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1  Introduction: Biosensors for Non-invasive 
Personal Medical and Healthcare Applications

The concept of the Internet of Things (IoT), which connects 
objects to a network via various types of sensors to solve global 

societal needs, is now spreading to various application fields to 
achieve an emerging “smart lifestyle”.  Healthcare is one of the 
most attractive applications of IoT, because it provides various 
healthcare services for individuals, including daily health 
monitoring, fitness support, and elderly care.  To realize these 
applications, there is a need to develop simple portable sensor 
devices that can be used anywhere, including non-medical 

2020 © The Japan Society for Analytical Chemistry

†  To whom correspondence should be addressed.
E-mail: nagamine@yz.yamagata-u.ac.jp (K. N.); tokito@yz.
yamagata-u.ac.jp (S. T.)

1  Introduction: Biosensors for Non-invasive Personal 
Medical and Healthcare Applications 291

2  Transistor-based Biosensors for Highly Sensitive 
Sweat Analysis 292

3  Sweat Biomarkers and Their Collection/Detection 
Techniques 295

4  Advanced Printed Biosensor Systems Based on 
Flexible Hybrid Electronics (FHE) 297

5  Conclusions 299
6  Acknowledgements 299
7  Ethical Approval 299
8   References 299

Printed Organic Transistor-based Biosensors for Non-invasive 
Sweat Analysis

Kuniaki NAGAMINE,† Ayako NOMURA, Yusuke ICHIMURA, Ryota IZAWA, Shiori SASAKI, 
Hiroyuki FURUSAWA, Hiroyuki MATSUI, and Shizuo TOKITO†

Research Center for Organic Electronics (REOL), Yamagata University, 4-3-16 Jonan, Yonezawa, 
Yamagata 992–8510, Japan

This review describes recent advances in biosensors for non-invasive human healthcare applications, especially focusing 
on sweat analysis, along with approaches for fabricating these biosensors based on printed electronics technology.  
Human sweat contains various kinds of biomarkers.  The relationship between a trace amount of sweat biomarkers 
partially partitioned from blood and diseases has been investigated by omic analysis.  Recent progress in wearable or 
portable biosensors has enabled periodic or continuous monitoring of some sweat biomarkers while supporting the results 
of the omic analysis.  In this review, we particularly focused on a transistor-based biosensor that is highly sensitive in 
quantitatively detecting the low level of sweat biomarkers.  Furthermore, we showed a new approach of flexible hybrid 
electronics that has been applied to advanced sweat biosensors to realize fully integrated biosensing systems wirelessly 
connected to a networked IoT system.  These technologies are based on uniquely advanced printing techniques that will 
facilitate mass fabrication of high-performance biosensors at low cost for future smart healthcare.
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institutions such as homes, offices, and nursing homes.  This 
will allow for monitoring of human health conditions in real 
time and in a non-invasive manner.  Some of these requirements 
are realized in advance by various types of vital physiological 
sensors.1,2

A biosensor is an analytical device composed of biological 
receptors connected to signal transducers.  The biological 
receptors include enzymes, antibodies, nucleic acids (DNA, 
RNA, aptamer), ionophores, and the whole cell.  Owing to the 
high selectivity of these biological receptors against analytes 
(even in complex bodily fluids), they have been successfully 
applied in the medical field for the diagnosis of physiological 
diseases.  Recently developed microfabrication technologies 
based on photolithography and printing techniques have enabled 
the integration of biosensing elements into small and portable 
devices, thereby creating an opportunity to apply these devices 
in periodic medical and healthcare tests such as point-of-care-
testing (POCT) and bed-side physical examinations.3–6  
A  representative commercial portable biosensor is a blood 
glucose sensor for diabetic patients.  Moreover, the appearance 
of mechanically and chemically biocompatible materials 
accelerates the development of on-skin (wearable),7–14 
ingestible,15 and implantable biosensors16–18 for real-time 
monitoring of physiological conditions.  Developments in 
Internet technology allows for the wireless collection of 
biological data obtained through a network and their utilization 
in big data analyses for future advanced medical and healthcare 
applications.

