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Review

The review of Lab-on-PCB for biomedical
application

Prevention of infectious diseases, diagnosis of diseases, and determination of treatment
options all rely on biosensors to detect and analyze biomarkers, which are usually divided
into four parts: cell analysis, biochemical analysis, immunoassay, andmolecular diagnosis.
However, traditional biosensing devices are expensive, bulky, and require a lot of time to
detect, which also limited its application in resource-limited areas. In recent years, Lab-on-
PCB, which combines biosensing technology and PCB technology, has been widely used
in biomedical applications due to its high integration, personalized design, and easy mass
production. Among these Lab-on-PCB sensing devices, the PCB circuit plays an important
role. It can be directly used as a resistance sensor to count cells, and also used as a control
device to automatically control the detection device. Flexible PCBs can be used to make
wearable medical biosensors. In addition, due to the high degree of integration of the
PCB circuit, Lab-on-PCB can perform multiple inspections on the same platform, which
reduces the inspection time equivalently. Therefore, in this review paper, we discuss the
application of Lab-on-PCB in four analysis methods of cell analysis, biochemical analysis,
immunoassay, and molecular diagnosis, and give some suggestions for improvement and
future development trends at the end.
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1 Introduction

The occurrence of diseases is often accompanied by abnor-
mal changes in the concentration of certain substances in the
human body, so the rapid and effective detection of disease-
related biomarkers is a powerful guarantee for disease pre-
vention, disease treatment, and disease control [1–5]. Al-
though traditional medical detection equipment can perform
very accurate detection of medical samples (such as blood,
urine, and living tissue), these devices often require compli-
cated operation procedures and long detection times [6–8].
And in the course of disease treatment, multiple detections
are needed to adjust the treatment plan in time. It will take a
lot of time and is not suitable for today’s fast-paced life.

In 1996, Lammerink et al. first proposed the concept
of Lab-on-PCB that integrates microchannels, sensors, and
other components on a printed circuit board (PCB) [9]. With
the continuous improvement of the performance of micro-
biosensors and the rapid development of PCBmanufacturing
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industry, the Lab-on-PCB biomedical detection device has
been the focus of attention. PCB technology has the following
advantages: (a) PCB-based circuit design has great flexibility
and can be customized according to specific remands. (b)
The application of PCB technology allows the integration
of electronic modules and sensing modules on the same
platform, which can effectively reduce the size of the device
while ensuing the accuracy of detection. (c) The standardized
and mature PCB manufacturing process enables PCB-based
detection devices to be manufactured on a large scale that
reduce the cost efficiently. (d) The development of flexible
PCB technology has promoted the development of wearable
detection devices. Therefore, in the past decade, there have
been a lot of reports on the application of Lab-on-PCB to
various biomedical applications. In addition, we did a survey
via searching the keywords of “Printed-circuit-board and
biomedical” in the four well-known international databases
of IEEE, Springer, Elseviser, and Wiley. The results are as
shown in Fig. 1 that the research on Lab-on-PCB for biomed-
ical have gradually increased in the past decade. Especially
in the last 2 years, it has received great attention. According
to different detection methods and analysis principles, these
biomedical applications can be divided into four categories:
(1) cell analysis based on Coulter’s counting principle and
cell imaging technology for analysis of red cells, white cells,
and tumor cells [10–16]; (2) biochemical analysis based on
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Figure 1. The statistical data

on research about Lab-on-PCB

for biomedical applications.

various enzyme reactions for analysis of blood glucose,
electrolytes, and other nutrients in the human body [17–20];
(3) immunoassay based on antigen–antibody specific re-
action [21–24]; and (4) molecular diagnosis based on PCR
[25–29] for analysis of different kinds of nucleic acid. In these
applications, PCB-based circuits are used as cell sensors for
cell counting; as electrochemical sensors for electrochemical
analysis of blood glucose, electrolytes, and other nutrients
in the human body; as a controller to control the sensing
system; and as a data processing center to convert and
transfer the detection data. Furthermore, it can establish
a comprehensive mobile detection platform by integrating
communication modules such as Bluetooth, near-field com-
munication, USB interface, or OTG interface on the PCB to
connect with smartphones or mobile electronic devices [30].

In this paper, we will review the recent works on Lab-on-
PCB for biomedical applications. Four types of biomedical ap-
plications were classified according to the different detection
methods as cell analysis, biochemical analysis, immunoassay,
and molecular diagnosis. We will introduce the Lab-on-PCB
for various biomedical applications in detail from the struc-
ture, performance, and application background. Finally, we
discuss the current limitations and associated challenges in
the end and give some future perspectives for this promising
technology.

