity and mechanical brittle-

ness of the “brick”. The “mortar”, on the other hand, was

2113

composed of poly(dopamine) (PDA)/Ni*, which promoted
toughening effects via enhancing interfacial interactions,
increasing polymer chain stretching, and stopping crack
propagation. The sensors provided readout as motion signals
during continuous movement and could track heart rate and
other health-related activities. Hybrid systems, where natural
materials encapsulated within synthetic systems opened an
unforeseen possibility for designing bioinspired devices. Na-
wroth et al. fabricated bioinspired tissues using contractile

https://doi.org/10.1021/acsbiomaterials.1c01208
ACS Biomater. Sci. Eng. 2023, 9, 2103-2128
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muscle thin film techniques by mimicking the swimming process
of jellyfish. The jellyfish medusa uses fast muscle contractions
and slow muscle relaxations by an orchestrated organization of
motor neurons and striated muscle.***’ The authors developed
the device by growing neonatal rat cardiomyocytes on the
surface of a micropatterned polydimethylsiloxane (PDMS)
polymer to form a bilayer “medusoid”, which were successfully
investigated for the thrust and feeding mechanism of jellyfish by
evaluating stroke kinetics and animal—fluid interaction. This
analysis could help to predict the physiological performance and
perform diagnosis with reverse engineering of muscle. With
these selected examples, we aim to rest the case that there is a
virtually limitless possibility of using materials for a bioinspired
device design. In the following sections, we will focus on recent
studies where such bioinspired materials and devices have been
used for detection and treatment of cancer in point-of-care
settings.

7.1. Synthetic Materials for Cancer Detection and
Diagnostics. Use of synthetic polymers for cancer detection
and diagnosis has increased substantially in recent years.
Capturing circulating cancer cells present in blood via
bioinspired scaffolds has become an attractive platform of the
so-termed “liquid biopsy”. For example, Wang et al. developed a
pollen-like hierarchical substrate by mimicking the assembly
process of pollen grains which provided specific distinguishable
properties toward targeted cancer cells (Figure 4A,B).°° The
authors constructed the device by assembling pollen grains of
wild chrysanthemum in a pattern of closely packed layers. These
pollen layers were arranged with the help of a soft lithography
technique, and the authors conducted a negative mimicking of
pollen layers with polydimethylsiloxane (PDMS). The PDMS
layer, which was loaded with a curing agent, was deposited on
dried pollen layers followed by cross-linking at elevated
temperature. The “positive replica” of pollen layers were
designed with the help of “negative replica” PDMS templates.
Poly(methyl methacrylate), PMMA, along with a UV curing
agent was deposited upon the negative PDMS template followed
by UV irradiation to solidify. These processes resulted in a
pollenlike bioinspired hierarchical surfaces that was further
functionalized with anti-EpCAM to recognize and isolate the
cancer cells. Their work envisioned that this pollenlike device
can be served as an early cancer detector. Dou et al. developed
bioinspired, hierarchical micro- and nanostructures by mimick-
ing inner architecture of rose petals and implemented the system
to capture circulating tumor cells (CTCs) using epithelial cell
adhesion molecule antibodies (anti-EpCAM) as illustrated in
Figure 4C,D.”" As replicating polymer, PDMS was used and the
liquid polymer and was poured on rose petals, and disulfide
functionalized petals generated micro- and nanostructures that
were loaded with anti-EpCAM as specific recognition molecules
to capture CTCs. These nanostructures showed a higher capture
efficiency of CTCs due to a larger surface area and promoted
enhanced surface interactions between cells and substrates. A
disulfide bond was used for easy release of captured cells without
triggering any cellular damages. Therefore, these scaffolds
showed excellent capture efficiency and release of captured
CTCs for further analysis.

Song et al. implemented a bioinspired system by replicating
the mechanism of the octopus to capture its prey and developed
an aptamer functionalized nanosphere equipped microfluidic
chip (AP-Octopus-Chip), which was patterned in a determin-
istic lateral displacement (DLD) arrangement for capturing
cancer cells (Figure 5A,B).”” The authors replicated the
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tentacles of the octopus by aptamer modification upon gold
nanospheres (Au) for promoting better capture efficiency. This
was achieved by using Anti-EpCAM Aptamer (SYL3C). The
bioinspired device was fabricated by the photolithography
technique, PDMS casting, and functionalization of synthesized
Au nanoparticles with thiolated aptamer SYL3C by freeze—thaw
chemical modification. The Au-SYL3C interface showed
elevated capture efficiency, and the presence of thiol-gold
bonding prevented the possible damage of the captured cells,
which is crucial for postcapture genetic analysis of biological
targets, i.e.,, CTCs in this instance.

For early detection of cancers, where the core detection
principle hinges on identifying the genetic and morphological
identities of circulating tumor cells, it is critical that the captured
cells sustain their cognate genetic or morphological signatures.
Therefore, Dai et al. designed a bioinspired, conical micro-
pattern on the PDMS substrate by replicating the wing structure
of beetle Coleoptera. The micropattern was developed using a
two step nanoimprint lithography technique (Figure 6).>* The
two major cytoskeletal components of fibroblast, actin, and
vimentin filament showed stable elongation with a higher
spreading area on conical micropattern PDMS substrate than
flat PDMS. These bioinspired conical micropattern can promote
the spreading and stability profile of target cells. Thus, the
system can be applied for CTC capture that do not adversely
affect the cells. Based on the study of cell attachment on
patterned PDMS substrate, Liu et al. fabricated tumor-on-a-chip
microfluidic system using the soft lithography technique.”* In
this study, a microchannel mold was prepared on a silicon
substrate followed by pouring liquid PDMS polymer on the
substrate. This fabrication method led to the formation of 3D
microchannels on polymeric substrates,”* which can be used to
investigate tumor evolution steps, experimenting on chemo-
therapy drugs, and possible anticancer therapy.