Non-invasive diagnosis using externally secreted bodily fluids 
can be conducted with little physical burden and has been 
promoted as an alternative to blood-based diagnosis to achieve 

future personalized healthcare for patients as well as to maintain 
the well-being of healthy individuals and the elderly.  Urine 
analysis has been traditionally conducted as a standard non-
invasive health checkup of kidney function, hepatic disease, and 
diabetes.19  Furthermore, omics analyses have recently revealed 
that externally secreted biological fluids from the human body 
such as tears, saliva, and sweat also include biomarkers that are 
slightly partitioned from the blood.20,21  These external bodily 
fluids can be sampled in a non-invasive manner, thereby 
enabling daily self-monitoring of physiological conditions 
without uncomfortable and invasive blood sampling.  For 
example, salivary amylase, cortisol, NO3

–, and chromogranin 
A are considered to be indicators for mental stress that express 
the activity of the sympathetic nervous system,22,23 while some 
salivary proteins, metabolites, and microRNAs are considered to 
be biomarkers for various types of cancers.24–26  Tears are another 
example as they can include biomarkers that indicate diseases 
such as diabetes and cancer.27,28  Moreover, sweat secreted from 
sweat glands is an easily accessible source of biomarkers.  In 
the following sections, we summarize various types of biosensors 
for sweat analysis, particularly focusing on the transistor-based 
biosensors.

2  Transistor-based Biosensors for Highly Sensitive 
Sweat Analysis 

As the concentration of some biomarkers is much lower in 
sweat than in blood,29,30 highly sensitive biosensors are required 
for quantitative sweat analysis.  Transistor-based biosensors are 
a promising type of sensing device for highly-sensitive sweat 
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Fig. 1　Electrolyte-gate and bottom-gate type transistor-based biosensor structures.
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analysis, as the biorecognition area is directly connected to an 
amplifier in its vicinity.31–35  Figure 1 shows typical structures 
for bottom-gate and electrolyte-gate type, transistor-based 
biosensors.  The bottom-gate type has source and drain 
electrodes in contact with a semiconductor layer, with the 
bottom gate electrode indirectly contacting this layer via a 
dielectric layer.  In a generic bottom-gate type of transistor 
device, the gate voltage applied between source and gate 
electrodes induces polarization of a dielectric layer, resulting in 
changes to the charge density at the interface between the 
semiconductor and dielectric layers.  As a result, the source–
drain current flowing in the semiconductor layer can be 
controlled by the applied gate voltage.  In contrast, the gate 
electrode of a electrolyte-gate type of transistor is coupled to a 
semiconductor, through a sample solution acting as a dielectric 
layer.  The gate voltage, applied between the source and gate 
electrodes, modulates the charge accumulation in an electric 
double layer at the interface between a sample solution and a 
semiconductor, resulting in changes to the charge density of the 
semiconductor.

In most transistor-based biosensors, bioreceptors are immobilized 
on a semiconductor—or a gate electrode—in preparation for 
exposure to a sample solution.  When the bioreceptor layer is 
designed to generate change in the interfacial electrical potential, 
in accordance with the bioreceptor-analyte reaction, the gate 
voltage applied to the dielectric layer (bottom-gate type) or the 
sample solution/semiconductor interface (electrolyte-gate type) 
changes, depending on the reaction with analytes, with this 
change induces a change in the source–drain current.  Based on 
this principle, a biorecognition reaction can be detected as either 
a change of threshold voltage (VTH), which is the minimum gate 
voltage required to conduct a source–drain current, or a change 
in the source–drain current.  In both types of device, the 
transistor input signal can be read out as an amplified source–
drain current, depending on the mobility of the semiconductor, 
or the voltage generated by directing the source–drain current to 
other resistive elements, in series.

Direct exposure of a semiconductor to a sample solution 
sometimes induces unstable and unreproducible responses—
particularly an organic semiconductor, which can generally be 
sensitive to dissolved oxygen and humidity.  To overcome this, 
an extended-gate structure has been established, as shown in 
Fig. 2(a).  In the basic structure of this type of transistor-based 
biosensor, source and gate electrodes are connected to a 
reference electrode, and to a separately prepared, extended-gate 
electrode, whose surface is modified with a biorecognition 
layer, respectively.  In this configuration, the transistor acts as 
an amplifier as well as a transducer for the potentiometric signal 
generated at the biorecognition layer (driving portion), and the 
extended-gate electrode is employed as the detection portion.  
The extended gate-type transistor is advantageous for stable and 
reproducible detection of analytes in a sample solution because 
the detection portion immersed in the sample solution can be 
completely isolated from the driving portion.36  In an extended 