2 Cell analysis

As an important part of the human body, cells are closely
related to health. We can evaluate a person’s physical status
by counting cells or observing the morphology of cells.
For example, the white blood cell count is an important
health indicator, and the number of white blood cells will be
abnormal when fighting infections from bacteria and viruses
[31]. As another example, during cancer metastasis, tumor
cells need to enter the bloodstream through microvessels.
Accordingly, isolating and detecting tumor cells in periph-
eral blood has become an effective method for the early
diagnosis of cancer metastasis [32]. But the early traditional

cell experiments used only standard benchtop instruments,
making cell analysis only allowed to be performed in profes-
sional laboratories [33–36]. Recently, many researchers use
PCB-based resistance sensors or capacitive sensors to build
a Lab-on-PCB platform to count cells or detect cell viability
for disease diagnosis and drug toxicity detection in a low-cost
and mini-size way [37–43].

2.1 Lab-on-PCB for counting cell

Guo et al. designed a microfluidic cytometer on an SU-8
coated PCB for rapid detection and enumeration of rare cells
[44]. This cytometer is based on Coulter principle; when the
microparticles pass through the sensing hole of the Coulter
counter, the impedance will change due to the blockage, and
then a current pulse can be detected. And the amplitude of
the impedance pulse will increase as the size increase of the
microparticles. According to the detection results of specific
concentrations ofHela cells by the commercial cytometer and
the proposed device, the accuracy of counting the tumor cells
of the proposed device is comparable to the commercial cy-
tometer. Furthermore, this device has a great advantage in
price due to the cheap PCB.

A year later, Guo et al. improved the PCB-based mi-
crofluidic cytometer, using a cover slip as a dielectric layer
that allows AC signals to detect the impedance changes of
microfluidic channels [45]. The detection results of Hela
cells and human red blood cells (RBCs) showed that the
Hela cells could be detected by the AC signal in which the
frequency is above 400 kHz, but the RBC cells could not be
detected. The average diameter of Hela cell is 16 µm and the
average diameter of RBCs is 5 µm. Therefore, the improved
cytometer not only has high detection accuracy but also
has good cell selectivity. These advantages make it a great
prospect in the application of tumor metastasis diagnosis.

In addition, Guo et al. proposed a PCB-based on-demand
microfluidic single-cell imaging device that combines single-
cell imaging and differential-resistance pulse sensing to
extract the specific size cells’ morphological information

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



Electrophoresis 2020, 0, 1–13 Miniaturization 3

Figure 2. (A) Image of PCB-based on-demand microfluidic single-cell imaging device and (B) the cell image captured by the proposed

device, reprinted with permission from [46]. Copyright 2015 American Chemical Society.

Figure 3. (A) An impedance sensor on PCB consists of an impedance change reaction plate and an impedance change reading plate,

reprinted with permission from [47]. Copyright 2018 Elsevier; (B) and (C) the results of proposed cell viability detection devices [48]; (B)

the detection result of the effects of cisplatin on human ovarian cancer cell; (C) the detection results of different doses of drugs on different

drug-resistant cells, reprinted with the permission from [48]. Copyright 2019 Elsevier.

such as the shape, texture, and intracellular structure [46].
It has been confirmed in previous studies that different
sizes of cells will produce different amplitude pulse signals
when they pass through the sensing hole. A control circuit
is designed on the PCB, which will quantize the pulse signal
via analog-to-digital chip and transmit the digital data of
amplitude to Field Programmable Gate Array. If the data
are within the set threshold, the Field Programmable Gate
Array will generate an enable signal to excite the Comple-
mentary Metal-Oxide-Semiconductor Transistor (CMOS)
sensor, which is in snapshot mode to capture the image of
the passing cell. The threshold voltage was set to 0.4 mV and
the mixture of RBCs and HepG2 cells was detected by the
proposed device. Figure 2A shows the pulse signal generated
by a series of cells passing through the sensing hole, and the
cells’ images captured by the CMOS were attached. From
Fig. 2B, we can see that if the threshold voltage is set to be
higher than maximum pulse amplitude induced by RBCs,

the HepG2 cells can be imaged on-demand. Therefore,
the proposed device can effectively count cells and image
the cells that we are interested in, demonstrating powerful
selective single-cell imaging capabilities.

