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Abstract: Sensors enable the detection of physiological indicators and pathological markers to assist
in the diagnosis, treatment, and long-term monitoring of diseases, in addition to playing an essential
role in the observation and evaluation of physiological activities. The development of modern
medical activities cannot be separated from the precise detection, reliable acquisition, and intelligent
analysis of human body information. Therefore, sensors have become the core of new-generation
health technologies along with the Internet of Things (IoTs) and artificial intelligence (Al). Previous
research on the sensing of human information has conferred many superior properties on sensors,
of which biocompatibility is one of the most important. Recently, biocompatible biosensors have
developed rapidly to provide the possibility for the long-term and in-situ monitoring of physiological
information. In this review, we summarize the ideal features and engineering realization strategies of
three different types of biocompatible biosensors, including wearable, ingestible, and implantable
sensors from the level of sensor designing and application. Additionally, the detection targets of
the biosensors are further divided into vital life parameters (e.g., body temperature, heart rate,
blood pressure, and respiratory rate), biochemical indicators, as well as physical and physiological
parameters based on the clinical needs. In this review, starting from the emerging concept of
next-generation diagnostics and healthcare technologies, we discuss how biocompatible sensors
revolutionize the state-of-art healthcare system unprecedentedly, as well as the challenges and
opportunities faced in the future development of biocompatible health sensors.

Keywords: wearable biosensors; ingestible biosensors; implantable biosensors; biocompatibility;
long-term monitoring; healthcare

1. Introduction

Biosensors deployed on the skin, in the gastrointestinal tract (GI tract), and even in
the body offer new opportunities to detect all types of body health information in the field.
Basically, such sensors come in three forms: wearable (which typically function on the skin),
ingestible (which are typically introduced into the gastrointestinal tract by swallowing or
other actions), and implantable (which can function directly in the body, in most cases in
direct contact with tissue).

These three types of sensors have different functions depending on where they are
deployed, with the more developed being wearable biosensors, particularly skin-contact
biosensors (or epithelial sensors), deployed on the skin surface to obtain important signs,
such as heart rate (HR), respiratory rate (RR), blood oxygen saturation (SpO;), and blood
pressure (BP), through pressure, photonics [1]. Ingestible biosensors, on the other hand,
are usually in contact with the body’s mucosa (especially the GI tract mucosa), which
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makes them interact extensively with the body’s mucosal immune and GI tissues, posing
potential risks, such as substance residues, biotoxicity, allergy, and chemical irritation.
Implantable sensors, on the other hand, are usually in direct contact with human tissues,
deployed in human brain tissue, blood system, adipose tissue, etc. This makes it possible
to obtain some important physiological and biochemical parameters in situ, enabling the
monitoring of some features related to internal lesions and infections in the early stages of
the disease process, and the in situ continuous sensing of them, but their energy supply
and miniaturization problems also limit their further development.

The performance limitations and potential risks of these biosensors when applied to
the body have promoted advances in material biocompatibility, device reliability strategies,
and their miniaturized size and need for long-term monitoring have also raised new
issues in terms of energy supply, micro- and nano- integration on system design, material
selection, and device processing. A number of recent studies have answered these questions
from various aspects. In this review, we detail and summarize the successful answers to
these questions by researchers worldwide. First, we present the needs of these sensors
in terms of biocompatibility, mechanical compatibility, and energy supply in terms of the
characteristics of the required functions of the three classes of biosensors, and summarize
their sensing parameters and performance in turn. Second, long-term, reliable, and stable
biosensors usually require a series of special design strategies, especially to address the
power supply. Based on state-of-the-art technologies, we discuss the role of biocompatible
sensors in driving the next generation of integrated diagnostic and therapeutic devices, as
well as the transformation of healthcare delivery and smart management. Finally, the future
and challenges of biocompatible sensors are also looked at in the concluding remarks.

2. Wearable Biosensors for Healthcare

Wearable sensors were originally developed to monitor a physiological indicator
over time to provide information about human physiology outside of the hospital setting.
In the past few years, wearable systems have shown high performance in monitoring
body temperature, body movement, blood pressure, metabolites, and biomolecules. The
connotation of wearable sensors is to detect signals from the human body in a lightweight,
portable, reliable, and continuous manner, providing a variety of functions, including
disease prognosis, changes in condition, and monitoring of vital signs. Although it has less
complex contact with human tissues, the wearable sensor still works close to the body and
is subject to challenges, such as human movement and complex external environments.
Therefore, striking an artistic balance between biocompatibility, regular monitoring, light
weight and portability, and accurate detection is always an essential issue in developing
wearable biosensors.

2.1. Features of Wearable Biosensors and Designing Strategies

In this subsection, we concisely review the important compatibilities of wearable sen-
sors for healthcare, including mechanical biocompatibility and immune biocompatibility,
and after that, some other essential advanced design strategies will also be briefly introduced.

2.1.1. Mechanical Biocompatibility

The wearable sensors require mechanical biocompatibility to form tight contact with
the skin interface. Essentially, the concepts of mechanical biocompatibility are low mod-
ulus, light weight, high flexibility, and good stretchability, which ensures that signal
acquisition can be achieved continuously and consistently without limiting active body
movements (e.g., running, changes in prone position) and imperative mechanical move-
ments (e.g., breathing). In general, mechanical biocompatibility is achieved with some of
the following options: appropriate stretchable structures (such as springs, waves, and
flexures), implementation of thin layers, and application of flexible materials (such as
polyvinyl alcohol (PVA), polyethene terephthalate (PET), polyimide (PI), Polyethylene
naphthalate (PEN), paper, and textile materials).
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First, the devices are miniaturized and gain flexibility through carefully designed
structural arrangements. The most common strategy involves “island-bridge” layouts,
where conductive wires (bridges) interconnect high-performance but rigid functional
components (islands) [2]. In contrast, several wire-layout design strategies have effectively
converted rigid materials into tensile materials and maintained electrical properties. For
example, serpentine structures consisting of periodic arcs and straight segments have been
widely adopted for connecting rigid islands on top of soft elastomers. In addition, the
use of pre-tensioned elastomeric substrates or lay-up techniques has also worked well.
In recent years, the mechanical mismatch problem of wearable devices has been largely
solved by introducing flexible materials such as organic polymers and gels. However, the
mismatch problem at heterogeneous interfaces still exists, and the structural optimization
of device layout remains a crucial strategy to improve mechanical biocompatibility [3].

Second, the implementation of thin layer designs to obtain the desired flexibility is
obtained according to the Euler-Bernoulli beam theory. For example, single-crystal silicon
nanofilms with thicknesses of 100-200 nm can be transferred from silicon-on-insulator
(SOI) wafers to thin polymer substrates. This integration allows bending to small radii
of curvature without fracture because the bending stiffness is reduced by several mag-
nitudes [4]. Recent work has also reported methods for producing large-area organic or
inorganic devices on ultrathin substrates, resulting in bending radii as small as a few tens
of microns, even with materials with relatively large moduli of elasticity [5].

Third, elastic materials, especially low-dimensional materials represented by carbon
nanotubes, graphene, MoS,, and black phosphorus, primarily enhance the flexibility of
devices. Many commercial polymers and elastomers can be used as substrates for flexible
and stretchable electronics. Silicone materials, an example of PDMS (Polydimethylsilox-
ane), as early flexible materials, have an elastic modulus similar to skin, thus enabling
optimal skin-device contact, adhesion, and implantation (Martirosyan and Kalani, 2011).
In addition to silicone, other polymeric materials, such as polyvinyl alcohol (PVA) films
and polyethene terephthalate (PET), have been used as support matrices or protective
layers to optimize skin-electrode contact. These materials have different thicknesses, elastic
modulus, adhesive strength and other physical properties. However, the complexity of fab-
ricating high-performance integrated circuits limits many of the advanced digital functions
of epidermal devices, such as wireless communication, signal processing, and power trans-
mission. With technology development, sensing devices have been gradually integrated
into clothing [6], shoe insoles [7], sweat towels, and other everyday items. Some degradable
and biocompatible biopolymers have also been used to prepare wearable medical systems.
This brings people closer to the latest technology and highlights the integration of wearable
medical systems with everyday life.

The combined application of these strategies can improve the mechanical properties
of the devices at a reasonable level and prevent phenomena such as material delamination
or local fracture similar to those of rigid electronic components. For example, the study by
Gao et al. used EGaln, which remains liquid at room temperature and is an alloy of gallium
and indium with high surface tension and high electrical conductivity, making it an ideal
conductor for stretchable and flexible sensors. They designed a proper microfluidic channel
to enhance the low gauge factor (GF) of the stretchable and flexible sensor using the EGaln
conductor as a substrate and then applied photolithography to establish a relatively smooth
microfluidic channel. The microfluidic channel using the injection of EGaln into the Ecoflex
elastomer provided a sensor with high stretchability and conformality [8].

2.1.2. Immune Biocompatibility and Other Desired Features

In real-time medical applications, there are conditions of direct contact or indirect
contact between the wearable biosensors and the biological interface, so it is hoped that
wearable medical equipment will not cause additional health threats and avoid restrictions
on daily activities, which points out the significance of immune compatibility of wearable
biosensors. Therefore, previously mentioned flexible materials have been shown to be
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immune compatible and have low toxicity, which does not cause inflammation on the skin
surface. Compared with those biocompatible synthetic materials, natural biomaterials have
more excellent biological characteristics (such as renewability, low cost, water-solubility,
biodegradability, self-adherence, self-cleaning, etc.) [9] and provide an important platform
for the production of a variety of hybrid materials with certain functions for their abundant
active groups. This approach is more environmentally friendly and skin-friendly for long-
term deployment and waste recycling. Some emerging studies have applied chitosan [10],
natural pollen [11], etc., to physical or chemical parameter sensing applications. As bio-
compatible and biodegradable materials make long-term monitoring possible, all of these
wearable devices have an upper limit application time due to the natural turnover cycle of
epithelial cells (around two weeks).