Polymer-based bioinspired materials have long been used for
localized drug release and imaging for the tumor location. Su et
al. reported near-infrared (NIR)-responsive bioinspired materi-
als in which nanoparticles were camouflaged within RBC
membranes for controlled release of drugs to treat metastatic
breast cancer cells. In this design, the nanoparticles showed
NIR-promoted cellular uptake.” The RBC replicate vesicle,
which was separated from the RBC membrane, was loaded with
1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide
(DiR) cyanine dye. An anticancer drug, i.e., paclitaxel (PTX)
was loaded within the designed poly(caprolactone)-ester end-
capped polymeric nanoparticle cores. These polymeric cores
were decorated with 1,2-dipalmitoyl-sn-glycero-3-phosphocho-
line-anchored Pluronic F68 to promote thermal sensitivity. This
RBC-coated nanoparticles bypassed the immune response and
supported prolonged circulation of the fluorescence probe.
Irradiation of nanoparticle systems with NIR laser promoted
DiR-induced hyperthermia, which enhanced tumor aggregation
and broke the RBC membrane to disassemble the PTX-loaded
nanoparticle. Such a modular arrangement of nanoparticles
within RBC-membrane-bound capsules provided controllable
drug release and uptake of tumor specific drug molecules. Such a
design could be used as the photothermal therapy (PTT) for
metastatic breast cancer. Recently, Han et al. developed a
biomimetic material with amphiphilic diblock copolymer
poly(2-methacryloyloxyethyl phosphoryl choline)-b-poly(n-
butyl methacrylate) nanoparticles, which was synthesized
using a miniemulsion using reversible addition—fragmentation
chain transfer (RAFT) polymerization. The nanosystems were
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loaded with theranostic IR-780 dye for near-infrared (NIR)
imaging of and PTT against cancer cells.”® The versatility of
polymeric materials design has also been used to develop
wearable devices for point-of-care cancer detection and
diagnosis of cancer. Rahman et al. fabricated a wearable bistatic
radar system using the flexible substrate of 5-(4-(perfluorohexyl)
phenyl) thiophene-2-carbaldehyde as an antenna substrate for
early detection of breast cancer.”” The authors reported that the
flexible device can promote uniform radiation flow with an
average efliciency above 70%, with an average gain of above 1
dBi even at the bending situation. This device was proposed for
development of a wearable, antenna-integrated bra for
preliminary detection of breast cancer. Similarly, Teng et al.
developed a stretchable, printed circuit board (PCB) with
copper and polyimide for continuously evaluating the
hemodynamic activity for neoadjuvant chemotherapy infusions
of breast cancer patients.”> The performance of the sensor
system was evaluated with tissue-simulating phantoms and in
vivo participants. From the tissue-simulating phantom study and
in vivo participants, the research group reported that the sensor
showed a superior signal-to-noise ratio (SNR) along with the
decrement of source-detector crosstalk, superior measurement
accuracy, and high thermal stability. These wearable devices
showed potential as a platform for detecting prognostic
hemodynamic fluctuation during chemotherapy in breast cancer
patients.

7.2. Biobased Materials: The New Frontier. Sustain-
ability and accessibility of building blocks for designing
advanced materials have also become an overarching theme
for generating user-friendly, affordable biosensors and wearable
devices. Biobased polymeric materials have surfaced in
biomedical and pharmaceutical applications due to their ease
of availability, low carbon footprint, unique biological features,
and multifunctionality. Using multivalent, natural macro-
molecules as scaffold materials for WDB provided significant
advantages in molecular recognition events. Recently, Bharathi
et al. fabricated a bioinspired nanocomposite from chitosan/
copper oxide (CS-CuO) using a plant extracted bioflavonoid,
rutin (3,3',4’,5,7-pentahydroxyflavone-3-rhamnoglucoside),
which is extracted from tea, buckwheat, and apple plants.”*>
Rutin has antiproliferative and anticarcinogenic functions.”*°”%!
CS-CuO nanocomposites with rutin showed a concentration-
promoted antiproliferation effect against human lung cancer
cells with increased apoptosis. Similarly, El Assal et al. recently
reported biocompatible and bioinspired cryoprotectants with
dextran and carboxylated &-poly-L-lysine (CPLL) to conserve of
human cytokine activated natural killer (NK) cell viability and
effectiveness.”> The NK cells, which represented a frontline
defense against cancers, were cryopreserved with slow freezing.
After the thawing and removal of cryoprotective agents (CPAs),
NK cells were preserved with dextran/CPLL media to sustain
the viability of the cells from deterioration under the influence of
toxic cryoprotectants. The group reported the maintenance of
antitumor efficacy of the retrieved NK cells. Functional
effectivity of retrieved NK cells was found to be superior against
leukemia cells compared to the control. This process showed an
advantageous path of NK cell conservation without altering their
cytotoxic strength for cancer immunotherapy. Such facile
technology can indeed enhance applicability of immunotherapy
under point-of-care setting, which is currently an unmet
challenge. Zhong et al. reported cellulose nanomicelle derived
from cellulose-graft-poly(p-dioxanone) (MCC-graft-PPDO)
copolymer loaded with three fluorescent conjugated polymers,
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namely, poly(9,9-dioctylfluoreny-2,7-diyl) (PFO), poly[2,7-
(9,9-dihexylfluorene)-alt-4,7-(2,1,3-benzothiadiazole)]
(PFBT), and poly [9,9-di(6-hexyl)-fluorene]-alt-co-[4,7-bis-
(thiophen-2-yl)-2,1,3-benzothiazole] (PFDBT) for cancer cell
imaging.> Mansur et al. fabricated fluorescent alloyed-ZnCdS
quantum dot (QD)-based core and biocompatible sodium
carboxymethylcellulose (CMC)-based shells for cancer cell
biolabeling for oncology applications. CMC-covered QDs were
found to promote stabilization effects on the latter by forming a
metal polymer complex with polymer capping ligands.** Garg et
al. developed bioinspired systems with heparin modified-
cellulose acetate phthalate (HEC) nanoparticles to investigate
cytotoxic effects of usnic acid (UA) following treatment of lung
cancer cells.”” The authors loaded anticancer compound UA in
heparin-adipic acid-dihydrazide (ADH)- cellulose acetate
phthalate (CAP) nanoparticles. This system showed controlled
drug release from both HEC and CAP nanoparticle systems.
The authors found that HEC nanoparticles demonstrated a
slower rate of release and enhanced hemocompatibility than
those of CAP nanoparticles. UA-loaded HEC nanoparticles
showed higher cytotoxicity compared to UA-loaded CAP
nanoparticles and unencapsulated UA. Recently cellulose
based nanomaterial was used in various cancer cell treatment
as it can entrap the drug molecule via noncovalent interactions
and also show controlled drug release properties.® Cellulose can
also act as a swellable polymer due to the presence of a large
number of hydroxyl groups. These hydroxyl groups also provide
a suitable handle for chemical modifications.”” Maier et al.
developed cellulose paper-based mask sensors integrated with
two printed carbon-based electrodes to detect the electric
fluctuation on the change of moisture content during breathing,
This cellulose derivative gromoted the sensor to capture 10% of
its weight of moisture.”” Persian Blue (PB) was used in this
paper device as it has high detection ability toward hydrogen
peroxide (H,0,) which was generated from glucose oxidase,
alkaline phosphatase, and horseradish peroxidase for the labeling
bioassay. Owing to the capacity of flexibility and stretchability,
cellulose-based nanomaterials have a higher possibility to
fabricate bioinspired material and apply point-of-care treatment
for cancer. Lee et al. fabricated a wearable, bioresorbable
electronic patch (BEP) based on biodegradable polymers. The
group used polylactic acid (PLA) (as an encapsulate) and
polylactic-co-glycolic acid (PLGA) (as a dielectric) in a
multilayered device (Figure 7).°” These hydrophobic PLA
layers protected a magnesium (Mg)-based wireless heating
equipped sensors located in the core. Oxidized starch (OST) as
a hydrophilic layer, loaded with doxorubicin as a chemotherapy
drug, was attached to the layered sensor device. This
arrangement of hydrophobic and hydrophilic segments enabled
the device to stick to the localized tumor in brain and provide
sustained drug release. This device enabled the suppression of
the tumor volume and elevated the survival rate in vivo.

