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Abstract

Chronic illnesses require continuous monitoring and medical intervention for efficient treatment to be achieved. Therefore, designing
a responsive system that will reciprocate to the physicochemical changes may offer superior therapeutic activity In this respect,
biosensors development, which offers constant, fast, selective and sensitive in situ monitoring is extremely important. The ability of
biosensors miniaturization opens new technological pathways for the development of innovative approaches, which will be able to
detect awide range of compounds in the "multi-mode" system. Miniaturization and integration of important components resultin many
advantages: reducing the time of analysis and laboratory processes, automatization of measurements, compactness, and portability.
Biosensing instruments also represent a very promising scientific way for construction new generation of wearable, portable and
implantable bioelectronic devices for Point-Of-Care (POC) testing application. Biosensors also offer a powerful opportunity in early
diagnosis and treatment of illness, which is an essential value in the case of POC testing. POC is mostly focused on the patient
with chronic illness, where the continuous monitoring of analytes, is required to allow changing of the dosage and treatment period.

In this review, we present the application of biosensing platforms in one chip, which can be used in wireless, wearable and swallowable

sensors for POC diagnostic.
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1 Introduction

Chronic illnesses require continuous monitoring and med-
ical intervention for efficient treatment to be achieved.
Therefore, designing a responsive system that will recip-
rocate to the physicochemical changes may offer superior
therapeutic activity [1]. In this respect, biosensors devel-
opment, which offers constant, fast, selective and sensi-
tive in situ monitoring is extremely important. Biosensors
belong to the group of chemical sensors, which are ana-
lytical devices that use biological recognition elements
(such as enzymes or antibodies) for the detection of dis-
ease biomarkers, followed by the quantification of bio-
markers using transducers (Fig. 1) [2—4].

Since 1962, when Leland Clark introduced the first bio-
sensor prototype, biosensors became omnipresent in a
wide range of important areas such as biomedical diagno-
sis, point-of-care monitoring of treatment and disease pro-
gression, environmental monitoring, food control, drug
discovery, forensics and biomedical research [5]. A bio-
sensor is composed of two intimately associated elements:

a receptor layer and a transducer. The receptor layer is
built of biological material (e.g. enzymes, whole cells,
antibodies) and recognizes the analyte, whereas the trans-
ducer converts the (bio)chemical signal resulting from the
interaction of the analyte with the bioreceptor into a dig-
ital electronic signal [6]. The output signal is directly or
inversely proportional to the concentration of the exam-
ined substance. Their connection in the bioreceptor part
with high-affinity biomolecules allows the sensitive and
selective detection of a range of analytes. One of the most
important applications of biosensors is the point of care
testing, which is to be the primary form of diagnostic
for many patients in the developing world.

Point-Of-Care (POC) testing is generally defined as
tests that are performed away from the medical labora-
tory. There is still not any universal definition of such test-
ing however, any tests that can be done quickly, simply
and without the need for sophisticated laboratory equip-
ment is defined as POC. According to Peeling et al. [7]
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Fig. 1 Schematic description of biosensor work (according to [4])

the fundamental requirements for POC are accuracy, sensi-
tivity, specificity, user-friendliness, rapid and robust, equip-
ment-free and delivered (ASSURED) at settings away from
traditional laboratory. In comparison with conventional
analytical testing POC possess many advantages, they are
more efficient, the turnaround time for results is decreased,
which is directly connected with faster patient diagnosis,
allow for rapid response and continuous monitoring of crit-
ical parameters, they are portable and more convenient,
indirect costs by avoiding travel can be reduced [8].

Biosensors, thank to fast measurement, offer a pow-
erful opportunity in early diagnosis and treatment of
illness, which is an essential value in case of point-of-
care testing. Additionally, they can be fully automated
and miniaturized. POC is mostly focused on the patient
with chronic illness, such as Alzheimer's or Parkinson's
diseases, diabetes or epilepsy where the continuous moni-
toring of important analytes is required to allow changing
of the dosage and treatment period. Wireless POC systems
(mostly biosensors) provide the continuous measurements
and monitoring of important biological parameters con-
nected with such disorders [9, 10]. These bio-analytical
systems can be divided into two groups: implantable bio-
sensors and wearable biosensors.

Implantable biosensors become more interesting,
due to their cost efficiency and diversity of application.
Connection of biosensors with wireless capability pro-
vides real-time monitoring of health conditions, and also
control of real-time drug delivery systems. In the future,
such systems will be miniature sensors equipped with a

single platform that could measure a lot of different param-
eters, such as pH, pressure, temperature. The integra-
tion of biosensors and Integrated Circuit (IC) technology
with a wireless link forms the basis for future multisensor
microsystems and leads to real-time and continuous mon-
itoring of chronic illness [11].