Mechanical biocompatibility and immune biocompatibility are the basis of the safe
and stable work of wearable healthcare systems. Based on realizing basic functions, some
improved features have been gradually endowed to wearable biosensors. For example,
some flexible patterning manufacturing methods can be used to achieve tattoo-like elec-
tronic skin, which can be easily prepared, deployed, and aesthetically unified. Tang et al.
improved the electronic tattoo to make it more sticky and better able to hold shape, increas-
ing the effectiveness of the electronic skin as an actual tattoo [12]. Likewise, a number of
research groups have developed self-healing and transparent materials for flexible and
stretchable electronics. Details can be found in these topical reviews [13]. These features
together are pushing wearable healthcare systems towards practical applications.

2.2. Detectable Indicators of Physical Health

As an initial idea, researchers tried to put old sensors on people’s bodies to get
more accurate and compelling information. This leap has revolutionized the model of
health testing. Some wearable electronic devices allow us to detect easily and in real-
time (Figure 1). Understanding intrinsically related health parameters is essential when
assessing an underlying disease’s health status and diagnosis. The research in the past
decade has enriched the detection targets of the wearable medical systems, summarized
in Table 1.
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Figure 1. Scheme of detectable bio-signals on human body and their wearable detections (categorized
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by different part of human body and different systems that signals belong to) where the electrical activ-
ity signals that electrocardiography, electromyography, and electroencephalography are abbreviated
as ECG (electrocardiogram) (or EKG), EMG (electromyography) and EEG (electroencephalogram).
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Table 1. Different modality of detection in wearable biosensor system.
Modalities Sensing Elements/Sensor Types Applications #
Cardiac (ECG) Heart failure Advanced skin-attachable electordes o[13]
Emotional valence pre-gelled, self-adhesive Ag/AgCl electrodes with inter-electrode spacing [14] o[14]
. Muscular (EMG) Tremor triaxial accelerometer, triaxial gyroscope, etc. [15] o[15]
Electrical . a surface EMG acquisition system with EMG acquisition circuit and an MCU
Posture recognition . . . o[16]
with ping-pong buffer designed clock sources
Subcutaneous devices: 24/7 EEG SubQ™, Minder®, etc.
Cerebral (EEG) Seizure eo[17]
Surface devices: Behind-the-ear EEG, e-Glasses, Ear-EEG, Sensor dot, etc.
Blood pressure/Pulse St.ram sensor or stretch sensor based on piezoelectric effect, piezoresistive effect, eoe[18-22]
triboelectric effect
Mechanical B . . . - L
. Strain sensor or stretch sensor based on piezoelectric effect, piezoresistive effect,
Motion . . . . . e00e[23-26]
triboelectric effect, optical fibers, myoelectric sensors
Physical Human speech Strain sensor or stretch sensor based on piezoelectric effect, piezoresistive effect, ee[27-29]
p triboelectric effect; electret condenser microphones; acceleration sensors
Acoustic . . . . .
Cardiac/Respiratory sound Optical sensors (bragg gratting), piezoelectric MEMS acoustic sensor, oo [30-33]
commercial microphone
Temperature Cr/Au metal microwires [34] e [34]
Clucose glucose oxidase immobilized within a permeable film of the linear oo [34,35]
polysaccharide chitosan [34], Pt-decorated graphite or GOx/Pt-graphite [35] !
lactate oxidase immobilized within a permeable film of the linear polysaccharide
Lactase chitosan [34], a reference electrode for the lactate sensor with an internal o[34,36]
copolymer of sulphonated polyesther ether sulphone—polyether sulphone !
) ) (SPEES/PES) membrane as internal layer [36]
Biochemical In sweat
Na* ion-selective electrodes (ISEs) [34,36,37] o[34,36]e[37]
Cl- ion-selective electrodes (ISEs) [34] o[34]
K* ion-selective electrodes (ISEs) [34] o[34]
+ . . . .
pH (H*) H7-selective PANI film that electrochemically deposited onto a Au electrode by o[36]0[38]

cyclic voltammetry [38], Iridium oxide pH electrodes [36]
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Table 1. Cont.
Modalities Sensing Elements/Sensor Types Applications #
Uric acid CF-reinforced electrode [39] o[39]
Cortisol. MoS; nanosheets dispersed within the pores of a porous polyamide (PA) oo[40]
membrane [40]
Alcohol Elect?ode casted by mixed droplet of AOyx enzyme, BSA stabilizer, and chitosan o[41]
solution [41]
Ascorbic acid CF-reinforced electrode [39] o[39]
Heavy metal (Hg*, Zn2*, Cd2*, electrochemical square wave anodic stripping voltammetry (SWASV) on Au and eo[42]
Pb%*, Cu?+) Bi microelectrodes [42]
Ca%* ETH129 as the Ca?*-selective ionophore [38] o[38]
NH,* ammonium-selective membrane containing nonactin, 2-nitrophenyl octyl ether o[43]
4 (0-NPOE) and poly(vinyl chloride) [43] -
In interstitial fluid (ISF) Glucose a screen-printed layer of Pt/C composite ink [44], Ag/AgCl electrodes [45] o[44]
ultrasonic transducers (HR and BP), electrochemical sensors (glucose in ISF and
ECG + lactase lactate, caffeine and alcohol in sweat) [11] o[11]
Self-assembly highly porous PEDOT:PSS hydrogel on paper fiber serving as a
. o[46]
ECG + glucose low-impedance ECG electrode and a glucose sensor
Multimodalities A hybrid skin patch with MEMS system o[47]
Ultrasonic + multiple biomarkers ultrasonic transducers, electrochemical sensors [48] o[48]
sweat metabolites (such as glucose and lactate) + electrolytes
(such as Na* and K*) + skin temperature (to calibrate ultrasonic transducers, electrochemical sensors, and thermocouple [34] o[34]

the response)

# Applications: e For physical activity monitoring; e For disease diagnostics; @ For chronic disease/routine habit monitoring; e For researches.
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2.2.1. Long-Term and Multi-Functional Monitoring of Vital Health Parameters

Heart rate, respiratory rate, blood oxygen saturation (SpO,), blood pressure, etc. are
vital health parameters that directly reflect the human body’s basic physiological and
pathophysiological status. Generally, abnormal fluctuations in vital health parameters are
associated with trauma, infection, or some chronic diseases. Therefore, monitoring vital
health parameters simultaneously is of great significance in both daily life and medical care.

An important vital health sign is the body temperature. Abnormal changes in body
temperature range are effective indicators related to wound healing, cognitive status, car-
diovascular diseases, and other symptoms. Therefore, it is necessary to detect temperature
changes regularly in health management and clinical judgment. Flexible temperature
sensors possess sufficient sensitivity and accuracy, which can be continuously measured
by attaching different postures and motions directly to the non-planar skin surface under
the smallest user perception. General medical devices, such as blood pressure monitors
or stethoscopes, cannot realize multi-functional detection and are inconvenient to use due
to their bulky and non-integrated design. Fortunately, the wearable healthcare system
provides a multi-functional platform that is equipped with multifunctional sensors and
has the advantages of portability, comfort, and aesthetics. A graphene-based strain sensor
with the characteristics of high sensitivity, easy use, wearing comfort, a soft sensing patch,
and integrated with a wireless Bluetooth unit was explored, which provided sensor inter-
face to human skin and realized detection of both heart rate and blood pressure signals
accurately making it a promising solution to home-based monitoring device [49]. Besides,
the newest generation of the wearable device presented [50] can track bio-parameters
including electrocardiogram, SpO,, skin temperature, and physical activity of the patient.
In particular, it is worth mentioning that electronic skin/tattoos integrated with flexible
electronic devices and systems became popular candidates for wearable personal medical
applications. Based on various mechanisms, e.g., piezoresistive effect, piezo-capacitive
effect, triboelectrification effect, thermal resistance effect etc., electronic skin with new
materials and novel structures can detect almost all vital health signs with high perfor-
mance. In Table 2, we listed materials, structures, performance (detect limit/response
time/sensitivity), and mechanisms of several examples of electronic skin for detecting
different targets of vital health signs. Especially, as the blood pressure can be estimated by
the arterial pulse based on the pulse wave transmission time (PTT) [51], the electronic skin
based on pressure sensing can realize to monitor the blood pressure and heart rate at the
same time. Similarly, many other multi-functional wearable systems focus on monitoring
vital health parameters and communicating with data platforms such as mobile phones for
real-time, long-term data acquisition.

In addition, the detection of several other physiological parameters has been investi-
gated. The introduction of smart contact lenses introduced biosensors into the eye, enabling
physicians to see and monitor intraocular pressure, assisting in the diagnosis and treatment
of various eye diseases, such as glaucoma [52]. In addition to IOP (intraocular pressure),
various optical sensors employ a wide range of epidermal light attenuation techniques to
measure everything from heart rate and blood oxygen (as seen in widely used consumer
smart bracelets) to brain oxygen saturation and tissue health (e.g., detection of breast
cancer) [53]. However, the optical noise and motion artefacts introduced by the environ-
ment must be controlled to achieve accurate measurements, the latter remaining a major
challenge for wearable optical biosensors.
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Table 2. Summary of tattoo for vital health signs detection.
Detect Target Material Structure Performance Mechanism Reference
Ultrathin gold nanowires, thin . 1 . _—
Blood pressure, Heart Rate polydimethylsiloxane (PDMS) Sandwich 13Pa/17 ms/1.14 kPa Piezoresistive effect [54]
Blood pressure, Heart Rate Silver-flake, Eco-flex 00-30 silicone rubbers Triangular-microprism 63 Pa/0.29 kPa Triboelectrification effect [55]
Blood pressure, Heart Rate Graphene, PDMS Hollow 1.2 ms/15.9 kPa Piezoresistive effect [56]
PDMS, Poly(3,4-ethylenedioxythiophene)-poly
Blood pressure, Heart Rate (styrene sulfonate) (PEDOT:PSS), Aqueous Micro-pyramid array 23 Pa Piezoresistive effect [57]
polyurethane dispersion (PUD)
Blood pressure, Heart Rate PDMS, Polyethylene terephthalate (PET) Micro-pyramid array 3 Pa/0.55 kPa Piezo-capacitive effect [58]
Blood pressure, Heart Rate Silicon nanowire (SINW) Sandwich 3 ms/8.2 kPa Piezo-capacitive effect [59]
Respiratory rate, Blood Graphene, PDMS Random distributed spinosum 25.1 kPa Piezo-capacitive effect [60]
pressure, Heart Rate
Silk-nanofiber-derived carbon fiber membranes " o . .
Body temperature (SilkCFM), PET Graphitic local structure 0.81% per centigrade Thermal resistance effect [61]
Bode temperature Thin and narrow gold Filamentary serpentine mesh Millikelvin precision Thermal resistance effect [62]
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2.2.2. Physiological Parameters

Body movement testing is important in rehabilitation medicine, inpatient observation,
monitoring of people with disabilities, and assessment of movement levels. Periodic
analysis of body movements can detect abnormal gait (e.g., freezing gait and forward gait
in Parkinson’s disease; unsteady gait in Alzheimer’s disease, etc.) and sudden tremors of
the hands (idiopathic or other pathological tremors), which are precursors to important
degenerative diseases or manifestations of neuropathy due to chronic conditions, including
Parkinson’s disease, Alzheimer’s disease, and diabetes mellitus, and contribute to the early
diagnosis and treatment of these diseases.