7.3. Metal Nanoparticles and Complexes in Cancer
Biosensing: Inspiration from Nature at the Elemental
Level. The metal nanoparticle and its complexes are the most
common materials used for biosensor fabrication. As cancer
detecting devices, An et al. fabricated an electrochemical
biosensor made of benzoboric acid functionalized gold-plated
PDMS substrate in a 3D patterned arrangement.”””" The larger
surface area of the arrangement played a crucial role for CTC
capturing. Chen et al. investigated coordination polymers
composed of poly(2-methacryloyloxyethyl phosphoryl chol-
ine)-block-poly(serinyl acrylate) (PMPC-b-PserA). The poly-
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mer design was inspired from amphoteric amino acids present in
natural proteins.”” Synthesized by reversible addition—fragmen-
tation chain transfer (RAFT) polymerization, the polymer
product was able to encapsulate a hydrophobic molecule,
curcumin. Interestingly, the assembled system was able to
release curcumin at elevated deferoxamine (DFO) concen-
trations in acidic conditions. Such controlled encapsulation and
release from protein-inspired synthetic polymeric assemblies
were effective to inhibit breast cancer cells.”” Ferric chloride
(FeCl,) was loaded within this polymer network as a as chelating
agent. This was achieved via complexation of Fe®" with
poly(serinyl acrylate) at a molar ratio of 3:1. Addition of DFO
to an acidic system triggered the dissociation of the drug-
polymer assembly and released the curcumin. You et al. reported
hybrid bioinspired gold nanoshells coated with bovine serum
albumin (BSA)-functionalized gadolinium (Gd) and loaded
with indocyanine green (ICG) as a NIR absorbing photo-
therapeutic agent.” Considering the advantage of BSA—Gd for
its longitudinal proton relaxivity and prolonged imaging time,
this system promoted a photothermal effect along with
computed tomography (CT), photoacoustic (PA), and
magnetic resonance imaging (MRI). The synergistic effect of
photodynamic therapy (PDT) and PTT can be applied for
imaging analysis of localized tumor cells. Chen et al. recently
developed a bacterium-replicated metal organic frameworks
(MOFs), which could mimic functional effects of bacteria-
mediated tumor therapy (BMTT) with nullifying the possible
side effects, that can be used for cancer immunotherapy.”* These
bacteria-like spiky MOFs were synthesized by functionalization
of aluminum (Al) sulfate with ruthenium(III) (Ru) chloride
hydrate and organic linkers such as 2-aminoterephthalic acid.
Salts of aluminum were used for promoting supplementary
immunity by activating antigen presenting cells (APCs) and
promote proliferation along with the activation of T cells.””
Ruthenium metal complex was used as a photothermal agent,
which was activated via NIR.”® These MOFs were injected in a
tumor locoregional area and irradiated with a NIR laser which
elevated the local temperature and recruited immune cells such
as APCs and T cells due to presence of Al salts. Heat generation
within the cancer tissue elevated the stress on cells which also
activated the antitumor immunity. This biomimetic system
showed a high efficacy in inhibiting tumor growth and declining
the possibilities of recurrent growth of cancer cells and possible
metastasis.

A bioinspired nanosystem was developed by Huang et al
using superparamagnetic iron oxide based modified nano-
particles, camouflaged within the cancer cell membrane (CCM),
to investigate cancer treatment through chemotherapy, hyper-
thermia therapy, and radiotherapy.”” Doxorubicin (DOX) was
added to poly(lysine) followed by functionalization with 3,3’
dithiobis sulfosuccinimidyl propionate (DTSSP) and amino
group-modified superparamagnetic iron oxide nanoparticles
(SPIO-NH,) along with indocyanine (ICG) to fabricate
nanoparticulate systems. Coating with CCM promoted nano-
particles to adhere to tumor cells and aggregate in the tumor
locoregional area significantly compared to those accumulated
in healthy tissue. Near-infrared (NIR) laser and X-ray irradiation
promoted the release of DOX from cell membrane coated,
modified iron oxide nanosystems. NIR laser and X-ray
irradiation also promoted hyperthermia that aggravated tumor
hypoxia and dampened radio resistance of the tumor. Huang et
al’s result supported the possibility of taking advantage of
autologous cancer cells from patients for designing multimodal
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cancer theranostics. Zhang et al. fabricated HeLa cancer cell
membrane disguised in zeolitic imidazolate framework 8 (ZIF-
8) based MOF nanoparticles for carrying small interfering RNA
to the tumor to suppress the PLK1 gene for lung cancer
therapy.”® This mechanism showed an efficient way to suppress
cancer growth.