Wearable biosensors are mostly placed in patients' outfit
or skin (as a tattoo) and are also used for permanent con-
trol of some vital health parameters. For instance, a wrist-
worn system for monitoring of electrocardiogram (ECG),
blood pressure, blood oxygen saturation, acceleration, and
temperature, due to connection of all sensors, signal pro-
cessing, and cellular communication [12].

In this work, wireless biosensors application in point-
of-care medical testing is presented.

2 Diagnostic application of wireless sensors

Biosensors and sensors have become important diagnostic
devices, engage in almost every field of industry, due to
their possibilities of miniaturization and automatization.
Last, huge progress in nanotechnology has led to develop
systems that are implantable, swallowable, wearable, or
portable and provide more comfort for patients, with the
absence of wires reducing costs and providing more
flexibility [13]. Due to this fact, the application of such
apparatus possesses many diverse applications, mostly
in medical diagnostics. Wearable platforms integrated
with chemical or biochemical sensors are a very promis-
ing way in the context of the creation of new non-invasive
healthcare devices. Wearable electronic devices such as



smartwatches, smart glass, and wearable cameras pres-
ent a wide range of applications in healthcare monitor-
ing. They permit continuous analytes monitoring, which
provides detailed information unattainable by intermit-
tent blood sampling, including real-time, "24/7" display of
analyte level and rate of changes [14]. Many constructed
systems are using the "smart materials", such as graphene,
nanoparticles, which are focused on the monitoring of
biological fluids, for instance, interstitial fluids, breath,
sweat, saliva and tears [15].

2.1 Wireless wearable sensors

For appropriate performing real-time, continuous mon-
itoring, using the wireless sensor, of important param-
eters in the patient’s body must be taken into account
three main features of such devices: battery-less operat-
ing mode for long-term use and preservation of the integ-
rity of the sensed/stimulated tissues, respectively [16].
Unfortunately, due to the fact, that it is extraordinarily hard
to counteract wireless system/skin because of the inter-
face features cumbersome time-varying dynamics [17].
The article presented in Science shows the soft elasto-
meric substrate in microfluidic assemblies. They present
structured adhesive surfaces and controlled mechanical
buckling to achieve ultralow modulus, highly stretch-
able systems that incorporate assemblies of high-modu-
lus, rigid, state-of-the-art functional elements [18]. Such a
wearable, flexible device can monitor heart rate and other
crucial health parameters.

The Connection of nanosensors with biomaterials may
present a high impact on the monitoring of health param-
eters and adaptive threat detection. Due to the nanoscale
nature of graphene, this material is suitable for very sen-
sitive detection of analytes [19]. Mannoor et al. [20] pre-
sented the method for printing graphene onto water-sol-
uble silk. Such printing allows for direct biotransfer of
graphene nanosensors onto biomaterials, such as tooth
enamel. In the consequence, the scientists created a bio-
interfaced sensing system for selective bacteria detection
in saliva, due to self-assembly of antimicrobial peptides
onto graphene. The sensing platform is based on graphene
connected with a wireless readout coil that is generated
on silk fibroin. Then, the thin nanosensors are directly
biotransferred from the silk platform onto biomaterials,
such as tooth enamel, via dissolution of the supporting silk
film. The large surface area of the graphene and electrodes
ensures high adhesive conformability to the rugged sur-
faces of biomaterials. Biological selectivity was obtained
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due to AMP-graphene peptides self-assembling onto the
graphene monolayer. Such a tattoo-like bio-platform could
detect even one cell bacteria, so the measuring system is
very sensitive. Now, we present some analytes, which can
be detected with the described above techniques.