On a mechanical level, body movements are usually manifested as larger strain
changes on the skin and smaller strains identified by facial expressions, pulses, breathing,
etc. The corresponding wearable systems can be appropriately designed according to
the modalities and signal strength of different deployment sites. The connotation of
human motion can also be extended to the vocal system, breathing, heart movement,
and gastrointestinal digestive activity. There are already reports of intelligent artificial
pharynxes [28] that can acquire subtle sounds in the pharynx, showing the potential
for voice recognition and interaction. This could benefit laryngectomized patients and
others with dysarthria, who could have lower learning costs and a more comfortable
experience compared to patients with implanted vocal cord prostheses and esophageal
speech. Such vibrating sensors could also be applied to the detection of respiratory, cardiac,
and gastrointestinal sounds [63], allowing the study of implicit movements or movements
within the human body.

In recent years, wearable skin sensors have provided a powerful platform for electro-
physiological signal monitoring. Electrophysiological signals in neural and muscle tissue,
such as electrocardiogram (ECG), electromyogram (EMG), and electroencephalogram
(EEG), provide another dimension for measuring neurological disorders, cardiovascular
disorders, and apparent motion. For example, EEG is a powerful tool for the development
of new human-machine interface (HMI) and for the diagnosis of diseases related to brain
function and neurological conditions, such as brain diseases, tumors, and sleep disorders.
In electrical measurements, skin electrodes are used to extract depolarization signals from
the heart muscle, which is known as an electrocardiogram. ECG provides general infor-
mation about the cardiovascular system. Through the peak intensity, shape and period of
ECG graphs, the skin-connected ECG sensor allows users to easily identify their heart con-
dition and enables the early diagnosis of serious heart problems, such as cardiomyopathy,
arrhythmia, and hypertension. Furthermore, when ECG is combined with other modalities,
the hybrid sensing system may be able to present more information about human physical
activities. As an illustration, Somayeh Imani et al. present a skin-worn wearable hybrid
sensing system that offers simultaneous real-time monitoring of lactate and ECG signals,
for more comprehensive fitness monitoring than from physical or electrophysiological
detectors alone [11]. HMI with EMG as the control signal and skin current stimulation as
feedback represents another important medical application in the field of robotics, artificial
limbs, and machine-assisted living.

2.2.3. Non-Invasive Detection of Biochemical Substances

Metabolites, such as polyols, uric acid, cholesterol, lactate, and glucose, can directly
reflect the physiological activity of cells [64]. Their abnormalities can adversely affect
the acid-base balance of the body, organ energy supply, and functional activity of organs.
These substances are usually found in blood, tissue fluids, lymphatic fluids, and other
body fluids. For example, sweat is rich in metabolite information and is often used as an
ideal skin detection target for temporary tattoos and flexible skin patches [65]. Whether
it is an optical sensor to detect sweat rate and pH, an impedance-based sensor to detect
rate and conductivity, an ion-selective electrode to detect electrolytes, an amperometric
enzyme sensor to detect metabolites, or a peel-based sensor to detect heavy metal analysis,
wearable sweat biosensors can monitor various biochemicals and contribute to various
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physiological and clinical studies to monitor the health of patients/athletes [66]. A stretch-
able optical sweat sensor based on a thin and soft closed microfluidic system has been
developed [67], which can collect sweat directly and rapidly without sweat evaporation or
contamination, thus solving the traditional sweat challenge and allowing complex sweat
sampling and measurement. In contrast, although saliva, urine, and tears also contain
rich information on metabolites, wearable systems are often used as an alternative to the
non-invasive detection of biochemicals as the convenience of sample collection is not well
represented and poses a greater challenge to device design. However, recent advances in
microelectronics, communications, and flexible substrates have enabled physicians to use
smart contact lenses to obtain a variety of biochemical indicators of the eye. By analyzing
the chemical composition of tears, smart contact lenses can provide real-time monitoring of
glucose and lactate concentrations, helping to treat and prevent eye diseases [52].

Long-term detection is a major challenge to overcome for immune sensors. In 2017, the
stability of antibody receptors was improved up to 96 h using human sweat as a platform
for in vitro evaluation with room temperature ionic liquids to compensate for changes in
sweat pH [68].

In addition, the synthesis of markers of some diseases can be detected by wearable
devices. The most typical examples are cancer markers, such as prostate-specific func-
tion antigen (PSA, associated with prostate cancer) [69], human epidermal growth factor
receptor (related to breast cancer) [70], etc.

3. Ingestible Biosensors for Healthcare

Wearable sensors cannot reach some niduses inside the body and detectable health
indicators on the body surface are easily interfered with. As an alternative strategy, in-
gestible biosensors (Figure 2) which are called ingestible biosensing capsules (IBCs) can
travel close to major organs through the gastrointestinal (GI) tract, monitor a vast range
of biomarkers, serve as effective clinical tools for diagnostics, and even provide targeted
surgical and pharmaceutical therapy. Ingestible sensors have long blown past their humble
beginnings as core temperature sensors in the 1960s with clunky single-marker setups.
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Figure 2. Schematic representation of ingestible sensor model working as a sensing and operational
device for healthcare.
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With recent advances in microelectronics, bioengineering, mechanical engineering,
and materials science, ingestible sensors that now integrate multiple functions (pH, pres-
sure, temperature, optical image taking, etc.) into a swallowable capsule have become
commercialized and mainstream (e.g., PillCam, VitalSense, myTemp) [59,60]. New stud-
ies demonstrate startling possibilities with capsule-based biopsies, surgical interventions,
drug adherence, and drug administration becoming ever-closer to an available medical
product [71]. Yet, there are still many technical challenges and design features specific to
crafting a reliable IBC, and this section in particular focuses on device power, locomotion,
localization, and safety.

3.1. Desired Features and Technical Challenges

When first approaching IBCs, the notable challenge of powering IBCs comes to mind.
While many commercial IBCs adopt a conventional zinc-silver-oxide or lithium-ion but-
ton cell approach, a plethora of novel IBC power sources have sprung up as alternatives
since traditional button cell batteries still pose a risk when IBC shells unexpectedly break
down or leak. Whether they be powered by gastric fluids [72-74], mechanical vibra-
tions/deformations [74], stainless steel springs [75,76], or exterior magnetic fields [77-80],
many interesting alternatives exist for the now standard button cell electronics approach,
which are introduced in detail in Section 5. This section will mainly focus on IBC locomo-
tion, localization, and of course, safety (Figure 3).
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Figure 3. Scheme of IBCs design features: power [81-83], locomotion [84-86], localization [87-95],
and safety [51,87,96-100] and levels of development over time. (Created with BioRender.com).

3.1.1. Locomotion of IBCs

IBCs fall quite neatly into two categories in regard to locomotion: passive and active
devices. Passive devices refer to IBCs that follow the GI tract’s peristaltic motion, acting as
drifting sensors that follow the stomach’s “current”. These devices make up almost all of
the commercial IBCs whether they be for sensing physiological markers, e.g., pH and gas,
or for capsule endoscopy [71]. With passive devices, the uncontrollable nature of device
locomotion creates a design challenge for many applications. Endoscopy capsules approach
this problem by utilizing multi-camera systems, ultrawide angle cameras, and variable
capture rates based on capsule velocity, ensuring adequate coverage of the target [99]. This
kind of brute force approach extends to other passive IBCs that increase sampling rate to
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ensure more even data acquisition. However, recent advancements in IBCs have brought
about a novel solution, namely active devices.

These devices can be magnet embedded, allowing for external control using magnetic
fields created through permanent magnets and/or coils [77,78]. However, magnetically
controlled devices carry certain risks and limitations, such as large forces being applied
to surrounding tissues or IBCs potentially getting stuck in collapsed segments of the
Gl tract (e.g., intestines). Another approach to active IBCs integrated locomotion systems
directly onto devices. Whether it be spider-like “legs” that anchor devices to intestinal
walls, corkscrew like propeller systems, inch-worm like crawling segments, or miniature
“paddles”, these active devices present their own unique risks that must be weighed with
the benefits of steerable controllable IBCs. These devices, despite in vivo animal trials that
demonstrate effectiveness, have high risks to cause further strain and damage to tissues
in a potentially fragile GI tract. Finally, devices that combine both external magnetic and
on-device locomotion systems have also been developed. These devices utilize external lo-
comotion a majority of the time and only use on-device locomotion systems in a pinch [71].
Furthermore, the integration of these locomotion systems with essential sensors and thera-
peutic instruments are most certainly bottlenecked by current battery cell technology due
to the relatively large power draw of electromechanical actuators.