Gold nanoparticles have been used extensively as an attractive
platform for biomedical applications. Mukherjee et al. studied
gold nanoparticles biosynthesized using an extract of Peltopho-
rum pterocarpum (PP) leaves and tagged with doxorubicin to
design a drug delivery system.”” This system promoted an
effective inhibition of growth and proliferation of cancer cells
(AS549, B16F10). Kim et al. reported a CulnS,/ZnS quantum
dots system as a tumor imaging system. The dots were
conjugated with glycol-chitosan as coatings with the help of
mercaptoundecanoic acid. The coated quantum dots were
decorated with an Arg-Gly-Asp (RGD) motif for binding to
integrin receptors for in vivo tumor targeting.80 Hou et al
developed transferrin (Tf) conjugated hollow mesoporous Cu$
nanoparticles, loaded with iron dependent artesunate (AS) and
synthesized nanoparticle systems for localized drug delivery,
optical imaging, photoacoustic tomography, and immunofluor-
escence. These nanoparticles could be administered via
peritumoral (PT) injection.®’

As a wearable device, Ciui et al. developed flexible bandage-
based sensors for detection of skin melanoma (Figure 8).** They
have fabricated a flexible bandage with stretchable adhesive ink.
The bandage was then coated with Ag/AgCl ink and
polystyrene-block-polyisoprene-block-polystyrene (PS-PI-PS)
based Ercon carbon ink layers followed by coating with an
insulating layer. Such an organized construct developed a
dielectric separation of three electrode systems. A catechol-
based gel solution was coated on the electrode surfaces using a
drop casting technique to form a biocompatible substrate. In the
presence of the enzyme, tyrosinase (TYR) and catechol (CAT)
were oxidized to form benzoquinone (BQ), which was evaluated
using the printed carbon and Ag/AgCl ink-based electrode, and
the system can be used for early detection of skin cancer.

7.4. Emergence of 0—3D Nanostructure in Wearable
Diagnostics and Biosensor Design. Nanoparticles with
specific structural shapes promoted the functionality and activity
of the bulk materials at the nanoscale. Thus, nanostructures of
different dimensions can be used for fabricating devices for
cancer detection and diagnosis. Recently, Dong et al. fabricated a
bioinspired NanoVilli chip, which was synthesized by
functionalizing silicon nanowire arrays in an arrangement
inspired from unique structures of intestinal microvilli. The
microvilli were decorated on a PDMS substrate followed by
functionalization with an Anti-EpCAM biomarker to increase
the system’s efficiency for capturing tumor derived extracellular
vesicles (EVs) from blood plasma (Figure 9A,B).* The
captured EVs were used for extracting RNA and analyzed
through reverse transcription PCR. The approach could help
predicting treatment effectiveness for lung cancer patients.
Haslam et al. designed label free graphene field effect transistor
(GFET) immunosensors, which were synthesized using the
chemical vapor deposition (CVD) technique and developed on
a Si/SiO, substrate by photolithography assisted with
evaporated chromium and gold sputtering. The sensors were
functionalized with anti-hCG antibody on its surface to detect
human chorionic gonadotropin (hCG) glycoprotein for cancer
cells.** Bioinspired designs have also been adopted from blood
cells. He et al. fabricated a bioinspired red blood cell (RBC)
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membrane that disguised 2D molybdenum diselenide (MoSe,)
nanosheets synthesized via liquid exfoliation techniques.
Nanosheets were coated with RBC membrane for facilitating
photothermal therapy (PTT) by stopping macrophage phag-
ocytosis and enhancing hemocompatibility and circulation
time.*> This PTT technique with RBC-MoSe, showed strong
advantages toward clinical use due to its in vivo antitumor
efficacy that is caused by triggering the immune system toward
cancer cells. Zhang et al. fabricated a magneto-fluorescent
system, fabricated from iron carbon quantum dots (FeN@
CQDs) conjugated with folic acid and riboflavin. These
nanostructures were incorporated into polymer nanospheres
loaded with doxorubicin to perform targeted drug release using
imaging. The system was capable of working via PDT/PTT
synergy against cancer cells via application of NIR irradiation.*®
Magneto-fluorescent sensors developed by Zhang et al., on the
other hand, was fabricated by coating on single-walled carbon
nanotubes (SWCNTs) with Fe;O, conjugated carbon quantum
dots (CQDs) through PEG linker, These sensors were also
loaded with doxorubicin for targeted drug release and imaging
for PDT and PTT applications against cancer cells.®” Recently
Wau et al. developed a novel bioinspired artificial tobacco mosaic
virus (ATMV) by replicatin% the unique rodlike structure of
tobacco mosaic virus (TMV). 8 Strong tumor tissue tropism and
oncolytic effectiveness were inherited with prolonged circu-
lation of ATMVs. Such efficiency was clearly stemming from the
bioinspired design of ATMVs that mimic the shielding,
targeting, and arming tendencies of the oncolytic virus. The
ATMVs showed a high-aspect-ratio morphology along with
stable and enhanced oncolytic efficacy, which promoted
effective lysis due to breakdown of the membranes and
endoplasmic reticulum disruption with Ca®* release. In addition,
ATMVs penetrated the neighboring infected cells and reached
deep in the tumor cells to start lysis. Single-walled carbon
nanotubes (SWNTs) functionalized with RGD peptide were
used to develop scaffolds for RNA, whereas capsid-subunit
mimetic dendrons were designed with 7—n stacking capacity
onto the SWNT, which replicated the virus subunit arrays.
Marangon et al. developed a dual system with multiwalled
carbon nanotubes (MWCNT) arranged via 7—7 stacking and
loaded with photosensitizer $,10,15,20-tetrakis (3-hydroxy-
phenyl) chlorin to form the THPC/MWCNT system which
could potentially be used for PTT, PDT, and an integrated
therapy.*””° Xie et al. fabricated a SWCNT system using Evans
Blue (EB) as a dispersion agent for long circulation and
promoted the system for fluorescent imaging as well as
photodynamic therapy after loading with albumin conjugated
fluorescent photosensitizer.”’ This albumin-CNT system
promoted fluorescent and photoacoustic imaging of tumors
for PDT and PTT and produced a strong tumor ablation effect.
Yin et al. developed tumor microenvironment (TME)
responsive MnO, flakes coated and cross-linked on CNTs
forming MnO,/CNTs nanostructures, which were loaded with
Chlorin e6 (Ce6) to synthesize Ce6-MnO,/CNTs (CMCs)
systems for PDT, PTT, and fluorescence imaging on cancer
cells.”” MnO, was used for the reaction with endogenous H,0,
and H" to provide oxygen for Ce6 to generate cytotoxic oxygen
('0,) for enhancing PDT efficiency. Conjugating PEG to
nanostructures has been an established platform used by
different research groups to manufacture bioinspired sensors.
For example, Cao et al. fabricated a PEGylated nanographene
oxide loaded with the chlorin e6 (GO-PEG-Ce6) system that
can be excited at 660 and 808 nm for PDT, PTT, or PDT/PTT
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integrated therapy followed by diffusion-weighted and blood
oxygenation level dependent magnetic resonance imaging
(MRI).” Shim et al. developed Clostridium perfringens enter-
otoxin (CPE) loaded with chlorin e6 (Ce6) separated by PEG
spacers that was conjugated on the surface of reduced graphene
oxide (rGO) to synthesize a rGO-based nanohybrid system
(CPC/rGO).”* The authors have compared this system to a
conjugate of chlorin e6 (Ce6) with PEG spacer that was
functionalized on the surface of the rGO based system to yield
PC/rGO architectures. Clearly, the CPC/rGO system showed
elevated cellular uptake in contrast to PC/rGO systems in
claudin 4 overexpressing U87 glioblastoma cells. The irradiation
at 660 and 808 nm that promoted generation of higher reactive
oxygen compounds from CPC/rGO systems created a
significant elevation of temperature for PTT on cancer cells.