2.2 Glucose monitoring
The first biosensor, for detecting glucose directly in a
sample, was described in 1962 [21]. Since then, inten-
sive researches are underway to improve existing sensors
and to develop new ones — more accurate and sensitive.
However, the most popular are glucometers —indispensable
for the determination of blood glucose levels in patients
with diabetes. Many pharmaceutical companies provide
glucose meters, such as: in Poland — Diagnostic System
Gold (Diagnosis), in Germany — Contour TS (Bayer) or
in the USA — Precision Xtra (Abbott Diabetes Care Ltd.).
Moreover, there are also a few devices, allowing for glu-
cose monitoring without the need for finger pricking.
An epidermal electrochemical glucose monitoring is
examined using two bio-fluids: skin interstitial fluid (ISF)
and sweat. The concentration of glucose in sweat is a little
bit smaller than the glucose level in the blood, because of
the diffusion process of this analyte from the blood vessels
through sweat glands [22, 23]. Certain solutions are based
on direct implantation through a needle (e.g. Guardian RT
by Medtronic) [24] while others employ a microdialysis
harvesting approach (e.g. GlucoDay by Menarini [25]) cor-
related with external monitoring of the collected sample.
Weinstein et al. [26] presented the FreeStyle Navigator
Continuous Glucose Monitoring System, which is construct
based on four elements: a miniature electrochemical sensor
placed in the subcutaneous adipose tissue, a disposable sen-
sor delivery unit, a radiofrequency transmitter that connects
to the sensor, and a hand-held receiver to receive the sensor
signal and display continuous glucose values. The purpose
of the sensor is measuring the level of the glucose in the
interstitial fluid, where the glucose concentration corre-
sponds to the concentration of this analyte in a patient's
blood. The monitoring of glucose is based on enzymatic
reaction using glucose oxidase and uses an osmium medi-
ator covalently bound to the polymer matrix [26]. Such a
device can be used for 5 days and it is a single-use element.
Another example of a wearable sensor for glucose mon-
itoring is a system described by Kudo et al. [27]. The bio-
sensor was designed using microelectromechanical sys-
tem (MEMS) technique (the fabrication of the electrodes)
combine with the functional polymer membranes based on
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polydimethylsiloxane (PDMS) and 2-methacryloyloxyethyl
phosphorylcholine (MPC) copolymerized with dodecyl
methacrylate (DMA). Onto a hydrogen peroxide, Pt work-
ing electrode has been also immobilized a glucose oxidase
(Fig. 2). Flexible biosensor allows for the current measure-
ments based on redox reaction catalyzed by the enzyme.
The created biosensor was optically transparent except
the electrodes, and it can trace the rounded shape of the fin-
ger. Additionally, the designed sensor was stretchable [27].

Another new wearable analytical device, demon-
strated by Lee et al. [28], is biosensor allowing for glu-
cose monitoring in sweat. The glucose sensor is based on
a Prussian blue-covering on a gold electrode and glucose
oxidase, measurements are provided due to the galvanos-
tatic method, and it can control sweat through impedance
changes of poly(3,4-ethylenedioxythiophene) (PEDOT)
interdigitated electrodes. Additionally described a system
for sweat glucose monitoring is integrated with feedback
transdermal drug delivery by hyaluronic acid hydrogel
microneedles. Such miniaturized wearable biosensor can
sensitive detect glucose from even 1 puL of sweat in a wide
range of concentrations: 10 pM — 1 mM.

2.3 Ethanol monitoring
The evolution of gas sensors for ethanol monitoring was
driven by the need for faster and more versatile analytical
methods for application in important areas including clin-
ical, diagnostics, food analysis, environmental monitoring
and industry analysis. One of the key problems in com-
mercially available devices for ethanol monitoring show-
ing issues from long-term fouling of the sensor element and
drift in the resulting sensor readings over time [29]. Here, we
present recently presented gas sensors for ethanol surveys,
which can provide measurements at room temperature.
Zheng et al. [30] introduced in Scientific Reports a flex-
ible and transparent gas sensor for ethanol monitoring
designed for wearable applications. An ITO (Indium Tin
Oxide) was coated using PET (polyethylene terephthal-
ate), and on such substrate was then used a method of

GOD immobilized
PMD membrane ——

PMD membrane ——

drop-casting of ZnO nanoparticles onto PET-ITO surface.
The photoelectric and current versus voltage (I-V) curves
were studied using a Keithley 4200-SCS semiconduc-
tor characterization system (the transducer). Ethanol was
measured based on the flow-through procedure.

A different system based on modified with multi-
wall carbon nanotube (MWCNTs) and polyvinyl alcohol
(PVA) cotton fabrics appeared in Sensors and Actuators B,
described by Maity et al. [31], presented VA/MWCNTs
coated cotton fabric sensor allows for ethanol monitoring
at room temperature and is characterized by high flexibility.
Mechanism of sensing ethanol is based on a change in inter-
tube contact resistance of PVA/MWCNTs due to ethanol
vapor interaction and diffusion following by swelling of
PVA layers. Presented results are very promising in case of
developing new, flexible, room temperature operable wear-
able gas sensing platforms. The gas sensor presents good
linearity in the concentration of ethanol vapors in range
100-500 ppm and the detection limit was found 9.17 ppm.