3.1.2. Localization of IBCs

With the vast expanse that is the 9-meter-long GI tract, capsules need to be effectively
located to perform effective therapy or capture any notable data. Crude approximations
of capsule locations can be performed with pH observations, oxygen concentration [100],
or visual landmarks [99], allowing for a general understanding of gastrointestinal motility
and rough monitoring of transit times in different sections of the GI tract. For more precise
devices, such as lesion removal [79,80], focused monitoring [101], ulcer treatment [76], and
other targeted therapy [77] capsules, significantly more accurate and precise localization
techniques are critical. To achieve a more precise localization, IBCs can either use more
advanced imaging techniques or vector position calculations based on radio frequency
signals transmitted to external receivers in order to achieve centimeter level error margins.
For an even more precise localization, permanent magnets embedded onto capsules can
be sensed by external arrays of magnetic sensors in order to achieve millimeter scale accu-
racy [71]. For applications requiring further precision, addressable transmitters operated
as magnetic spins are a novel approach allowing for MRI like precision without using
superconducting magnets. Based on an in vivo study of mice, this localization strategy
resulted in an error less than 500 pm [90]. Beyond localization, odometry can also applied
to measure distances traveled within the GI tract (OdoCapsule) [101]. Currently, an IBC ca-
pable of measuring distances within the small intestine has been demonstrated, with three
retractable leg-wheels that both act as odometers and keep the device orientated correctly.

3.1.3. Safety Challenge of IBCs

Safety for IBC devices in split into two main barriers: one, device encapsulation and
two, device retention. While encapsulation is an obvious enough technical challenge, device
retention within the GI tract can result in blockages that may have lethal consequences.

First considering the main challenge of IBCs, numerous materials have been researched
and investigated for their biocompatible nature in regard to encapsulation and adhesion
(e.g., Parylene, PDMS, Polyethelyne, Biocompatible polycarbonates, plastics, and epoxies).
While many IBCs adopt these materials as shells or encapsulation material, a majority of
such materials are rigid and nondegradable, resulting in potentially lethal consequences
if devices were to remain within the GI tract. Recent research into materials as well as
novel IBCs forge a new path using edible, nutritive, and partially or fully degradable
packaging materials and components [78,99,102]. From materials such as edible inert
metals, trace elements below the RDI (recommended daily intake), their oxides, and
nutritive organics, such as bio-pigments and polymers that are dissolved, digested, and



Sensors 2023, 23,2991

13 of 37

absorbed after fulfilling their function (e.g., shellac coating). Furthermore, increased
optimization of electronic circuit components to utilize non-battery powering mechanisms
(e.g., gastric fluid, external magnetic fields, or physical motion) enable more conventional
encapsulation materials such as traditional pharmaceutical tablet powders [74] or simply
freezing functional aspects of the IBC into ice pills (as is the case with a surgical intervention
IBC [78]).

Second, when devices overstay their welcome within the GI tract, capsule retention
becomes a major health concern, especially so with passive sensing capsules. Despite
capsule retention in patients being at 1.4%, many factors such as gut health, motility, and
IBC size can significantly affect retention rates [103]. As of now, a multitude of approaches
have been taken to combat this challenge. Looking to the commercial sector, PillCam has
developed a patency capsule that mirrors their PillCam’s dimensions, effectively acting as a
dummy which can self-dissolve in case the IBC remains within the GI tract [104]. By taking
this before an IBC endoscopy procedure, healthcare professionals and patients alike can
better understand their personal risk of capsule retention. Following the rapid maturing
of this product category, many healthcare companies have fashioned their own capsule
endoscopy systems, such as Jinshan Science & Technology’s competitively priced OMOM
capsule [105]. Looking towards new research into novel IBC materials, new approaches
that adopt deformable softer materials and dissolvable components can reduce retention
and ease blockages that may occur. Furthermore, modular compartmentalized capsules
that break down into smaller parts upon retention or engineering physically smaller IBCs
due to miniaturizations in sensors, batteries, and/or electronics are all possible approaches
to reducing unwanted GI tract retention rates.

Finally, the safety of IBCs with active robotic components should also be evaluated
extensively prior to in vivo trials. With the advent of drug administration, surgical interven-
tion, and biopsy IBCs, rigid components directly interfacing with surrounding tissue may
cause extensive physical strain, perforations, or even scarring on GI tract walls. As is the
case with passive IBC retention, flexible, soft, and dissolvable materials should be favored.

3.2. Detectable Indicators of Physical Health

Ingestible sensors can monitor a wide range of indicators, such as the optical ap-
pearance of tissue, local biomarkers (such as electrolytes, metabolites, and enzymes), the
microbiome within a patient’s GI tract [106], and various physical indicators (e.g., pH, pres-
sure, and temperature). This enables ingestible sensing technology to be applied in tissue
imaging, monitoring of gastrointestinal inflammation, health status, and motility among
a plethora of other applications. Furthermore, IBCs have the ability to assess medication
compliance [74] and even deliver on-demand or extended-release medication to targeted
areas [71,77,106,107]. The first generation of ingestible electronics were demonstrated in
clinical proof-of-concept studies that they could be used to measure pressure, temperature
and pH in the GI tract. With further advances in numerous fields from microelectronics
to bioengineering, ingestible biosensors have now expanded to fulfill a variety of roles
within the GI tract, expanding beyond simple diagnosis and tracking to perform surgical
intervention [78,79] and drug administration [71,77,79,108]. In Table 3, we focus on the
various types of IBCs with applications in the stomach, intestines, and GI tract as well as
the markers sensed by these capsules. While these capsules can be applied throughout the
entire GI tract, this table presents the main usage scenarios for these capsules, and with the
challenging environment that is the GI tract, special attention is paid towards each IBCs’
encapsulation material.
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Table 3. Summary of sensing and operational devices of IBCs.

Types Feature Encapsulation Life Time Development Stage Applications Year
(A) IBCs that located in stomach
Less painful, extended/on Stainless steel, PCL [76], Proof of concept [77,78],
Drug Administration demand targeted Hydrogel [77,108,109], 3h {;2}’ ilh Igt(})f%’lgg(]iays Animal trials Tar%itjd g:li(‘i:;nand 2016, 2018, 2019
drug release 5-layer BD composite [78] ! [76,108,109] & y
Magnetic positioning, PISE;\S/[tll: Sohjgi[goi;:gg/][s’ Proposal [80], Prototype
Biopsy less invasive & ) 88 ’ indefinite [79], Ex vivo Animal Biopsy 2012, 2013, 2014
ainful procedure Aluminum razor [80,81], tissue [110]
P P Polyurethane [110]
L BC, minimal electronics, Ice [78], agarose . .. Proof of concept [78], Ex . .
Optical image mobile w/magnetic fields hydrogel [77] indefinite vivo [77] Less invasive surgery 2016, 2018
Skin-worn receiver patch, Edible adhesives [88],
Ingestion sensor signficantly reduced size, Conventional drug tablet 4 min [74] Commercial product Medication adherence 2015, 2020
gastric fluid powered powder [74]
Flexiblity & non-battery Polyamic acid, UV Curable Proof of concept in vitro
Motility Sensor powered device, epoxy shell [111], Plastic >10,000 be?;l;] [111],26 h & ex vivo [111], in vivo Gut motility 2017, 2019
dissolvable capsule shell [75] animal trials [75]
(B) IBCs that located in intestines
Extended/on
Drug Administration Less painful Stainless steel, PCL 48 days Clinical trials [107] extended/on demand 2019
targeted drug release
Plastic shell (Simi et al.,
Magnetic position, less 2013), PDMS, SMA Proposal [80], prototype
Biopsy invasive & outriggers [79], 7075 Indefinite [79], Ex vivo animal Biopsy 2012, 2013, 2014
Painful procedure aluminum razor [80,81], tissue [110]
polyurethane [110]
Soft & Fuman comp liant, BC rubber wheel & Plastic Ex vivo [71], Animal Distances between/
Odometry Three-arm design takes shell [101] n/a testing [101] from landmarks 2015
stabler & Smoother video & a
Lower manufacturing cost . .
Spectroscopy * Non-toxic polycarbonate, Proof of concept, ex vivo .
(EM Radiation) more accurate & shellac coating, BC epoxy 6to9h trials [109] Blood detection 2016

precise results
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Table 3. Cont.

Types Feature Encapsulation Life Time Development Stage Applications Year
Ultrasound Imaging Ehm%nates certain BC epoxy sefal [112], n/a Ex vivo Ultrasound . 2016, 2018
mapping challenges Parylene coating [100] endoscopy/mapping
Requires a laxative & .
Endoscopy fasting for 24 h prior BC pla§t1cs, Teflon 4-12h Commercial product [106] Endoscopy 2020
. - coating Shell
to administration
(C) IBCs that function in whole GI tract
. . Comparable to precision ~ Polyimede flexible substrate, .. . Chemical markers,
Electro-chemical Sensing lab equipment Polyether ether ketone shell 72h 93] Clinical trials Disease diagnosis 2015
Reliable measurements no BC polycarbonate, hrs to mths to indefinite .
Temperature matter patient’s activity Medical-grade plastic [71,113,114] Commercial product Core temperature 2004, 2015, 2020
Safety, Reliability, BC polycarbonate, M3 Hrs [100] to mths to . .
Pressure Cost, Size Crystal (resin) indefinite [75] Commercial product Pressure, Gut motility 2018, 2019
Miniature & Powerable by BC polycarbonate, 48 h [114] to 20+ days . Gut motility, Stomach
pH many means Medical-grade plastic [71,99] Commercial product acidity, Gastric reflux 2015, 2017, 2020
BC adhesive, Opaque Gut disorders
Gas(CO,, Oy, Hy) Linear measurements »Fpaq >4 days [68] Commercial product (carbohydrate 2017
Polyethelyne Shell .
malabsorption, IBS, etc.)
. Modular organic Parylene/Epoxy, .. . Bleeding, Infection,
Biomarkers sensor design PDMS Shell >9 mth [105] Clinical trials Inflammation, etc. 2018
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3.2.1. Sensing Devices

The primary branch of IBCs in development ever since ingestible core temperature
sensors of the 60s are still sensing devices. These IBCs seek to tap into the vast sea of
physiological and biochemical markers present within the GI tract, hoping to make sense
of the physically, chemically, and biologically complicated environment that is the gut’s
microbiome. While conventional devices that measure physiological indicators. such as pH,
pressure, and temperature, have already made leaps and bounds that result in commercial
products patients and health care professionals can utilize today [114], many novel devices
have been developed which enable monitoring of the gaseous chemical makeup of GI
tract [100] or the biomarkers indicative of certain diseases and/or medical conditions [105].
Furthermore, advancements in micro-scale camera technology have led to the widespread
adoption of endoscopy IBCs, such as Medtronic’s PillCam systems, as opposed to more
invasive and painful traditional endoscopy methods [99,104]. However, these systems
require patients to fast prior to IBC consumption in order to ensure a “clean” GI tract.
Furthermore, they fail to provide the necessary clarity at times—resulting in the develop-
ment of novel sensing technologies from ultrasound imaging & various other forms of EM
spectroscopy to odometry IBCs that enable stabilized video/photo capture [71,112,114,115].
Yet, while sensing IBCs are able to access, monitor, and provide a whole host of important
diagnostic data to healthcare professionals about patient health, an entirely new type of
IBCs can potentially revolutionize how the healthcare industry treats those diagnosed with
GI tract diseases/conditions.