Orthogonally connecting several nanostructures is a viable
strategy for designing bioinspired devices. Wang et al. fabricated
a wearable origami paper based electrochemical epidermal
growth factor receptor (EGFR), which was synthesized as
nanocomposites via functionalization of amine groups of
graphene with thionine (THI) and gold nanoparticles (AuNPs)-
(Figure 10A).°>?° This nanocomposite was decorated with anti-
EGFR to capture a specific type of cancer cell. The presence of
graphene-based nanocomposites escalated the electron transfer
rate along with elevated detection signal for higher accuracy.
Similarly, Caccami et al. reported on graphene oxide-based
wireless, wearable radiofrequency identification (RFID) sensors.
These sensors were synthesized on the substrate of Si/SiO, with
p-type doped silicon wafer and coated with rGO layer along with
the gold as contact point between layers to regulate humidity
and the temperature (Figure 10B,C).”” As GO has a higher
number of hydroxyl and carboxylic groups, further functional-
ization can be achieved through covalent conjugation to
decorate different biomarkers on the substrate for early
detection of cancer. Wang et al. fabricated rGO-sunflower
pollen (SFP) particles, which were spin coated on a flexible PET
substrate patterned with Au/Pt electrodes and decorated with
antiprostate specific antigen (anti-PSA) antibodies to identify
the targeted cancer cells (Figure 10D).”® These 3D sensor
systems showed superior detection toward prostate specific
antigen (PSA) compared to regular 2D graphene-coated
sensors. As we found out in this section, synthetic polymers,
nanoparticles, multidimensional nanostructures, and protein
based nanosystems can function either alone or in combination
with each other to enhance imaging and tracking capacity of
diagnostic nanostructures and their usability. As such, these
nanoscale products can open up the possibility of their inclusion
into WDBs for cancer in clinical settings.

7.5. Protein Based Bioinspired Nanosystems as
Sensors and Diagnostics: Closer to Nature. Proteins and
polypeptides have always been a great source of bioinspiration
for materials design. Damiati et al. developed bioinspired
nanosystems based on the bacterial surface layer protein
(SbpA). Folate modified SbpA was grafted on a gold substrate
which was used as a sensor for breast cancer detection with
higher efficiency.”” The bacterial protein, SbpA, was extracted
from Lysinibacillus sphaericus CCM 2177 and functionalized
with folic acid to synthesize SbpA-folate. This electrochemical
sensor can differentiate between MCF-7 and HepG2 cancer
cells. The sensor showed prominent advantages such as
enhanced selectivity, sensitivity, and capture efficiency along
with dimensional compatibility, for which it can be used as a
point-of-care sensor device. Stromal cells and an extracellular
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matrix (ECM) harbor and protect cancer cells against
deleterious effects of therapeutic nanoparticles, thus disabling
nanoparticle action. Tan et al. synthesized a bioinspired
lipoprotein (bLP) loaded with photothermal agent DiOC;g
(7) (DiR) (D-bLP) and mertansine (M-bLP), an anticancer
drug which can promote efficient D-bLP penetration via
moderate photothermia. The construed nanosystems can access
cancer cells for antitumor treatment and showed suppression of
metastasis.'*’ The lipophilic DiR was used as a photothermal
agent for imaging, whereas cytotoxic mertansine was used as an
anticancer drug for therapy. Bioinspired lipoproteins were
synthesized with phospholipids of 1,2-dimyristoyl-sn-glycero-3-
phosphati-dylcholine (DMPC), 1,2-dioleoyl-sn-glycero-3-phos-
phoethanola-mine (DOPE), and ApoAl-mimetic peptides.