gate-type transistor, a gate voltage applied to a dielectric layer 
through a sample solution changes, depending on the bioreceptor 
reaction, which in turn induces a change in the source–drain 
current, as described above.  Table 1 summarizes the representative 
transistor-based biosensors reported previously, and we selected 
only those used for artificial or human sweat measurements 
from the numerous transistor-based biosensor types available.  
These sensors have shown that they could detect analytes in the 
concentration range found in human sweat components.  Our 
research group also has focused on developing extended-gate 
organic transistor-based biosensors for sweat analysis utilizing 
different types of bioreceptors: antibody,53–57 enzyme,58–66 and 
ionophore,67,68 because, as described below, the organic transistor 
can be mass-fabricated at low cost using advanced printed 
technology.  The following typical fabrication process was used 
for our extended gate-type, organic, transistor-based biosensor.63  
A  silver nanoparticle ink in a hydrocarbon-based solution was 
printed as a gate electrode, using an inkjet printer, followed by 
sintering of the silver nanoparticles.  A 150 nm-thick parylene 
gate dielectric layer was then formed, by chemical vapor 
deposition.  Source and drain electrodes were subsequently 
printed, using the same procedure and conditions as used for 
gate electrode fabrication.  The bank layer, composed of 
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Fig. 2　(a) Structure of an extended-gate type transistor-based 
biosensor.  (b) Setup of analyte sensing in a sample solution, using an 
extended-gate type transistor-based biosensor.
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fluoropolymer, was then printed, using a dispenser system.  The 
source and drain electrodes were then modified with 
pentafluorobenzenethiol, to reduce contact resistance, and an 
organic semiconductor mixture was printed onto the area defined 
by the bank layer, using the dispenser system.  Finally, an 
encapsulation layer of 1 wt% Teflon was printed by the 
dispenser system.

The extended-gate gold electrode was separately prepared—
by thermal evaporation on a substrate.  For an oxidase-based 
biosensor, the carbon-graphite ink, including a redox compound 
of Prussian Blue (PB-carbon), was painted onto the active area 
through a stencil sheet.  The lead line pattern was insulated by 
coating with a fluoropolymer, and a mixture solution composed 
of an oxidase and 0.1 wt% chitosan in phosphate buffer (pH 6.8) 
was drop-cast onto the PB-carbon area.  Figure 2(b) shows the 
setup for electrical characterization of the fabricated organic 
transistor-based biosensor, using a source meter to control the 
gate (VG) and source–drain (VSD) voltages.  The bioreceptor-
modified extended-gate electrode and the Ag/AgCl reference 
electrode were immersed in the sample solution, and their 
terminal ends were connected to the gate and source electrodes 
of the driving portion set outside of the sample solution, 
respectively.

Figure 3(a) shows one of our original extended-gate organic 
transistor-based enzymatic biosensors.  The terminal ends of the 
extended-gate and reference electrodes were connected via an 
external resistor to induce a spontaneous reversible PB redox 
reaction driven by the difference in the formal redox potentials 
between these electrodes.  This configuration produces a 
reversible and steady-state potentiometric signal,63 which is a 
critical and unresolved issue in conventional transistor-based 
enzymatic biosensors.  The target analytes (D-glucose) are 
oxidized by the enzyme (glucose oxidase, GOx) generating 
hydrogen peroxide, followed by the reversible oxidation of 
redox mediator PB with the hydrogen peroxide.  Figure 3(b) 
shows the typical time course of the reversible change in the 
source–drain current (ISD) against repeated change of D-glucose 
concentration.  Figure 3(c) depicts another type of organic 

transistor-based biosensor that can inform users of an overlimit 
in L-lactate concentration via a color change in an integrated 
electrophoretic display.65  This sensor was composed of lactate 
oxidase (LOx)/PB-modified extended-gate and Ag/AgCl 
reference electrodes connected to the input line of a two-stage 
inverter circuit composed of organic transistors, and its output 
line was connected to an electrophoretic display.  The two-stage 
organic inverter circuit exhibits an abrupt shift in output voltage 
depending on the potentiometric L-lactate sensor signal imposed 
on the constant input voltage of the inverter circuit, resulting in 
a distinct color change of the display connected to the output 
line of the inverter circuit (Fig. 3(d)).  The L-lactate concentration 
limit was successfully tuned by changing the input voltage of 
the inverter circuit.  This new type of biosensor is beneficial for 
users who do not have sufficient knowledge about the detected 
biomarkers because the threshold value of the sensor can 
arbitrarily be tuned by professionals, such as medical doctors or 
sports trainers, and the sensing result can be output as a simple 
signature.

In addition to these transistor-based biosensors, we included a 
recently developed electrochemical transistor that uses organic 
conducting polymers—such as poly(3,4-ethylenedioxythio phene): 
poly(styrenesulfonate) (PEDOT:PSS)—as a semi conductor 
layer in our summary shown in Table 1.46–51  In this biosensor, 
with generally electrolyte-gate configuration, gate voltage 
against a gate electrode is applied to a conducting polymer-
based semiconductor layer, through a sample solution, in order 
to control the doping level of the conducting polymer.  
A  bioreceptor immobilized on the conducting polymer can 
induce change in the interfacial potential of the electric double 
layer through a biorecognition reaction.  This results in the gate 
voltage applied to the conducting polymer changing, and is 
followed by changes to the source–drain current flowing in the 
conducting polymer.  As the structure of the electrochemical 
transistor is quite simple and very flexible, and as most of its 
construction materials are liquid-based and printable, 
electrochemical transistor-based biosensors are expected to be 
suitable for application to low-cost, wearable-type, sweat sensors.