3.2.2. Operational Devices

Another branch of IBCs that has recently developed are IBCs which carry out complex
operations within the GI tract. These operations include biopsies, surgical interventions,
and drug administration. IBCs which carry out biopsies primarily function through magnet-
ically controlled nested razor setups, allowing for a non-harmful amount of GI tract tissue
to be removed & stored within the capsule [79,80,110]. This considerably less invasive
manner of collecting tissue from the GI tract enables tremendously more targeted and
location-specific biopsies. However, these devices are still in developmental phases with
only prototype devices being built. Chugging further along their developmental cycle are
IBCs for surgical interventions. These devices can carry out a plethora of functions such
as patching stomach ulcers while delivering pharmaceuticals to wounded areas [77] or
removing foreign bodies (such as accidentally ingested button cell batteries) [78]. Achieving
such complex functions require significant advancements in mechanical engineering, a
feat reflected in the adoption of novel folding methods inspired by origami within device
designs, and similar to biopsy IBCs, surgical IBCs tend towards magnetic forms of localiza-
tion and locomotion due to their structural nature preventing use of conventional battery
cells. These surgical IBCs have successfully moved past prototype devices and gearing up
for testing in animal trials. Finally, IBCs for drug administration, having been successfully
tested in animal trials, prove to be a direction of significant interest, delivering drugs to
targeted locations on demand [71,76,106,108,116,117]. Adopting more conventional power
methods alongside novel ones (such as chemically inflatable “needles” [107]) as well as
novel approaches to locomotion (such as self-orienting capsules [75], administrative IBCs
progress towards a future of painless, targeted medicine to soothe gastrointestinal diseases.
Furthermore, extended-release administrative capsules can release drugs as necessary,
remaining in the body over a month to release drugs [106]. However, IBCs must still solve
the sizing restraints that come with an ingestible platform as, ultimately, the drug dosage is
still bottlenecked by IBC sizes.

4. Implantable Biosensors for Healthcare

With the developments of novel device structures, advances in flexible and compatible
materials (such as the biodegradable materials, biocompatible hydrogels and conductive
nanocomposites [118]), and the work to reduce the biological reactions of sensors, the re-
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search and applications of the implantable biosensors are proposed and improved to realize
high quality detection and monitoring in vivo which are capable of physiological and elec-
trical examinations in the real-time diagnosis or long-term sensing for targeted treatments.

4.1. Challenges and Features of Implantable Biosensors
4.1.1. Immune Biocompatibility

However, the complex response mechanism of blood and organs/tissue to foreign
devices impede the progress and applications of the implantable biosensors [119]. Ac-
cording to the earlier literature, the body responses to the implantable biosensors mainly
come from blood, subcutaneous tissue, and neural tissue [120,121], which may be similar to
each other but not exactly the same. Sensors in vivo should minimize the injures to target
organs/tissue, improve their performances, and achieve long-term biocompatibility, which
puts immune biocompatibility an essential research focus. Besides, for future healthcare
application of implantable biosensors, there is a great need for more in-depth understand-
ing of immune response and a definition of exposure criteria under various circumstances,
such as skin contact, intake, inhalation, and injection [19], as most of the design strategies
introduced in the wearable and ingestible sensors are still applicable to implanted sensors,
but with more stringent requirements.

On the one hand, once the biosensors are implanted into the blood environments,
it is inevitable for almost all biosensors to cause protein adsorption, which will lead to
the platelet adhesion and other subsequent biochemical cascade later [121]. Firstly, these
phenomena cause a passive analyte diffusion barrier which decrease the sensibility and
interfere the stability of the signals. Secondly, over time, the conformation of the surface
adhered proteins and the platelet further adhere to form a thrombus which does harm to the
health of the patients. On the other hand, as for the responses of subcutaneous tissue and
neural tissue, the implantable biosensors arouse severe inflammatory and the foreign body
response (FBR) which absolutely leads to the loss of sensibility and reliability. Specially,
different from subcutaneous tissue, the implantable biosensors bring about a breach of
the blood-brain barrier and damage to the underlying neural tissue [122]. Besides, the
existence of nervous system-resident astrocytes and microglia in neural tissue contributes
to the formation of a glial scar in FBR [123].

In order to restrain the platelet adhesion and the form of a thrombus, Soto et al.
reviewed the strategies, which can be divided into four methods, namely the use of hy-
drophilic and zwitterionic materials, controlling identity and conformation of adsorbed
proteins, heparin immobilization, and the use of heparin-mimicking materials, nitric oxide
release. As for the strategies to curb the responses from subcutaneous tissue and neural
tissue, we can use zwitterionic materials or porous and nanopatterned coating materi-
als. Moreover, the release of tyrosine kinase inhibitors or dexamethasone or nitric oxide
work [124].

4.1.2. Other Desirable Features

Facing the complex and changeable microenvironment, which consists of the mixture
of multiple elements and chemicals, the rapid development of the implantable biosensors
focuses on solving the essential issues that improving the key performances as the selectiv-
ity. In general, along with the immune biocompatibility and selectivity, the implantable
biosensors still have a long way to go to improve the performance of the limit of detection,
sensitivity, sensing reliability, sensors long-term compatibility, and flexibility in vivo.

4.2. Detectable Indicators of Physical Health

The implantable biosensors have more complicated targets and indicators as they
have direct contact with blood and tissue when they are implanted into human body [91].
We summarize the indicators of implantable biosensors in Table 4. As an important part
of implantable biosensors, we list the mechanical pressure part separately, which can be
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divided into intracranial pressure, intraocular pressure, pressure in artery, intra-abdominal
pressure, and intra-bladder pressure.

Table 4. Summary of indicators in implantable biosensors.

Categories of Biological Information Detection Target (s) Application Scenarios References

Heart failure, Epilepsy,

Electrophysiological signal Parkinson’s disease [125,126]
. . . Temperature Thermoregulatory disorder [90,127]

Physiological signals Motion Parkinson’s disease [128]
Respiratory rate Asthma [94,129]

Optical signal Blindness, Cataract [130]

Parkinson’s Disease, Schizophrenia,
DA/AA Tics Coprolalia syndrome, [94,131]
Pituitary tumor

Biochemical signals Glucose Diabetes [132,133]

K*/Na*/Ca?* Stroke [134]

Stroke, Traumatic brain injury,
pH Migraine with aura [64]
Intracranial pressure Intracranial hype.r te.nslon, Brain [135]
tumor, Brain injury

Mechanical pressure Intraoculal.' pressure Ocular hypertensmrp Glaucoma. [136]
Pressure in artery Hypertension [99,136]

Intra-abdominal pressure Abdominal compartment syndrome [137]

Intra-bladder pressure Underactive bladder syndrome. [138]

4.2.1. Physiological Signal of Implantable Biosensors

Currently, implantable biosensors are more comprehensively investigated for neu-
romonitoring, which can detect electrophysiological signals spontaneously generated
by nerves (e.g., action potentials, etc.) or electrical pacing signals generated by im-
plantable devices (e.g., stimulation of the pallidum by DBS, etc.), thus promising for
monitoring and early warning of neurodegenerative diseases (e.g., Parkinson’s disease),
diseases with abnormal brain electrophysiology (e.g., epilepsy), and psychiatric disorders
(e.g., schizophrenia), and for evaluating the efficacy of surgical electrical stimulation.