Albumin, the most widely available plasma protein, has been
an attractive platform that has been converted into bioinspired
nanosystems. Recently, an enzyme responsive albumin-based,
gemcitabine (GEM) loaded delivery system was fabricated by
Han et al. where the authors conjugated GEM to human serum
albumin (HSA) through cathepsin B cleavable peptide GFLG
and tagged the system with a near-infrared (NIR) dye, IR780.
The authors aim to synthesize HSA-GEM/IR780 nanoscale
materials for chemotherapy and PTT.'”" Similarly, Sim et al.
developed HSA nanoparticles loaded with melanin and
paclitaxel (PTX) that showed efficient tumor chemotherapy
with a long circulation time.'’” Li et al. demonstrated HSA-
based nanoparticles functionalized with Pt(IV) antitumor
prodrug, NIR fluorophore, CyS, and a quencher Qsy21 which
enabled tumor cell imaging along with localized tri§gering of
Pt(IV) prodrug, thus providing a theranostic effect.'”” Hu et al.
reported a thermoresponsive reactive oxygen species (ROS) by
functionalization of HSA-chlorin e6 nanoassemblies for use as a
photodynamic therapy (PDT) against cancer cells."* Similarly,
Chen et al. conjugated HSA with hemoglobin using a disulfide
bond to synthesize a hybrid protein oxygen carrier (HPOC)
loaded with photosensitize chlorin e6 (Ce6) and formed C@
HPOC which is used for PDT on cancer cells.'” Ferritin
protein-based systems also showed possible fabrication of
bioinspired devices for cancer theranostics. Wang et al. reported
fabrication of ultrasmall copper sulfide (CuS) nanoparticles
within the ferritin (Fn) nanocages through biomimetic syn-
thesis. CuS-Fn nanocages responded with irradiation of NIR and
promoted PTT for cancer theranostics.'® This system showed
superior photoacoustic tomography for quantitative ratiometric
real time in vivo photoacoustic imaging (PAI) of tumors.
Superior PET imaging was also achievable with these systems
due to presence of radionuclide **Cu as aPET imaging agent.
Currently clinically approved biomarkers such as anti-EpCAM
antibody, transferrin, and pan-cytokeratins (CKs) 8, 18, and 19
are widely used for capturing CTCs from cancer patients’ blood
samples which enables the early detection and further
investigation of cancer cells."”” The materials composed of 0—
3D nanomaterials, synthetic polymers, and metal nanoparticles
have shown variable levels of success for cancer detection and
diagnosis as summarized in Table 3.

8. GENOMICS ASPECTS OF WEARABLE DEVICES AND
BIOSENSORS: CHALLENGES IN THE SELECTION OF
BIOMARKERS FOR BIOINSPIRED DEVICES

High-throughput and multiplexed testing of captured bio-
analytes for their cognate genetic signature can increase the
precision of detection and reduce off-target effects associated
with disease diagnosis. Biological markers reflect cellular,
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biochemical, as well as molecular level fluctuations, which are
detectable in different physiological compartments (tissues,
cells, blood, and fluids). A wide variety of biomarkers like
proteins (i.e., antigen or antibody) and nucleic acids (mutation
in genomic DNA, micro-RNA) has been identified and routinely
used for clinical diagnostics of different diseases including cancer
using bioinspired sensors and devices. Compared to computer
tomography and biopsy, biomarkers are more competitive tools
for early diagnosis, therapeutic monitoring, and prognostic
evaluation of cancer. However, the selection of biomarkers,
which sensors and wearable devices can identify or quantify, is
the first line of challenge for devising a bioinspired system for
genetic diagnosis. For example, with prostate cancer, which is
the second most frequently diagnosed cancer in men and the
fifth leading cause of death worldwide, PSA is used as one of the
definitive ways of disease detection via a prostate biopsy.'*® This
is because serum PSA is a gland-specific biomarker rather than a
cancer-specific one. Therefore, multiparametric ultrasound
(mpUS), multiparametric magnetic resonance imaging
(mpMRI), and nuclear imaging (positron emission tomography,
PET) are prompted for clinical management of prostate cancer
diagnosis, staging, active surveillance, and recurrence monitor-
ing.'”” Healy et al. concluded that PSA can be used as markers
for biosensing for detection of prostate cancer in forensic
samples. Although, this detection strategy has a low detection
limit (in the region of 0.05—0.005 ng/mL), reliability, and high
throughput, only sophisticated laboratories can process the
analysis, causing delay in patient management and higher
processing cost.'® Therefore, different ultrasound imaging
methods have been developed, and cancer detection can be
improved by different algorithms. For breast cancer in general,
ultrasound imaging, a noninvasive method, can detect a tumor in
dense breast tissue, which can be missed by mammogra-
phy.""'~""* Coupling of bioinspired systems with these imaging
modalities can bring significant changes in cancer detection.
Outside of the imaging realm as a diagnostic tool, Han et al.
explored the contribution of physiologically occurring, circulat-
ing tumor DNA (ctDNA) as biomarkers for sensing and
diagnosis of cancer whether via conventional or bioinspired
devices. Blood based ctDNA is considered over traditional
physical and biochemical methods as it is noninvasive and shows
high specificity and sensitivity, thereby providing a personalized
snapshot of the disease. Limitations of ctDNA as biomarkers
involve a low signal-to-noise ratio, lack of colocalization, protein
expression, and functional studies."'* Huang et al. reported a
protein array-based biomarker discovery in cancer detection.'"®
Protein arrays provided immense advantages along with elevated
throughput, and sensitive detection over the last decades, thus
offering excellent platforms for cancer proteomics research.
There are three types of protein arrays, i.e., analytical, functional,
and reverse phase arrays. Protein arrays are continually evolving
techniques and, if successfully combined with bioinspired
materials, can bring immense advantages along with elevated
throughput and sensitive detection of proteomic anomalies.'"”
Micro-RNA (miRNA) is an elegant physiologically relevant
biomarker that is currently receiving traction as a precision
bioanalyte. Li et al. developed a method to detect the low
content of miRNA-21 with a sensor chip based on bioinspired
photonic crystals in co-operation with the cyclic enzymatic
amplification method, providing the opportunity to detect
breast cancer at an early stage. This new sensor chip can extract
RNA from cells that renders it potential for POC-setting for
preliminary diagnosis of different diseases including cancer. The

https://doi.org/10.1021/acsbiomaterials.1c01208
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Table 4. FDA Approved WDB Devices, Sensors, and
Detection Kits Used for Cancer Treatment

research group devices application area refs
Qiagen The Therascreen breast cancer 123
PIK3CA RGQ PCR Kit
-P190001 and P190004
Novocure NovoTTF-100L System - malignant pleural 124
H180002 mesothelioma
OPKO Sangia Total PSA Tes diagnosis of prostate 125
Diagnostics, P170037 cancer
LLC
BioSticker BiolntelliSense BioSticker data services for clinical 126
trials of hematological
cancer patients
Optune Optune diagnosis of 127
glioblastoma (GBM)
Novocure NovoTTE-200T advanced liver cancer 128
Genentech PHESGO, pertuzumab, breast cancer 129