Table 1　Summary of the transistor-based biosensors applied to artificial or human sweat analysis

Transistor Analyte Sample solution Detection range Reference

Commercial metal-oxide-semiconductor-based transistor Cortisol Artificial sweat 10 fg/mL – 10 ng/mL in PBS 37
InGaZnO-based transistor pH Human sweat pH 3 – 11 38
MoS2-based transistor Na+ Human sweat — 39
In2O3-based transistor Glucose Artificial sweat 1 µM – 1 mM 40
In2O3-based transistor pH Human sweat pH 5 – 7.3 41
SiO2/Si3N4-based transistor pH

Na+

K+

Ca2+

Human sweat pH 4 – 7 
Na+: 1 – 100 mm
K+: 1 – 50 mM
Ca2+: 0.1 – 20 mM

42

SiO2/Si3N4-based transistor Na+ Human sweat 10 – 120 mM 43
SiO2/Si3N4-based transistor Na+ Human sweat 10–5 – 1 M 44
AlGaN/GaN-based transistor pH

K+

Human sweat pH 3 – 7
K+: 10–6 – 100 × 10–3 M

45

PEDOT:PSS-based organic electrochemical transistor pH Artificial sweat pH 1 – 9 46
PEDOT:PSS-based organic electrochemical transistor Ca2+, NH4

+ Human sweat Ca2+, NH4
+: 1 – 100 mM 47

PEDOT:PSS-based organic electrochemical transistor Adrenaline Human sweat 10–6 – 10–3 M 48
PEDOT:PSS-based organic electrochemical transistor Adrenaline

Ascrobic acid
Dopamine

Artificial sweat Adrenaline: 10–4 – 10–2 M 
Ascorbic acid: 3 × 10–5 – 5 × 10–4 M
Dopamine: 2 × 10–6 – 3 × 10–5 M

49

PEDOT:PSS-based organic electrochemical transistor Cations Human sweat — 50
PEDOT:PSS-based organic electrochemical transistor Cortisol Human sweat 0.01 – 10 µM 51
Reduced graphene oxide-based transistor Glucose Artificial sweat 10 – 400 µM 52
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While most conventional, transistor-based biosensors offer 
enough sensitivity and selectivity for sweat components, as 
summarized in Table 1, issues remain in terms of how to manage 
human health from sweat components, and how to collect sweat 
from a human body.  The next section describes recent 
approaches to these issues.

3  Sweat Biomarkers and Their Collection/
Detection Techniques

Sweat has a similar composition to blood, and contains various 
possible biomarkers.29,30  Table 2 summarizes the sweat 
biomarkers that have been studied.  As the research on sweat 
biomarkers is still in progress, there are few reports of medical 
evidence and the concentration range to be quantified.  Although 
some diseases can be diagnosed by measuring only one 
biomarker (such as glucose for diabetes,70 lactate or NH4

+ for 
fatigue due to anaerobic exercise,69,71–73 and Cl– for cystic 
fibrosis),74 recent omics analyses have revealed that most 
diseases should be carefully diagnosed by simultaneously 
measuring the change of multiple biomarkers in sweat.77,81–84  
Hence, basic operational principles of sensors for sweat 
biomarkers should be based on highly-selective biorecognition 
reaction with reference to the conventional enzyme-based blood 
glucose sensors that utilize enzyme-modified Clark-type oxygen 
sensor electrodes.85  Integration of multiple biosensing elements 
into one chip enables the fabrication of biosensor arrays in a 
portable form.  Gao et al.69 successfully produced a totally 
integrated wearable multi-biosensor to monitor lactate, glucose, 

and electrolytes simultaneously during bicycle exercise.  
“Totally integrated” means that the device is composed of not 
only a sensing element but also a signal conversion circuit, 
a  wireless signal transmission module, and a battery.  Such 
devices adopt both amperometric and potentiometric 
measurement systems—for lactate and glucose detection and for 
electrolyte detection, respectively.  Since then, development of 
various types of totally integrated wearable sweat sensors have 
progressed to take the form of tattoo films,86–90 wrist bands,91–93 
eye glasses,94 head bands,95 underwear,96–98 and socks.99  
Although these sensors can detect analytes in sweat when the 
sensing elements are exposed to sweat, the detected sweat 
components are left in the same area and their concentration 
might increase as more sweat is secreted.  This situation is 
unsuitable for real time monitoring of sweat components.  One 
of the strategies for the continuous sampling and detection of 
sweat components is integration of these biosensors into on-skin 
microfluidic systems.80,87,100–105  In such applications, the microfluidic 
device is directly placed on the human skin, so that its inlet is in 
close contact with skin containing sweat glands (approximate 
eccrine sweat gland density: several hundred cm–2).29  In this 
configuration, sweat is passively introduced into the 
microchannel—in a typical perspiration rate range of a 
few nL min–1 gland–1—by using the pressure generated in the 
sweat gland (70 kN m–2).29