However, implantable neuromonitoring sensors face challenges in numerous aspects.
On the one hand, in terms of construction, electrode size, excessive electrode spacing,
and insufficient electrodes lead to inaccurate recordings [139]. On the other hand, insuffi-
ciently flexible materials prevent the device from adapting to the curved surfaces of the
brain. Therefore, new structures and biocompatible materials or new innovative sensor
devices have been invented. An enhanced-mode, internal ion-gated organic electrochem-
ical transistor (e-IGT) based on reversible redox reactions and a reservoir of hydrated
ions within a conducting polymer channel has been developed, which enables chronic
intracranial brain imaging from the brain surface, deeper structures in freely moving rats,
and even real-time detection of epileptic discharges [140]. Furthermore, a neural fringe
with ultra-small size and high flexibility compared to conventional structures is proposed,
consisting of flexible and high aspect ratio microelectrode filament arrays that can stably
record electrical signals and neural activity [125]. Notably, deep brain stimulation (DBS)
is a widely used method for the treatment of neurological disorders. A fully implantable
device with both chronic electrophysiological recording and stimulation has been shown to
be effective. The device possesses high resolution, low noise, and stimulation artifacts [125].
In addition, a CMOS 256-pixel photovoltaic-powered implantable chip with an active pixel
sensor has been invented that enables visual imaging based on electroretinogram (ERG)
measurements [130].
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4.2.2. Mechanical Pressure of Implantable Biosensors

Combining the superiorities of light weight, high sensitivity, and low cost, flexible
pressure sensors based on the mechanism of piezoresistive effect, capacitance, and piezo-
electricity represent an essential part of flexible electronics. Firstly, as intracranial hyper-
tension is a condition possibly caused by traumatic brain injury, aneurysms, brain tumors,
hydrocephalus, stroke, and meningitis, for monitoring, an implantable pressure sensor is
fabricated to continuously and wirelessly monitor intracranial pressure (ICP) [135]. It is
worth mentioning that Chen et al. report implantable and bioabsorbable multifunctional
sensors for the brain, which can continuously monitor ICP and at the same time minimize
the risk of infection and reduce the pain for patient. Secondly, the accurate and continu-
ous elevated intraocular pressure (IOP) monitoring can prevent or relieve the decreased
vision and blindness. A multifunctional contact lens sensor with sandwich structure is
reported to continuously and wirelessly monitor IOP. Thirdly, considering the significance
of blood flow detection for recovery after surgeries which is used to assess the status of
vascular bed, a pressure sensor which consists of a bilayer coil structure for radio frequency
data transmission and a fringe-field capacitive pressure sensor is reported [136]. Fourthly,
high intra-abdominal pressure (IAP) is associated with acute renal failure and lung injury,
which is called abdominal compartment syndrome (ACS), causing high morbidity and
mortality. A set of IAP monitoring systems were used to record IAP data and analyze the
relevance among stressors in the body, leading to diagnosis and medical treatment [137].
Lastly, intra-bladder pressure (IBP) is related to diabetes, aging, neurologic diseases, and
even the ACS mentioned above which leads the underactive bladder (UAB) syndrome. A
self-control system consisting of a triboelectric nanogenerator sensor and the actuator to
realize the autonomous micturition and monitor the fullness of the bladder and IBP was
introduced [138].

4.2.3. Biochemicals of Implantable Biosensors

The presence of biomolecules in tissue fluids or other body fluids reflects the regulation
of metabolic processes or physiological homeostasis in the human body, and reliable
monitoring of their composition and concentration not only provides an assessment of
the body’s status, but also aids in the real-time kinetic observation of biomolecules and
chemicals in vivo. However, the coexistence of a large number of substances with similar
structures and properties in a variable and complex micro-physiological environment poses
a challenge to the sensing selectivity and reliability of implantable biosensors.

Currently, the in-situ detection of important substances, such as dopamine (DA),
hydrogen ions, and glucose, has received increasing attention. As an important neuro-
transmitter, DA is widely distributed in the central and peripheral nervous system and is
associated with numerous functions such as cognition, movement, and emotion in humans.
Therefore, studies on the detection of DA have shown its importance in physiological and
clinical applications. Based on the basic carbon fiber electrode structure (CFE), it is pro-
posed that CFE coated by PEDOT/graphene oxide can detect DA quickly with satisfactory
sensitivity and exhibit a DA sensitivity of 880 + 88% without significantly altering the
electrode kinetics [131]. Meanwhile, carbon fiber microelectrodes (CFMEs) modified with
copper(l) sulfide functionalized graphene oxide nanocomposites (CuyS/RGO) exhibited
high selectivity for DA while avoiding interference from other components such as histi-
dine, ascorbic acid, and uric acid [141]. At the ionic level, monitoring of central nervous
system (CNS) pH in the living brain contributes to the understanding of acid-base and
ion homeostasis on brain activity and effects. Hao et al. demonstrated a potentiometric
method for monitoring CNS pH in vivo with carbon-fiber-based proton-selective electrodes
(CF-H'ISEs), which is highly resistant to fouling and can disclose and explain that brain
acidosis is caused by CO, inhalation and brain alkalosis is caused by bicarbonate injec-
tion [134]. In addition, continuous monitoring of pH in the living brain may also provide
and facilitate the detection and monitoring of positive ions, such as K*, Na*, and CaZ,
in vivo. A novel K*-sensitive miniature solid-state ion-selective electrode probe, based on
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a PEDOT electrode sheet, was fabricated to measure multiple parameters associated with
the neurological phenomenon spreading depression (SD), which is thought to be important
in brain disorders, such as stroke, traumatic brain injury, and migraine with aura [64].

In addition to the detection of substances in the brain environment, glucose concen-
tration in the blood is an important biochemical parameter to assess the level of control
of diabetes, and continuous glucose monitoring also helps to understand the glycemic
index (GI) of food to the individual with the regulation of the frequency and dose of
medicinal insulin. A flexible enzyme electrode sensor with a cylindrical working electrode
modified with three-dimensional nanostructures was creatively implemented for glucose
monitoring based on interstitial fluid (ISF) analysis by rotational inkjet printing technology
and solved the problem of sensing sensitivity for monitoring even under hypoglycemic
conditions [132]. Moreover, based on the concept of artificial organs, functional implantable
glucose biofuel cells have also been applied to monitor blood glucose [142], which enlight-
ens us to understand and design sensors at the level of living sensory cells or organs.

5. Strategies for Reliable Biosensors

Nowadays, whether in the precaution of chronic diseases, clinic recovery and treat-
ment, or the monitoring of vital signals in daily life, people’s need for long-term monitoring
of reliable biosensors, which can realize continuous and stable detection and provide a large
amount of valuable data, has sharply increased. Besides, some ingestible and implantable
biosensors introduced above need to be replaced periodically which causes both mental
and physical suffering to patients and increases the medical cost and risks too.

Hence, for the realization of reliable biosensors, scholars have made lots of efforts
and attempts. In many cases, the monitoring duration of these biosensors largely depends
on the energy provided to the devices or the time to recharge, assuming the devices do
not fail as the same time. Meanwhile, ingestible biosensors and implantable biosensors
detect signals in vivo under more complex conditions and cannot have direct connection
to the outside environment, which make the power supply and management an essential
issue worthy of being considered. In addition, we can also design from the prospective of
structures and materials of the biosensors to improve their reliability.

5.1. Strategies to Improve Reliability of Biosensors

Biocompatibility which refers to materials that cause appropriate reactions in specific
parts of the body [143] is a major issue to the application of sensors. According to the
interpretation of the International Standards Organization (ISO) meeting, biocompatibility
refers to the ability of living organisms to react to inactive materials, and generally refers to
the compatibility between the material and the host [144]. Meanwhile, the manifestations
of biocompatibility vary by the types of the biosensors according to the context above as the
wearable biosensors address on the mechanical biocompatibility, the ingestible biosensors
focus on the encapsulation and the implantable biosensors attach the importance to the
immune biocompatibility. In short, we can mainly think about the ameliorating of materials
and structures to promise the high reliability of the biosensors. As a representative of
glucose biosensors, materials like transition metal oxides, e.g., Co304, TiO,, CuO, and NiO,
exhibit better stability than the metals, e.g., gold, platinum, and their alloys [145]. Besides,
with the wide use of nanomaterials, e.g., metal nanoparticles, conductive nanotubes, silicon
nanowires, and polymer materials, such as the PDMS, PI, and PET promotes, the perfor-
mance improvement of biosensors helps to prolong their monitoring time. As for biofuel
cells using as power source for biosensors, an electrode with a 3D structure can improve
the stability of the immobilization of enzymes which enhanced the reliability from the
structure. There are also many other methods and strategies in engineering prospective
to prolong the monitoring time of the biosensors which means we will always have the
chance to explore new field to realize the long-term monitoring indeed.
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5.2. Energy Sources and Power Management of Biosensors

The great limitation for the biosensors to carry out their functionalities and realize
long-term monitoring is the indemnification of a continuous power supply. We summarized
the power sources that are applied to the wearable, ingestible, and implantable biosensors,
including the outer power supplies and the advanced self-powered sources. According
to the Table 5, the power sources include batteries, photovoltaic (PV) or solar cells, radio
frequency (RF) energy harvesters, biofuel cells (BFCs), and energy generators consisting of
piezoelectric nanogenerators (PENGs), triboelectric nanogenerators (TENGs), electromag-
netic generators (EMGs), electrostatics generators (ESGs), and thermoelectric generators
(TEGs) which are able to maximally collect the energy from the ambient environment and
human body for use. There are also hybrid energy strategies to expand the power capacity
and improve their performance which are widely used in wearable biosensors.

Table 5. Summary of power sources to three kinds of biosensors.

Sensors Types of Power Detected Signals/Targets
. Glucose [34], Lactate [34,146], pH, Temperature [147],
Batteries Potassium [146], Li ions [148]
PV /Solar cells Pressure [149], Strain [150]
BECs Fructose [151], Glucose [152,153], Exosomes from cell
[153], Lactic acid [137,154]
RF harvesters Location tracking [155]
Pressure [156], Strain [157], Motion [158],
PENGs Vibration [159]
Tactile [160,161], Breathing, pulse [162], Moti
Wearable biosensors TENGs actile [ [163]164r]e astrls';;gl [11255%[6] I, Motion
Energy harvesters e d
EMGs Motion [167]
ESGs Vibration [168]
TEGs Temperature [169,170], Pressure [169], Breathing [171],
Humidity, Motion [170]
TENGs& PENGs Gait, Sweat [172]
) TEGs& PENGs Temperature, Motion, Pulse [173]
Hybrid energy TENGs& solar cell Motion [174]
PV& TEGs Temperature, Heartbeat, SpO,, Body acceleration [175]
AcO or Li or Temperature [71,109], pH [71,136], Gas [100], Pressure
Batteries Li—igo 1 batteries [75,100], Distance [71,101], Motility [71,75,78], Image
[71,80,104,109], Biomolecules [105]
Ingestible biosensors BFCs Temperature [176], Medication adherence [74]
RF harvesters Image [177]
PENG Motility [78
Energy harvesters s otility [75]
TEGs Temperature, pH, Iron ions [177]

Li batteries

Heart beating [178]

Batteries . :
Li-ion batteries

Neural signals [179]