trastuzumab, and
hyaluronidase

technique can isolate miRNA-21 with a detection threshold of
55 fM and employed biocompatible polydopamine nanospheres
(PDANs) and DNase I to construct a target-recycling
multiplication routes on the photonic crystal. The advantage
of this sensor chip is that the output fluorescence signal can be
magnified particularly and the amplification time is short.''®
Not only for diagnosis, but several bioinspired biosensors
have also been developed to assist in cancer surgery. Blair et al.
worked on bioinspired biosensor-assisted surgery.''” A six-

channel color/near-infrared image sensor was used, mimicking
the mantis shrimp visual systems, which will assist near-infrared
fluorescence image guidance during the surgical procedure. In a
human prostate tumor, this sensor can detect two tumor
targeted fluorophores that can differentiate between tumor vs
normal cells. In the case of breast cancer, it can assist in sentinel
lymph node mapping using clinically approved near-infrared
fluorophores during surgical resection. This biologically
mimicking sensor has a simple and compact structure that has
a flexible and better performance.'"”

Gene mapping technology and machine learning are opening
newer frontiers for precision medicine and disease diagnosis that
can involve bioinspired technologies. Sun et al. used the gene
mapping technology of the cancer genomics to develop
precision medicine in an individualized manner. The approach
needed the whole human genome sequence which was mapped
back in 1990 and showed about 88 million common genetic
variations including single nucleotide polymorphisms, inser-
tions/deletions, and structural variants. Precision medicine
usually employs fragments of disease related peptides to train
immune cells to isolate target cells."'® Mishra et al. discussed
about the salivary cancer diagnostic approaches using biosensors
and bioelectronics. Several of the major causes of cancer is
genetic instability, modification, and DNA methylation. Saliva is
a convenient source for collection of biomarkers for genotypting
for diagnostic purpose as it is readily accessible in a noninvasive
manner. Although saliva contains a lower concentration of
biomarker compared to serum in blood, the quantity of DNA
found in saliva is usually enough for chip-based genotyping. The
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Table 5. FDA Approved WDB Devices, Sensors, and Detection Kits Used for Diagnosis beside Cancer Treatment”

device name

CentriMag Circulatory Support System - P170038
FoundationOneCDx - P170019/S006

LIAISON QuantiFERON-TB Gold Plus, LIAISON Control QuantiFERON-TB Gold Plus, LIAISON QuantiFERON Software - P180047

Tula System - P190016

IN.PACT AV Paclitaxel-coated Percutaneous Transluminal Angioplasty (PTA) Balloon Catheter - P190008
MiSight 1 Day (omafilcon A) Soft (Hydrophilic) Contact Lenses for Daily Wear — P180035
Axonics Sacral Neuromodulation (SNM) System for Urinary Control — P180046

Myriad myChoice CDx - P190014

LIAISON XL MUREX HCV Ab, LIAISON XL MUREX Control HCV Ab - P190011
iDESIGN Refractive Studio and STAR S4 IR Excimer Laser Systems — P930016/S057

Axonics Sacral Neuromodulation (SNM) System - P190006

application area

blood pump
laboratory test
laboratory test
ear tubes
balloon catheter
contact lenses

urinary
retention

laboratory test
laboratory test

laser vision
correction

incontinence

Alcon Laboratories, Inc. AcrySof IQ PanOptix Trifocal Intraocular Lens (Model TFNT00) and AcrySof IQ PanOptix Toric Trifocal Intraocular Lens  intraocular lens

(Models TENT30, TENT40, TENTS0, TENT60) - P040020/S087
Minimally Invasive Deformity Correction (MID-C) System - H170001
BAROSTIM NEO System - P180050
The Tether - Vertebral Body Tethering System - H190005

Medtronic CoreValve Evolut R System and Medtronic CoreValve Evolut PRO System - P130021/S058
Edwards SAPIEN 3 Transcatheter Heart Valve System and Edwards SAPIEN 3 Ultra Transcatheter Heart Valve System - P140031/S085

PD-L1 IHC 22C3 pharmDx - P150013/5016
MED-EL Cochlear Implant System - P000025/S104

Medtronic CoreValve System; Medtronic CoreValve Evolut R System; Medtronic CoreValve Evolut PRO System - P130021/S033

PD-L1 IHC 22C3 pharmDx - P150013/S014

spine

heart failure

spine

heart valve

heart valve

laboratory test

cochlear
implant

heart valve

laboratory test

HeartStart OnSite Defibrillator (Model MS066A), HeartStart Home Defibrillator (Model MS068A), Primary Battery (Model MS070A), SMART  defibrillator
Pads Cartridges (Adult Model MS071A) and Infant/Child (Model MS072A) - P160029

Eversense Continuous Glucose Monitoring System - P160048/S006
Hintermann Series H3 Total Ankle Replacement System - P160036

TransMedics OCS Lung System - P160013/S002

Neuroform Atlas Stent System - P180031

VICI VENOUS STENT System - P180013

Tack Endovascular System (6F) - P180034

XVIVO Perfusion System (XPS) with STEEN Solution Perfusate - P180014

LOTUS Edge Valve System - P180029

TransPyloric Shuttle/TransPyloric Shuttle Delivery Device - P180024
TherOx DownStream System - P170027

Cerene Cryotherapy Device - P180032

TRILURON - P180040
OPTIMIZER Smart System - P180036

MitraClip NT Clip Delivery System and MitraClip NTR/XTR Clip Delivery System - P100009/S028

VENOVO Venous Stent System - P180037
COVERA Vascular Covered Stent - P170042/S002
VENTANA PD-L1 (SP142) Assay - P160002/S009
M6-C Artificial Cervical Disc - P170036

MANTA Vascular Closure Device - P180025

“Table reproduced from ref 137.