2.2 Lab-on-PCB for detecting cell viability

Nikshoar et al. designed an impedance sensor on PCB for
detection of populated metastatic cancer cells from primary
ones based on a recently reported metastatic diagnosis as-
say [47]. As shown in Fig. 3A, the sensor consists of an
impedance change reaction plate and an impedance change
reading plate. The human umbilical vein endothelial cells
(HUVEC) are cultured on the sensing electrodes, which are
integrated on a poly-methyl methacrylate substrate in six cir-
cular microelectrode arrays. When the metastatic cancer cells
invade the HUVEC on the electrodes, it will cause the HU-
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Table 1. Lab-on-PCB for biomedical applications

Analyte Size Role of PCB Performance Characteristic Reference

Na+ in sweat 61 × 25 × 1.2 mm Reader device Range: 10–90 mM
Accuracy: ±5 mM@50 mM

Wearable Daniel et al. (2015)
[49]

Cholera toxin in blood Litter than a mice Sensor and reader
device

LOD in vitro test: 50 pM
LOD in vivo test: 1.6 nM

Wearable and
invade

Na et al. (2019) [50]

Glucose and lactate
levels in sweat

50 × 24 mm Reader device Lactate RSD: 1.2%
Glucose RSD: 1.6%
LOD: 50 μM

Wearable Martin et al. (2019)
[52]

Tetramethybenz-
adine
(TMB)

About
45 × 52 × 2.8 mm

Sensor and reader
device

There is a clear correlation
between the concentration
of TMB and magnitude of
signal

Drop the solution
on the device

Vasilakis et al. (2016)
[20]

Glucose and lactate
in brain

32 × 18 mm Reader device Glucose:0.4 ± 0.1 mM
Lactate:0.6 ± 0.15 mM

Wearable and
invade into
brain

Rocchitta et al. (2013)
[53]

Glucose in sweat Head band Sensor and reader
device

RSD: 3.2%
LOD: 2 μM

Wearable Zhu et al. (2019) [57]

Na+, K+, Cl−, and
pH in sweat

PCB: 4 × 8 mm
Sensor: 3 × 3 mm

Reader device Be able to detect multiple
parameter at the same, and
reflect the changing
relationship between them

Wearable Nyein et al. (2018) [60]

Uric acid in blood 50 × 70 mm Sensor and reader
device

CV:
Low concentration
(<200 μmol/L): 4.56%
Mid concentration
(201–435 μmol/L): 2.66%
High concentration
(>436 μmol/L): 1.83%

Combined with
smartphone

Guo et al. (2016) [65]

β-Ketone in blood A dongle smaller
than a smartphone

Sensor CV: 3.79% Combined with
smartphone

Guo et al. (2017) [66]

Alcohol in blood 38.5×22.5 mm Reader device Limit of detection: 1.35 nA
Limit of quantification: 4.5 nA

Combined with
smartphone

Aymerich et al. (2018)
[67]

VEC to retract and detach from the electrodes, which will
cause a large change in impedance. And the primary cancer
cells cannot invade the HUVEC. Finally, the impedance re-
sponse reader is used to monitor the impedance before and
after the addition of cancer cells.

Senevirathna et al. proposed a PCB-based capacitive
biosensor for automated, real-time, and label-free monitor-
ing of cell viability [48]. As cell proliferation and tight bind-
ing to the substrate regulate the dielectric properties of the
cell–substrate interface, cell proliferation can bemeasured by
measuring changes in surface capacitance. At the same time,
time-lapse optical imaging of the sensor surface was added
to observe cell growth to verify the measurement results. As
shown in the experimental results of Fig. 3B, a 100 µm dose
of cisplatin was added to the growth wells of two human ovar-
ian cancer cells cultured for 48 h, and it was found from
the experimental images and data 4 h later that the cells be-
gan to die. In addition, they did another set of experiments
to show the effect of drug dose on the viability of different
drug-resistant cells, as shown in Fig. 3C. Therefore, the pro-
posed PCB-based biosensor can greatly help drug develop-
ment because of its excellent performance for cell viability
monitoring.

3 Biochemical analysis

The electrochemical analysis is the use of catalytic enzymes
or other catalytic methods to cause the analyte to react with
other reactants to produce a measurable electric signal. It is
usually used to detect the concentration of some health indi-
cators such as energy substances (glucose), electrolytes (K+,
Na+, Cl−, pH), and metabolites [49–51]. In addition, the elec-
trochemical sensor directly converts the detected information
into electrical signals that can be processed and transmitted
by the circuit. Therefore, with the assistance of flexible cir-
cuit board and integrated circuits, the electrochemical sensor
can be made into wearable sensing devices or integrated into
smartphones, which lead the development trend of recently
biomedical applications (Table 1).