PV /Solar cells Optical signal [130]
BECs Glucose [142], Disaccharide trehalose [180],
. Temperature [181], Humidity [127]
Implantable biosensors - ; :
Pressure [182], Vibration [183], Breathing [129], Heart
PENGs beating [184], Motion [128], Pulse [185], Blood

pressure [185]

Energy harvesters
TENGs

Fullness of the bladder [138], Breathing [186], Blood
pressure [183,187,188]

EMGs

Heart beating [189,190]
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As batteries with simple structure provide power without the favor of complex circuit,
they are comprehensive used as the power supply for biosensors at the very beginning.
When it comes to batteries, the lithium-based batteries, e.g., lithium batteries and lithium-
ion batteries, which are both made of lithium, possess high energy density and battery
voltage promoting their widespread use in biosensors and medical applications [191].
Considering the safety problem and high cost, the rechargeable batteries based on the
alkali metals and alkaline earth metals are proposed as the substitute for the lithium-based
batteries. For the wearable biosensors, all kinds of batteries, such as alkaline batteries,
nickel-based batteries, and lithium-ion batteries, are used as the power to measure tem-
perature or detect the lactate, pH, and ions from the body fluid on the body surface. The
implantable biosensors adopted the lithium-based batteries as the energy resources to
realize the information collecting of heart beating and neural signals. Meanwhile, for
ingestible biosensors, silver oxide batteries consisting of silver oxide as the cathode and
zinc as the anode have edges over other batteries as the power supply because of their
safety and the refrain of the thermal runaway. In order to further improve the compati-
bility and the performance of the batteries in terms of weight and volume as well as the
toxicity of the batteries, which presents inconvenience and suffering to people, restricting
their applications, various batteries like the solid-state batteries and transient batteries are
being developed rapidly. For instance, Young et al. demonstrated a kind of biodegradable
aqueous sodium-ion energy storage device for the ingestible biosensors to achieve power
supply for medical signals sensing and avoid the toxicity problem as the same time [192].
PV /solar cells with the characteristics of light weight, high flexibility and efficiency have
aroused great interest from scholars and become ideal substitutes for batteries. As a power
supply for sensors, there are self-power pressure and stain wearable sensors with solar cell
utilizing the ambient light as the power source to realize continuously and stably measure-
ment [154,155]. Besides, a photovoltaics-powered chip mentioned above was proposed
for implantable active pixel sensors to detect the optical signals [130]. RF harvesters as
continuous and controllable power sources are able to collect the RF waves energy from the
dedicated or ambient environment. A textile-based large area RF-harvesting system was
introduced, and it demonstrated potential application for wearable sensors. They pointed
out their potential value in defense, space, smart home, and childcare for sleep monitoring
and location tracking [155]. Moreover, it is worth mentioning that the transcutaneous
energy transferring devices are needed for ingestible and implantable biosensors to harvest
energy compared to PV /solar cell or RF harvesters applied in wearable biosensors.

A biofuel cell generates energy by redox reactions between the anodic site and the
cathodic site which can produce continuous power for long-term monitoring as the reactant
are present. The most notable feature of biofuel cells is their ability to make use of the
reactants available from the human body. In different kinds of biosensors, the biofuel cells
can extract energy from various body fluids, e.g., sweat and tears, via wearable biosensors,
gastric and intestinal juice via ingestible biosensors, tissue or cell fluid and blood via
implantable biosensors, and for electronics to detect the glucose, lactic acid, medication
adherence, temperature, humidity, and so on. Meanwhile, the low power conversion
efficiency and the dependence of the reactant limit their applied range and area.

According to different electricity generation mechanisms, here, the power source gen-
erators can be divided into five types as piezoelectric nanogenerators (PENGs), triboelectric
nanogenerators (TENGs), electromagnetic generators (EMGs), electrostatics generators
(ESGs), and thermoelectric generators (TEGs). The five kinds of generators or nanogenera-
tors can utilize material characteristics or energy transducers to transfer deformation or
thermal energy to power. Based on the forming principle of electric dipole in piezoelectric
materials when the force is applied, PENGs can generate the voltage difference to power
devices to monitoring the signals of pressure, motion, breathing, heart beating, pulse and
blood pressure. Based on the effects of friction electrification and electrostatic induction,
till this moment TENGs can provide energy to wearable and implantable biosensors to
detect the targets of tactile, breathing, pulse, motion, and blood pressure, and ESGs can
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be used as a power source for the vibration wearable sensor. Based on the generation
of electromotion from the changes in the external magnetic flux of a close-loop circuit,
EMGs harvest the kinetic energy and transfer it to power sensors to monitor the motion
of wearable biosensors and detect the heart beating of implantable biosensors. Based on
the pyroelectric effect, TEGs on the one hand can offer energy for wearable biosensors
to monitor temperature, heartbeat, SpO,, and body acceleration, and on the other hand,
make use of the heat energy in the intestines and stomach of the human body to power
ingestible biosensors to detect temperature, pH, and iron ions. In order to improve the
performance of the energy sources by increasing the PCE and the stability, researchers have
tried and realized several kinds of combinations of the energy sources mentioned above,
including the combination of PENGs and TENGs, PENGs and TEGs, PV and TEGs, TENGs
and solar cell.

6. Transforming Healthcare Technologies with Biocompatible Biosensors

Over the decades, researchers have developed a variety of compelling biosensors,
some of which are already commercially available. These biologically compatible sensors
are realizing indoor-feasible detection and revolutionizing current healthcare technologies.
From the perspective of application level, the new generation of healthcare technology
presents three forms: the next generation of intelligent diagnosis, integrated diagnosis
and treatment equipment, and the improvement of medical service and management
level (intelligent bedside care, chronic disease management, and improvement of inpatient
treatment efficiency in specific).

6.1. A Prototype for the Next Generation Diagnostics

Currently, in most healthcare facilities, tests are still prescribed by physicians, which
in turn are performed by laboratories and reports are issued for physician diagnosis and
ultimately collected in the form of electronic or paper-based medical records. This model
allows clinical practices to generate rich data, but they are still not systematically integrated
and analyzed using specialized data analysis methods.

The core connotation of next-generation diagnostics is the personalized diagnosis and
precision medicine. Although various traditional sensors and biocompatible sensors pro-
vide multi-dimensional data support for the development of precision medicine, it is still
essential to apply the generated data. To overcome the barriers of data acquisition and data
analysis, intelligent algorithms have been introduced into medical sensing systems, greatly
facilitating the development of personalized precision diagnosis (Figure 4). The organic
combination of these novel biocompatible sensors and artificial intelligence (Al) is consid-
ered to be the prototype of next-generation diagnostic technologies. Artificial intelligence
algorithms can significantly improve diagnostic accuracy and maximize the physiological
signals in situ. For example, Veeralingam et al. reported the first nanomaterial-based
multifunctional sensing platform for simultaneous and continuous monitoring of specific
important body parameters, namely skin hydration levels, glucose concentration, and pH
of biofluid sweat, with high accuracy and speed [193]. To facilitate a human-machine
interface capable of analyzing large sample sizes of data, the sensor is connected to an
open-source microcontroller board (QueSSence) in which an Al-based K-nearest neigh-
bor (KNN) algorithm is capable of acquiring data accurately and quickly from complex
mathematical nodes.

Notably, Al algorithms and models bridge the gap for integrated and comprehen-
sive sensing and health assessment based on environmental sensors and biocompatible
sensors. This prospective concept has been tested on animals. A wearable multi-sensor
system was explicitly designed by Zhang et al. to continuously obtain real-time data on
environmental and physiological parameters of live sheep [194]. Predictive models for
comfort and health evaluation were developed based on generalized regression neural
networks (GRNN) for environmental and physiological parameters and backpropagation
neural networks (BPNN). The results show that the wearable multi-sensor system has high



Sensors 2023, 23,2991 24 of 37

accuracy and stability in data acquisition, and its power consumption and communication
performance can meet the monitoring requirements. Importantly, correlation analysis
showed a significant correlation between environmental and physiological parameters.
Thus, in the case of unknown essential health parameters, only environmental information
is available to predict health levels. This inspires us to predict the health status even by
changes in environmental parameters, and the assessment of human health should include
the assessment of the environment, which is the connotation of Ambient Intelligence [195].
At this level, the algorithm also provides a method for the fusion of sensor data, including
SVM, Bayesian algorithm, Kalman method, K-means algorithm, convolutional network,
and other algorithms that provide many sensor data fusion solutions, helping to achieve
comprehensive functions, such as emotion and motion pattern recognition (Table 6).
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Figure 4. Scheme of a prototype for the next-generation diagnostics. (Created with Biorender).
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Table 6. Information fusion of different information modalities.

Modalities Sensors/Database Medical Applications Fusion Technique Ref.
Images The JAFFE, the Co}.m—Kanade, and the Facial expression identification Gauss-Laguerre waYelet textural [196]
MMI image feature fusion
Electro-Magnetic (EM) tracking and A miniature inertial measurement unit Attitude estimation for laparoscopic .
MEMS inertial sensors and an electromagnetic navigation system surgical tools An extended Kalman filter [197]
Inertia and vision Inertial and visual motion capture sensors Knee ﬂex1or} kmt'ematlcs for functional An extended Kalman filter [198]
rehabilitation movements
Contmuo?(sjél&c)ocsléeltr;omtormg CGM sensors Blood glucose estimation A K-mean algorithm [199]
ECG MIT-BIH-AR database Heartbeat classification A series 9f one-versus-one [200]
SVM binary classifiers
. R Hip and wrist accelerometers, Respiratory .. . .. .
Acceleration and ventilation signals from the AB ventilation sensors Free-living physical activity assessment SVM algorithm [201]
Weighted majority vote, Naive Bayes
Acceleration Wrist accelerometer Classification of physical activities combination, and Behavior knowledge [202]
space combination
Multiple density map (with Ellipse fitting
Daily steps and speed Wearable or mobile devices Assessing 1nten51.ty patt(?rr} of lifelogging moqel to remove irregular uncertainties [203]
physical activity firstly), Dempster-Shafer theory of
evidence (DST)
Inertial measurement units (IMUs) A knee sleeve for monitoring of
MU-POF intensity-variation based Polymer Optical hvsical thera & Multiparameter fusion (MPF) algorithm [204]
Fiber (POF) curvature sensor PRy Py
Blood flow waveform (BFW) Wireless cuffless limbs blood sensors Cgrdlo'v ascular p atlents' who haYe Multiparameter fusion (MPF) algorithm [205]
high-risk levels of arteriosclerosis
Inteeration of inertial sensors, Magnetic Identifying low-level micro-activities that ~ Gathering the location information of the
. °5 »Viag can be used to derive complex activities target user by using a wearable beacon
Location field and bluetooth low energy (BLE) e . [206]
technalogies from the wearable beacon of daily living (ADL) performed by embedded with a magnetometer and
home-care patients inertial sensors
Wrist-mounted inertial sensors Accurate, Long, Real-time, Low-power, A personalized model taking unique eait
Gait Speed (wrist-mounted accelerometer and Indoor/Outdoor speed estimation in p g unque g [207]

and barometer)

daily life

style of each subject into account
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Table 6. Cont.