glucose monitor

joint
replacement

lung donor

stent

stent

vascular

perfusion
system

heart valve
weight loss
oxygen therapy

menstrual

bleeding
osteoarthritis
cardiovascular
vascular
stent
stent
hernia
spine

vascular

mean value of saliva DNA and serum DNA according to the
A260/A280 absorbance ratio is 1.56 and 1.71, respectively.
DNA oxidation produces 8-hydroxy-2’'deocyguanosine (8-
OHJAG) that can be used as a cancer biomarker; for example,
in acute leukemia of children, the urinary 8-OHdG is
quantitatively analyzed. It was observed experimentally that
the urinary 8-OHdG level is higher in patients with leukemia.
Similarly, in head and neck squamous cell carcinoma (HNSC),
the utilization of multiplex of salivary genomic biomarkers
(TPS3, PIK3CA, CDKN2A, FBXW7, HRAS, and NRAS) was
investigated.119 The salivary quantity of biomarkers, such as
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mitochondrial DNA (mtDNA) cytochrome C oxidase I (cox 1),
and cytochrome C oxidase II (cox IT), can also act as biomarkers
for identifying the prognosis of cancer after a specific procedure,
for example, postoperative radiation therapy.'”® It was also
reported that the mitochondrial DNA can be correlated to
tumor progression.'” These salivary analytes are easy to detect
via electrochemical methods as well as by optical analysis, such
as using surface enhanced Raman spectroscopy (SERS),

. . 3o 121
fluorescence labeling, and by microfluidics.
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9. TRANSLATION OF WDBS, LOC SENSORS, AND
DETECTION KITS TO CLINICAL SETTINGS: CANCER
AND OTHER DISEASES

The United States Food and Drug Administration (U.S. FDA)
approved many in vitro detection kits and imaging tools as
companion diagnostic devices for cancer.'”” Table 4 presents
several FDA approved, in vivo WDB devices, sensors, and
detection kits used for cancer diagnosis.'>*~"*’

Other than cancer, WDBs have been employed for detection
of many diseases. For example, WDBs for blood component
monitoring can directly impact clinical decision-making and is
useful for patients and for management of blood-related
diseases. In addition, the blood components have found a direct
correlation with biomarkers present in saliva and eccrine sweat.
Toward this, external WDBs have been explored to detect blood
glucose, sodium, chloride, potassium, and lactate by using saliva
and sweat sensors. Gao et al. devised an epidermal WDB on a
poly(ethylene terephthalate) substrate for the concurrent and
constant detection of lactate and glucose."”® The team
demonstrated a mechanically versatile and completely inte-
grated sensor for an in situ sweat evaluation platform, which
precisely detected electrolytes (potassium and sodium ions) and
perspiration metabolites (lactate and glucose). Abellan-
Llobregat et al, reported the fabrication of a printable and
highly stretchable WDB based on platinum (Pt)-decorated
graphite for sweat glucose detection (Figure 11)."*!

Glucose has been measured by using the electrode to measure
the decrease of hydrogen peroxide by chronoamperometry by
immobilizing glucose oxidase on Pt-decorated graphite. This
WDB was tested on human perspiration samples and showed a
strong correlation between glucose concentration in perspi-
ration and in blood. A continuous glucose monitoring (CGM)
sensor detects the blood glucose level through interstitial fluid
analysis. Dexcom GS and Eversense E3 are U.S. FDA-approved
continuous glucose monitors. Eversense has been the first FDA-
approved continuous glucose monitor that includes an entirely
implantable sensor to track glucose levels and can be used for 3
months."** Koh et al. demonstrated a closed microfluidic WDB
that readily harvested sweat from the pores to estimate lactate,
glucose, hydronium ions (pH), and chloride.*> The micro-
fluidic system is comprised of a polydimethylsiloxane (PDMS)
layer at the bottom of S00 um, patterned with the required
geometry with a uniform 300 pm depth, and filled with
colorimetric analysis reagents. The sensor was flexible and
stretchable and could adhere to multiple parts of the body
without any chemical or physical reaction by using soft device
mechanics, biocompatible adhesives, and water-tight interfaces.
The device passed sweat to the four channels to allow the
simultaneous detection of the biomarkers. Bariya et al. fabricated
roll-to-roll (R2R) gravure decorated electrochemical electrodes
on a 150 m stretchable PET substrate for the measurement of
pH, potassium, sodium, glucose, and caffeine.”** A 3 mm-
diameter sensor on the device gets access to a few microliters of
fresh sweat every few minutes, representing sufficient fluid
volume for stable and near real-time readings. Brolis Sensor
Technology is developing a noninvasive wearable sensor to
remotely test the concentration of blood elements such as
glucose, ketones, lactate, urea, or ethanol.'>> The WDB uses
ultracompact laser-based integrated sensor technology for
multimolecule sensing throughout the entire bloodstream.
Different type of WDBs developed for detecting cardiovascular
complications showed positive steps toward essential diagnostic
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care. - Several FDA approved devices are available for
detection of various diseases are presented in Table 5.

B CONCLUSION

The foregoing discussion illustrates the transforming landscape
of cancer diagnosis mediated via wearable devices and sensors,
many of which use bioinspired design principles. We showed the
basic construction of WDBs and how bioinspired materials and
processes have been incorporated within these WDBs for
accurate and early detection of cancer. Although success of many
of these devices are intrinsically connected to the types and
pathology of the disease, it is obvious that with appropriately
designed bioinspired materials, it is possible to detect the
pathological signature noninvasively from physiological samples
at the early onset of the disease. Bioinspiration propelled human
curiosity since antiquity. Now the similar curiosity is catalyzing
new discoveries that can combat debilitating diseases such as
cancer. However, integration of bioinspired materials into
wearable devices and biosensors for cancer detection is a
challenging task. Achieving this feat will need an integrated
approach from materials scientists, chemists, engineers, and
molecular biologists. Newer frontiers of bioinspired materials for
cancer detection are constantly being explored, and nanometer-
scale, autonomic, and feedback regulated responsive systems are
constantly pushing the boundary. With the advent of modern
nanofabrication and characterization techniques, coupled with
bioinformatics and machine-learning assisted capacity to detect
anomalies at the genetic level, we envision that the realm of
bioinspired materials for cancer detection and treatment is set to
make a positive paradigm shift in the foreseeable future.
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