Kim et al. [32] designed a wearable tattoo-based bio-
sensing system for ethanol monitoring in sweat. In this
novel approach, scientists construct a wearable platform
leans on the connection of an iontophoretic-biosensing
temporary tattoo system with flexible wireless electronics.
The principle of detection in the proposed approach uses
constant-current iontophoresis for inducing sweat by sup-
plying the drug pilocarpine through the skin, followed
by amperometric biosensing of the ethanol present in sweat.
An amperometric measurement uses the catalytic redox
reaction of ethanol by an alcohol-oxidase (AOx) enzymatic
electrode along with a printed Prussian Blue (PB) electrode
transducer. The system, presented by Kim et al. [32], has
been utilized on human objects and has found to be very
sensitive during ethanol measurements.

2.4 Metals monitoring

Despite electrolytes, metabolites, proteins in body fluids
are also present heavy metal ions, which are very often
reflecting patient's health conditions [33]. Accumulation

Pt electrode
Ag/AgCl electrode

PDMS membrane

Fig. 2 General scheme of construction of electrodes based on MEMS technique with polymer membranes allowing for glucose investigations
(based on [27])



of heavy metal ions may lead to numerous serious disor-
ders, just like a deficiency. Unfortunately, the metal ions
monitoring meets with the problem of concentration level —
in the human body proper level of metal ions is in the order
of pg/L. However, it is extremely important to detect
these analytes, because of the huge effect on our health.
For instance, Wilson's disease is connected with cop-
per concentration [34] and, what is more, any aberration
in copper level influence on the proper working of vital
organs, such as kidney, heart, liver, brain, additionally
lower concentration lead to anemia and osteoporosis [33].
Excess of cadmium and mercury in the human body have
a damaging effect on nervous, immunological and cardio-
vascular systems [35]. Low zinc level may result in occur-
ring pneumonia or diarrhea, on the other hand to many zinc
in the patient's body lead to liver damage [36]. Maintaining
balance in the concentration of metal ions is a crucial chal-
lenge in modern medicine and POC testing, due to daily
exposure to metals effect due to environmental pollution.

Gao et al. [37] presented in their work synchronous
method for multiplexed detection of heavy metal ions con-
centration in body fluids (sweat and urine) (Fig. 3).

A wearable microsensor designed for monitoring Zn, Cd,
Pb, Cu, and Hg is based on a survey of an electrochemical
square wave anodic stripping voltammetry (SWASV) on Au
and Bi microelectrodes. Obtained oxidation peaks were cal-
ibrated and compensated due to using a skin temperature
sensor. Microsensor exhibited excellent selectivity, repeat-
ability, and flexibility parameters, which is very important
in the case of designing POC testing analytical systems.

Suitable for wearing a sensor for calcium ions detection
is described by Nyein et al. [38] in ACS Nano. Scientists
focused on development electrochemical noninvasive,
wearable and flexible system for real-time monitoring of
Ca ions and changes in pH in patients' tears, sweat, and
urine. Ca®* and pH measurements are conducted based on
an electrochemical platform combining skin temperature,
pH and Ca?* sensors made from flexible PET.

CaZ*ions

' ! PVB with NaCl
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Au electrode

Baluta et al. | 329
Period. Polytech. Elec. Eng. Comp. Sci., 64(4), pp. 325-333, 2020

The level of calcium ions and pH changes uses ion-se-
lective electrodes connected with a polyvinyl butyral
(PVB)-coated Ag/AgCl reference electrode. Electrical
potential differences between these two electrodes lead to
obtaining proportional to the logarithmic concentration of
respective target ions and are measured with the aid of
the interfacing signal conditioning circuitry. Additionally,
the system is equipped in sensing electrodes, responsible
for receiving the signals:

« Ca* electrode is designed based on an organic mem-
brane containing electrically neutral carrier calcium
ionophore II and an ion-electron transducer

* pH electrode can detect hydrogen ions due to the depro-
tonation process at the surface of polyaniline (PANI).

Signals corresponding to a given concentration are gen-
erally read and processed by a microcontroller. Then, all
data are transmitted through Bluetooth to a mobile phone
and are displayed on it (Fig. 4, [38]).