Modalities Sensors/Database Medical Applications Fusion Technique Ref.
. . Improve Radiofrequency Ablation . . .
Multi-Frequency Electrical Electrical impedance measurements Monitoring (RAM) by monitoring of RFA Non-linear machine learning [208]
Impedance (MFEI) . O . . (ML) models
within multiple tissue types
Inertial measurement units (IMUs) . . .. . . Sensor fusion algorithms and a
MU securely fixed to body segment Analyzing hip and knee joint kinematics biomechanical model [209]
Wearable IMU (inertial measurement Motor fluctuations in patients with Tlme—frquency (TF) repres?ntatlon and
IMU . . ;o multiway data analysis tools [210]
units) sensors Parkinson’s disease (PD) . "
(i.e., tensor decomposition)
Respiration, Cardiac Electrical signals, Sensors of resplratlion, ECG, Blood Remote health care systems Evidence theory [211]
Blood pressures, SpO; pressure, Saturation of oxygen
. . .. Layer model with redundant,
. The automatic online recognition of ..
Antenna signals Antennas, RFID tags L. complementary, Cooperative signal [212]
surgical instruments fusi .
usion strategies
Desktop microphone (audio), Logitech
Upper body movements, Force and quickcam (bird’s-eye video), Syntek USB
torque applied to and orientation and Video Capture (surgical field video), ATI Laparoscopic surgery skill acquisition The calculation of mechanical energy [213]
position of the surgical instruments mini40 (force and torque), PTT Phoenix
VZ3000 (marker locations)
EEG: low wave energy, sleep spindles,
EEG, Electro-oculogram (EOG), EMG Kcomplex delta, theta, s_tablhty; EOG: eye Personalized sleep staging system Evolutionary 'algor'lthm and [214]
movement, correlation, movement symbolic fusion
activity; EMG: movement activity
. . . Jaw motion (JM) sensor, Hand gesture e . . Calculating the product b‘etween the M
Joint motion and acceleration Monitoring ingestive behavior and HG function, Computing the mean of [215]
(HG) sensor, Accelerometer . .
the acceleration signals
Time series, Histopathological images, Spanning images, Text, Genomics data Explainable Al for medical diagnosis and Graph neural networks [216]

Knowledge databases, Patient histories

health monitor
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6.2. Integrated Systems for Therapeutic Interventions

Precision therapeutic interventions, including but not limited to exercise rehabilita-
tion [6] and drug therapy [217], are important to achieve personalized medicine, where
the sensors could provide information from variable modalities. For example, the Kinesia
system, developed by GLN, monitors Parkinson’s disease through a patient-worn sensor
and tablet-based software. The tablet is responsible for issuing instructions to the patient,
collecting data from the sensor, and transmitting the data to a cloud service. Through a
portal, physicians can access information about the patient’s progress in recovery. It can be
used to monitor the progress of the disease and evaluate the effectiveness of treatment for
Parkinson’s patients participating in clinical trials, as well as to help neurologists adjust
the settings of implanted brain pacemakers (deep brain stimulation, DBS). The system’s
sensors capture linear acceleration and angular velocity, which are then processed and
converted into component values by GLN software, allowing physicians to determine the
severity of the tremor over a fixed period of time.

From this level, micro or macro cybernetic design is particularly important, as shown
in Figure 5. While the sensor performs the sensing task, the information it senses needs to
be used as a reference for immediate actions or long-term decisions to reflect the system’s
grasp of environmental information. From this perspective, there is a slight lack of current
research. This is partly due to the fact that most of the current sensor research lacks
systematic design, and the reliability of its sensing results, although high, may not provide
a practical or perfect 10 interface. Therefore, subsequent research needs to strengthen
the design of wireless communication and upper computer processing to algorithmically
realize the upper computer mining and fusion of sensor information. On the other hand,
how to establish a processing system and decision system corresponding to the signals
collected by the long-range sensors still needs to be determined by actual experiments with
a large sample of people.
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Figure 5. Scheme of a prototype for the next generation diagnostics.

6.3. Improvement of Medical Services and Management

While healthcare services and management have been initially computerized, bed-
side care and healthcare management are advancing toward intelligence through the
integration of biocompatible sensors and sophisticated environmental sensors. Internet of
Things (IoT) technology has greatly facilitated the development of clinical management and
telemedicine. While biocompatible sensors can detect more information in situ, the accessi-
bility and transferability of information are equally important for applications, especially
for ingestible sensors that function in the digestive tract and implantable sensors that are
implanted in the human body. Therefore, it is necessary for biocompatible sensor terminals
to communicate with cloud or relay devices represented by cell phones via far-field radio
frequency (RF) communication, skin electrodes, wireless networks, Bluetooth, etc.
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The use of this communication will bring many benefits. First, an aging society is
accompanied by a higher incidence of chronic diseases and the consequent burden of high
medical bills. Sensors provide physicians with the ability to remotely monitor patients’ body
parameters, helping to enable telemedicine and personalized treatment while reducing the
strain on the healthcare system and minimizing its operational costs. Second, a prominent
issue in clinical care is medication adherence. For example, in the treatment of tuberculosis,
the treatment strategy is to encourage patients to adhere to the treatment regimen, and
one of the measures is directly observed therapy (DOT), in which the staff supervises the
patient in a direct interview to take anti-tuberculosis drugs. Moreover, non-adherence
to chronic medication regimens can lead to delays in treatment and a drain on health
care resources. It also imposes a preventable financial burden of hundreds of billions of
dollars on the government. To address this issue, ingestible electronic devices are ideal and
can be included in conventional medications to address medication non-adherence. Oral
medications can be tagged with a radio frequency identification (RFID) chip, such as the
Proteus Discover, which monitors patient adherence to a specific treatment regimen [218].
After ingestion and contact with gastric juice, the Proteus Discover system is powered by
an electrical couple and communicates its identification code to a receiver patch worn by
the patient. A proof-of-concept study to assess transmission efficacy has been conducted
by attaching the chip to an inert pill to be taken with TB medication.

7. Concluding Remarks and Prospects

In the past decade, biocompatible biosensors have been able to access a wide range of
physiological health information. In situ, real-time, simultaneous multi-marker detection
has provided a richer resource or information modality for precision medicine and person-
alized diagnosis. Advances in materials science, device design, and processing methods
have made long-term, real-time monitoring possible, helping to monitor the progression of
chronic disease, understand its course, and further identify potential biomarkers.

However, the application and research of biocompatible sensing technologies in the
medical field is still limited, especially in chronic disease care and invasive, implantable
sensing applications. Most of the research has focused on addressing the crux of biosen-
sors and improving their key properties, such as sensitivity, selectivity, reliability, and
compatibility. Furthermore, most of the current research on intracellular monitoring has
only demonstrated the feasibility of its principles and functions, and this area is still
worth exploring.

Furthermore, to apply biosensors in clinical practice, their use must be considered
for people with quality-of-life requirements. Therefore, the sensing technology should
maximize the quality of life of the people it is used on to achieve the best detection results
and should also be affordable for the patients. Commercialized wearable electronics and
IBCs provide a good reference for the next technological development. On the one hand,
biosensors should be progressively disposable, especially for ingestible and implantable
biosensors, or for wearable biosensors that can be easily recycled, which brings convenience
to patients and raises the requirements for long-term monitoring and low-cost biosensors.
On the other hand, biosensors should minimize the physical sensation they cause to users,
including improving flexibility and reducing size, while new synthetic materials and novel
structures can be used as well as the development of three-dimensional packaging and
integration technologies to facilitate the miniaturization process, making biosensors more
portable and lightweight, all research directions worthy of deeper exploration. Taking
electronic skin as an example, electronic skin is self-powered by solving the power supply
problem with nano-generators, constructing arrays using multiple single electrodes and
multi-axis sensors, and gradually achieving miniaturization through a strategy of integrat-
ing sensor devices, wireless units, and systems. Moreover, miniaturization comes at the
cost of shrinking in situ user interfaces. Thus, the ergonomic and user-friendly design of
user interfaces with wireless devices is important, which will improve user experience and
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reduce their barriers to carry and use biosensors, which puts more demanding requirements
on industrial design.

Currently, researchers have fully elaborated various sensing technologies in a number
of common disease application scenarios and have made some useful explorations in Al
algorithm-assisted precision diagnosis and improved healthcare service management. As
electronic devices are integrated with biological bodies, future challenges are increasingly
apparent, e.g., in terms of ethics, security, communication, and control. Sensing technologies
suitable for application scenarios should be carefully selected, and issues, such as the
processing of massive multimodal data, information fusion technology, and integrated
management of multi-individual data, should be fully considered, where user privacy
protection and ethical issues will be addressed throughout. We should further consider
ethical and emotional issues based on a full consideration of biocompatibility issues to
achieve more comprehensive compatibility between devices, users, and institutions.
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