Another issue is the induction of perspiration.  In the case of 
a sweat sensor for daily healthcare application, a sufficient 
amount of sweat should be sampled anytime and anywhere.  
Although passive sweat collection methods are easy as described 
above,106 it takes a long time to sample a sufficient amount of 

Fig. 3　(a) Principle of reversible response of the extended-gate organic transistor-based glucose 
sensor.  (b) Change in IDS of the sensor with time for repeated changes in D-glucose concentration in the 
measurement solution.  (c) Photograph of the printed organic inverter-based biosensor prototype device 
with the display unit.  (d) Time dependence of the output voltage VOUT2 of the device vs. L-lactate 
concentration.  The concentration limit for L-lactate was set to 0.7 mM.  The arrows represent the times 
of L-lactate injection.
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sweat for biosensors.  Therefore, most researchers sampled 
sweat from the human skin surface during strenuous exercise or 
in a specially prepared warm environment, as summarized in 
Table 2.  Gao et al. integrated an iontophoretic drug delivery 
system into a wearable sweat biosensor to actively induce 
perspiration on demand using a cholinergic agonist, such as 
pilocarpine.74  Iontophoresis is a technique that is widely used to 
deliver a chemical compound into the skin with the aid of a 
direct current.  A  pair of iontophoresis electrodes covered by 
hydrogels containing a cholinergic agonist are fabricated near 
the amperometric or potentiometric electrochemical biosensing 
electrodes.  The device is placed on the human skin so that the 
hydrogel on the iontophoretic electrodes and the biosensing 
electrodes are in contact with the skin, and then the 
electrochemical signal is monitored using a wireless integrated 
flexible printed circuit board, after iontophoretically delivering 
pilocarpine.  The researchers successfully demonstrated periodic 
monitoring of sweat glucose74 and drugs107 using this device.  
However, the applied direct current sometimes makes the users 
uncomfortable.  Besides, periodic drug administration is not 
recommended for healthy individuals and the elderly.

Tsuda et al.108,109 proposed an innovative straightforward and 
simple periodic sweat sampling method.  Human skin was 
exposed to 1 vol% aqueous ethanol to extract the sweat 
component, as shown in Fig. 4.  They emphasized that the 
addition of ethanol into water induces less surface tension of the 
solution to the skin, thereby allowing the solution to penetrate 
the sweat gland effectively.  This sweat component sampling 
method has also been used for recent proteomic and metabolomic 
analyses.110–112  Tsunoda et al.113 suggested a clear correlation 
between extracted sweat and plasma component levels.  

However, in this method, the secreted sweat analyte is further 
diluted in the extraction solution even though the concentration 
of analytes in the original sweat is much lower than that in the 
blood.  Therefore, the extracted sweat components were 
quantified using a separately prepared highly sensitive analytical 
system, such as liquid chromatography and mass 
spectrometry.108–113  These analytical systems are not compatible 
with daily healthcare applications due to its size, cost, and 
requirement of high technical skill.  For daily healthcare, this 
sweat extraction technique should be combined with portable 
and highly sensitive biosensors for on-site detection of the 
extracted low level of sweat components.  Additionally, the 
aqueous ethanol should be replaced with another solution that is 
compatible with bioreceptors.

Previous reports have suggested that a saline is a suitable 
solution for continuous sweat extraction, because a saline with 
physiological osmotic pressure suppresses mechanical swelling 

Table 2　Summary of sweat biomarkers and their sampling/detection methods (the terms “amperometric electrode” and “potentiometric 
electrode” in the detection methods section mean that these sensor electrodes are not transistor-based biosensors)

Disease
Biomarkers for medical/
healthcare applications

Sweat sampling/detection method Reference

Fatigue (unaerobic exercise) Lactate Bicycle exercise/amperometric enzyme-based sensor electrode 69
Diabetes Glucose Warm condition/amperometric enzyme-based sensor electrode 70
Fatigue (unaerobic exercise), 
Cirrhotic