2.5 Wireless implantable sensors

The next type of wireless sensors are an implantable sen-
sors. The biggest challenges connected with designing
wireless sensing systems that can be implanted in the liv-
ing organisms are size, power consumption, functionality,
and reliability of these devices. The integration of miniatur-
ized electronics is a key step to manage with such stringent
requirements [39]. What is more, an implantable device must
be biocompatible with the tissue, due to this fact, bioactive
and biomimetic materials are widely investigated to induce
proper tissue responses. The main goal of implantable
devices is to improve the life quality of the patients, who
are suffering in chronic diseases and must permanently use
of bioanalytical and invasive tests. Since now, commercially
available are devices for the management of brain and heart
discases [40, 41]. Lewitus et al. [42] proposed a new strat-
egy for construction bioactive composites based on poly-
saccharide agarose and carbon-nanotube (A-CNE), which

H*ions
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Fig. 3 General scheme of the method for multiplexed metal ions determination (based on [38])
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Fig. 4 General scheme of the working method of an electrochemical system for calcium ions monitoring in the presence of H' (based on [38])

can manipulate interface brain-implant. Such a system can
be applied as a microelectronic instrument that is biocom-
patible with the brain tissue. A-CNEs were functionalized
by conjugating with neuro-relevant proteins - laminin and
alpha-melanocyte stimulating hormone and successfully
implanted in the brain. Examination of neuronal and immu-
nological responses (qualitative and quantitative) showed
characteristic changes depending on the type of biomolecule
used. The potential to manipulate tissue response through
the use of an anti-inflammatory protein, alpha-melanocyte
stimulating hormone, was shown in the reduction of astrog-
lia presence near the implant site during the glial scar forma-
tion. Obtained results may lead to the development of novel
surface modifications of carbon nanotubes-based platforms
to improve the efficiency of implantable devices.

A similar type of such approach is a swallowable sen-
sor, which also should work inside of the patient body,
however not continuously.

2.6 Swallowable sensors

The main goal of designing the swallowable sensors is
to investigate the entire gastrointestinal (GI) tract for a wide
range of diseases, such as tumors, cancer, ulcers, Crohn dis-
ease, GI bleeding and celiac disease. Classical techniques,
for instance: ultrasonography (USG), X-radiography (X-ray)
or computer tomography (CT), despite many advantages
do not permit observation of the whole GI tract, because
of its complex, curvy architecture [43]. Conventional gas-
troscopy and colonoscopy, using probe endoscopy is very
often a painful and causing discomfort method. Apart from
the capsule technology that has been developing since
the 1950s, a breakthrough occurred in 2000 [44, 45].
Iddan et al. [45] in Nature presented invention and exam-
ination of a new type of video-telemetry capsule endoscope,
which was able to record the inspection for around 5 hours,

was small enough to be swallowed (11 x 30 mm?) and had
no external wires, fibre-optic bundles or cables. To construct
such a wireless video system, the scientists combined three
technologies: complementary metal-oxide-semiconductor
(CMOS) image sensors, application-specific integrated cir-
cuit (ASIC) devices, and white light-emitting diode (LED)
illumination. All obtained video images and results were
transmitted by UHF-band radio-telemetry. What is most
desirable from the patient's point of view, such a technique
does not require a hospital environment. Nowadays, there
are few clinical capsules present on the market: PillCam SB,
PillCam Eso, OMOM, Olympus, MiroCam [46—49].
Currently, the development in wireless endoscopic cap-
sules pays attention to designing new, miniaturized medi-
cal robots with wide functions, which could highly improve
available capsules. Future capsules could be equipped
in the incorporation of mini-surgical tools and even artifi-
cial intelligence. To efficiently identify diseases, high-qual-
ity images and longer capsule lifetimes are essential [43].

3 Conclusions

In this review, we characterized the new trends in biosen-
soric systems evolution for POC diagnostic. Due to the pri-
mary goals of world-wide scientific endeavours, which are
based with improvement of the quality of life, the devel-
opment of new analytical devices is crucial. Achieving
this assumption is directly related to the rapid analysis
of common disorders, quality control in the food indus-
try and environment monitoring. The dynamic investi-
gation of biosensors for POC technology in recent years
and mutual cooperation of several scientific disciplines -
biology, chemistry, electronics and material engineer-
ing, enables the development and upgrading of research
tools and measurement for quick and sensitive detection.
The most promising technology pathway are wireless



sensors, which strongly reduce the time and costs of anal-
ysis, what is more, this instruments are compact and por-
table. Mostly, it is important for the field of medical diag-
nostics, where the availability of a rapid, simple, low-cost,
in situ whole-blood assay capable of detecting a variety
of selected analytes would benefit POC or public health
applications. Wireless sensor technology based on the
devices which are implantable, swallowable, wearable, or
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