NH4
+ Hot bath or exercise and direct collection/potentiometric 

ion-selective electrode, bicycle exercise/potentiometric 
ion-selective electrode, iontophoresis of pilocarpine and gauze 
collection/colorimetric enzyme assay

71, 72, 73

Cystic fibrosis Cl– Iontophoresis of pilocarpine/potentiometric ion-selective 
electrode

74

Heat stroke, Hypokalemia, 
Muscle cramps, Dehydration

Na+, K+ Bicycle exercise/potentiometric ion-selective electrode 69, 75

Atopic dermatitis Dermcidin
Amino acids

Bicycle exercise and direct sampling/ELISA, warm condition 
and direct sampling/GC/MS, cationic chromatography

76, 77

Lung cancer Monogluceride, muconic acid, 
suberic acid, tetrahexose, 
nonanedioic acid, urocanic acid

Iontophoresis of pilocarpine and direct sampling/LC-MS/MS 78

Mental stress Cortisol
IgA

Running exercise/PEDOT:PSS-based organic electrochemical 
transistor, bicycle exercise and sweat patch collection/
amperometric immunosensor

51, 79

Kidney disorder Creatinine, urea Warm bath or shower/colorimetric enzyme assay 80
Psoriasis Choline, glutamic acid, 

phenylalaine, lactic acid, 
urocanic acid, citruline

Hydrogel patch/mass spectrometry 81

Active tuberculosis Proteins Iontophoresis of pilocarpine and direct sampling/LC-MS/MS 82
Schizophrenia Proteins Iontophoresis of pilocarpine and direct sampling/LC-MS/MS 83
Major depressive disorder Cytokines, neuropeptide Y, 

substance P, calcitonin-gene-
related peptide, vasoactive 
intestinal peptide

Sweat patch collection for 24 h/recycling immunoaffinity 
chromatography

84

Fig. 4　Schematic view of sweat extraction method.
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of the human skin, thereby keeping the sweat gland open in the 
solution.114–116  Based on this result, we performed a phosphate-
buffered saline (PBS)-based sweat extraction using the method 
proposed by Tsuda.108,109  After washing the forefingers of the 
subjects with running 1% (v/v) ethanol–water for 15 s, a 0.6-mL 
microcentrifuge tube containing 30-μL of PBS was put on the 
washed fingers as PBS was exposed to the skin surface for 
10 min (L-lactate, D-glucose, and NH4

+ detection) or 30 min 
(IgG detection) at room temperature.  The concentrations of the 
extracted biomarkers were then quantified using commercially 
available assay kits for D-glucose (LabAssayTM Glucose, 
FUJIFILM Wako Pure Chemicals), NH4

+ (LabAssayTM Ammonia, 
FUJIFILM Wako Pure Chemicals), IgG (Human IgG ELISA 
Quantification Set, Bethyl Laboratories, Inc.), and L-lactate 
sensor (Lactate Pro2, Arkray).  Table 3 shows the concentrations 
of these biomarkers in the extracted human sweat.  All the 
biomarkers were included in the extracted human sweat in the 
detectable concentration range of commercial bioassay kits.  
The concentration of each biomarker was as follows: L-lactate 
1.96 ± 0.88 mM (n = 5), D-glucose 2.60 ± 1.30 μM (n = 4), 
NH4

+ 0.15 ± 0.07 mM (n = 6), and IgG 11.49 ± 13.41 ng/mL 
(n = 3).  These results suggest the possibility of combining this 
sweat extraction method with biosensors.

Based on these factors, we invented a new sweat extraction 
and detection device.66  The sensor was composed of an enzyme-
based L-lactate sensor and Ag/AgCl reference electrodes, 
prepared in the same way as described in Fig. 3(a), and were 
fully covered with an agarose hydrogel including a sweat-
extraction solution of PBS (Fig. 5(a)).  The sweat L-lactate can 
be continuously extracted from human skin in contact with the 
agarose hydrogel, followed by in-situ detection using the 
biosensors.  The L-lactate sensor was composed of a carbon 
electrode containing Prussian Blue (PB) onto which LOx was 
immobilized using a chitosan polymer.  Meanwhile, L-lactate 
was oxidized by LOx with the generation of hydrogen peroxide, 

followed by oxidation of redox mediator PB from di- to tri-
valent form with the hydrogen peroxide (Fig. 5(a)).  As a result, 
the electric potential of the electrode positively changed 
according to the Nernstian equation.  Concerning the operational 
principle of the transistor device, the change in VTH is expected 
to be equal to the change in the electrical potential of the 
extended-gate electrode.  Therefore, basic characterization of 
just the bioreceptor-modified extended-gate portion can be 
separately studied by means of potentiometric measurements.63  
Figure 5(b) shows the potentiometric response of the LOx/PB-
modified electrode when the ball of the forefinger was put on 
the agarose gel surface at 100 s for 30 s.  After 50 s of time lag 
for the diffusion of the extracted L-lactate in the gel, the potential 
difference started to increase, followed by an approaching 
steady state.  Without LOx, no potentiometric response was 
observed when the forefinger touched the gel, thereby suggesting 
that the extracted sweat compounds (except for L-lactate) did 
not affect the sensor response.  To the best of our knowledge, 
this is the first report of a non-invasive and straightforward 
sweat component extraction and detection method using a 
portable biosensor without any perspiration assistance, such as 
exercise, environmental temperature control, or a cholinergic 
agonist.  We expect similar sweat sensors to appear and make 
further progress in the near future.117

4  Advanced Printed Biosensor Systems Based on 
Flexible Hybrid Electronics (FHE)

The low-cost mass production of biosensor systems is another 
challenge that, if addressed, can lead to the mass adoption of 
biosensors in daily healthcare.  Printing technology has emerged 
as a low-cost, environmental-friendly mass-manufacturing 
technology for the fabrication of next-generation printed flexible 
electronics devices.  There are a number of printing methods 
that can be applied to biosensor fabrication, such as inkjet 
printing,118–123 screen printing,8,124 flexographic printing,125,126 
and gravure printing127–132 (Fig. 6(a)).  The characteristics of 
these representative printing methods have been summarized in 
Table 4.133  These methods can be selected on-demand, 
depending on the type, size, ink/paste materials, and degree of 
biosensor integration, as they have different characteristics in 
terms of print resolution, print thickness, and printing speed.  
Inkjet printing, for example, is well known as a promising 
method for straightforward digital, on-demand patterning, in 
liquid-based biomaterials, without the use of a printing mask or 

Table 3　Concentration of human sweat biomarkers extracted in 
PBS

Biomarker Concentration of biomarker in PBS extraction solution

L-Lactate 1.96 ± 0.88 mM (n = 5)
D-Glucose 2.60 ± 1.30 µM (n = 4)
NH4

+ 0.15 ± 0.07 mM (n = 6) 
IgG 11.49 ± 13.41 ng/mL (n = 3)

Fig. 5　(a) Structure of the human sweat L-lactate extraction and detection device.  The left side figure 
represents the enzymatic reaction generated on the LOx-modified electrode.  (b) Potentiometric 
response of the sensor electrodes when the ball of the forefinger comes in contact with the agarose gel 
surface at 100 s.



298 ANALYTICAL SCIENCES   MARCH 2020, VOL. 36

plate, although its spatial resolution is limited to the 15 – 100 μm 
range.  Screen printing is simply carried out in large areas by 
squeezing a liquid paste through a patterned mesh screen mask 
onto a substrate.  Generally, the paste for screen printing is a 
mixture of a non-biocompatible binding agent and solvent, to 
provide suitable viscosity and volatility for thermal curing, and 
application of this technique to biomolecule patterning remains 
challenging.  Both flexographic and gravure printing techniques 
use rotary cylinders whose surfaces have raised or engraved 
patterns, respectively, fabricated to hold the ink.  In these 
printing techniques, ink can be transferred from the rotary 
cylinder onto a substrate at high speed, over a large area, and at 
low-cost, but there are few reports of their application to 
biosensor fabrication—and this is perhaps due to the need for 
custom-made rotary cylinders.

Recently, other printing techniques have emerged for advanced 
printed electronics.  Reverse offset printing is a unique technique 
used to obtain high resolution fine patterns over a large area, at 
scales of <5 μm (Fig. 6(b)).134,135  There are three main steps in 
the reverse offset printing process: coating, patterning, and 
transfer.  First, ink is coated onto a silicone-based blanket with 
a slit coater.  Next, unnecessary areas are removed from the 
blanket with a glass printing plate, and then the ink on the 
blanket is transferred to the substrate.  Reverse offset printing 
will be an attractive technique for obtaining high resolution 
biosensor arrays in the near future, although establishment of its 
printing process is still challenging.

Soft blanket gravure printing is another advanced printing 
technology (Fig. 6(c)).136  As this printing system uses a soft and 
thick blanket to transfer the ink, direct and on-demand printing 
of biosensing systems can be achieved on the three-dimensional 
curved surfaces of conventional wearable medical devices—
such as mouth guards, soft contact lenses, wound dressings, 
wristbands, and in the future, even human skin.137

In order to print biomolecules using these techniques, the 
printing ink composition has to be optimized for the selected 
printing method and biomaterials.125  For example, biomaterials 
require aqueous buffer solutions to maintain physiological 
activity in the ink.  In addition, humectants, such as ethylene 
glycol and glycerol, are required to prevent ink from drying in 
the applicator nozzle, while stabilizers, such as trehalose, 
glucose, or sucrose, are needed to maintain biomaterial structure 
and activity.  These additives need to be included in the ink, and 
its viscosity and surface tension need to be retained at levels 
appropriate to the selected printing method.  Overall, it can be 
seen that, in the printed electronics field, the sophisticated 
tuning of ink composition requires ongoing research.

To realize simple and portable/wearable sensors for IoT 
applications, the total integration of the sensor system for the 
sensor electrode as well as the surrounding circuits for 
amplification, A/D conversion, and wireless transmission of the 
detected signals on a single thin film substrate is ultimately 
necessary.  In particular, the advanced printing technologies 
described above will enable the low-cost mass production of the 

Fig. 6　Schematic of various types of printing techniques involving: (a) inkjet, screen, flexographic, 
and gravure printing; (b) reverse offset printing; (c) soft blanket gravure printing.

Table 4　Comparison of representative printing techniques

Parameter Inkjet Screen Flexographic Gravure

Print resolution/µm 15 – 100 30 – 100 30 – 80 50 – 200
Print thickness/µm 0.01 – 0.5 3 – 30 0.17 – 8 0.02 – 12
Printing speed/m min–1 0.02 – 5 0.6 – 100 5 – 180 8 – 100
Required ink viscosity/Pa·s 0.001 – 0.1 0.5 – 5 0.01 – 0.5 0.01 – 1.1
Ink surface tension/mN m–1 15 – 25 38 – 47 13.9 – 23 41 – 44
Remarks Mask-less, digital 

on-demand printing
Simple, high speed, 
large area printing

High speed large area 
printing

High speed large area 
printing
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integrated sensors.  Recently, a new approach to realize a totally 
integrated printed sensor system has been adopted, called 
flexible hybrid electronics (FHE), where LSI die-based silicon 
circuit technology is utilized together with printing technology 
on a thin plastic film substrate.  In FHE, sensors, interconnects, 
and antennas are first printed on a plastic film, and Si-LSI die 
and resistors are mounted onto the same film substrate.  
Meanwhile, near-field communication or Bluetooth low energy 
(BLE) protocols are used for wireless communication.  Flexible 
hybrid electronics has become the default platform even in the 
field of wearable biosensor development.138,139  The photograph 
in Fig. 7 shows a mockup of an FHE-based, wearable sweat 
biosensor fabricated for this review, to show readers.  The circuit 
was composed of an organic transistor-based inverter connected 
to a potentiometric extended-gate sensor electrode to amplify 
the signal.67  The active area of the extended-gate electrode was 
covered with potassium ion-selective membranes, to prepare the 
potentiometric potassium ion sensors.  For the reference 
electrode, an Ag/AgCl paste was painted.  The output line of the 
inverter circuit was connected to a BLE module, to transmit the 
amplified signal to an external smartphone or tablet PC.  The 
necessary operational power was supplied from a commercially 
available, thin Li-battery.  Although flexibility, thinness, and 
cost of FHE devices are other issues, this strategy has proven 
quite useful in enabling the practical use of reliable, portable, 
and wearable biosensors.  Ultimately, future progress in printed 
organic electronics will replace the Si-LSI die with printed 
integrated circuits based on organic transistor devices, allowing 
for totally printable and organic integrated multi-biosensor 
devices that can potentially be mass fabricated at low cost.

5 Conclusions

This review describes recent rapid progress in the development 
of transistor-based biosensors for non-invasive sweat analysis, 
and the details of our approach based on printed electronics.  
Printed electronics is a promising future technology for low-cost 
mass fabrication of portable/wearable multi-biosensing systems 
that will enable reliable sweat-based healthcare.  Besides, the 
integration of wireless communication systems into biosensors 
with flexible hybrid electronics technology facilitates the 
connection of personal human data to the Internet, thereby 
enabling the provision of personal healthcare services in the 
future.

On the other hand, not only the development of printed 

electronics, but also the continuous sampling method for slightly 
excreted fresh human sweat is still challenging in this field.  
Although we think that our hydrogel-based sweat sensor is one 
of the potential solutions for the effective and easy periodic 
sampling of human sweat in a non-invasive manner, various 
interferences such as perspiration rate, skin surface temperature, 
and contamination with transepidermaly diffused compounds 
should be considered for reliable sweat analysis.  Hence, these 
issues are solved with a simple device configuration and 
biocompatible manner for the reproducible mass manufacturing 
of integrated biosensors as well as the quantitative and safe 
analysis of sweat components.
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