3.1 Lab-on-PCB for detecting glucose

Due to the personalization and miniaturization of PCB
circuits, Martin et al. proposed a wearable biomedical device
for real-time detection of glucose in sweat [52]. This device
consists of an epidermal microfluidic detection platform that
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Figure 4. (A) The sketch of a

wearable detection biomed-

ical device for real-time

detection of glucose in sweat

and (B) the detection results

of before and after meals,

reprinted with permission

from [52]. Copyright 2017

American Chemical Society.

is manufactured by a combination of lithography and silk
printing technology to collect sweat from the skin surface,
and a flexible electronic board for real-time wireless data
transmission via Bluetooth (Fig. 4A). An electrochemical
biosensor modified with glucose oxidase is integrated into
the epidermalmicrofluidic detection platform.When glucose
in the sweat reacts with glucose oxidase on the electrode to
generate hydrogen peroxide, the current in the circuit will
increase. And the magnitude of the current is related to
the glucose concentration. As shown in Fig. 4B, there is a
significant difference in the glucose content before and after
meals (red lines indicate before meals, black lines indicate
after meals). The device has a great development prospect in
noninvasive monitoring of glucose concentration in human
body, which can bring great convenience and assistance to
the recuperation of diabetic patients.

In addition, Rocchitta et al. proposed a PCB-based
telemetry system for simulataneous detection of extracellular
glucose and lactic acid in the brain [53]. The Pt/Ir cylindri-
cal electrode modified by glucose oxidase and lactate oxidase
was implanted into the right striatum and left striatum of the
mice by stereotactic surgery. As shown in Fig. 5A, the elec-
trodes were connected with the double-sided PCB fixed on
the top of the mice, and a microvibration sensor is integrated
into the PCB circuit to record the movement of the mice.
From the experimental data, the device accurately records
the relationship betweenmice motion and brain neurochem-
istry. When the motion increased, the concentration of glu-
cose decreased with the increase of lactic acid in the mice’s
brain. When the mice calmed, the concentration of glucose
gradually increased. This method of simultaneously record-
ing brain neurochemistry and animal motion provides inspi-
ration for the researcher of motion-related diseases such as
Parkinson’s syndrome.

There are many other researches on electrochemical
sensors for the detection of lactic acid and glucose in hu-
mans based on the corresponding oxidoreductases [54–56].
However, the accuracy and sensitivity of the detection of such
biosensors will be influenced in the case of long-term un-

steady physiological conditions and enzymes sensitive to en-
vironmental conditions (such as pH and temperature). Zhu
et al. presented a nonenzymatic electrochemical sensor based
on electrochemical water splitting-assisted electrocatalysis to
solve this problem [57]. Their wearable electrochemical sen-
sors are shown in Fig. 5B, which integrated a metal–organic
frameworks based electrode and flexible PCB-based data
acquisition and emission device. First, a high negative po-
tential is necessary for inducing the decomposition of water
molecules on the surface of the electrode to produce hydrox-
ide ions to make an alkaline environment for metal–organic
frameworks electrode to catalyze the oxidative decomposi-
tion of glucose. And then a moderate potential is applied to
catalyze the redox reaction of glucose in the sweat, and the
collected electrical signals are sent to the smartphone for
analysis via Bluetooth. Finally, the positive potential is applied
to clean the electrode in preparation for the next detection.
It was confirmed by experiments (Fig. 5C) that the concen-
tration of glucose in the sweat measured by the proposed
sensor showed a strong correlation with the blood glucose
concentration measured by the commercial blood glucose
meter. Furthermore, the glucose concentration in the sweat
samples was analyzed using HPLC-MS, and the results were
consistent with those obtained with the proposed sensor.

3.2 Lab-on-PCB for detecting electrolytes

Measurement of various electrolytes in the human body is
also indispensable, playing a very important role in tissue is-
chemia assessment, dehydration assessment [58], and other
applications. Anastasova et al. proposed four electrochemical
sensing platforms based on PCB technology for detecting
various parameters such as Na+ ions, K+ ions, and pH. The
pictures of these platforms are shown in Fig. 6; they are
divided into two rigid platforms for in vitro liquid sample
measurement and two flexible platforms for postoperative
intestinal tissue testing [59]. To demonstrate their detection
performance, the detection results of the four platforms

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



6 W. Zhao et al. Electrophoresis 2020, 0, 1–13

Figure 5. (A) The picture

of a PCB-based detection

biomedical device; this de-

vice can be inserted into

the brain of mice to detect

the extracellular glucose

concentration and lactate

concentration, reprinted

with permission from [53].

Copyright 2013 American

Chemical Society, (B) the

structure of a head-mounted

nonenzymatic biochemical

sensor to detect the glucose

concentration in the sweat,

and (C)the detection results

of proposed devices and the

detection results of commer-

cial device, showing good

agreement, reprinted with

permission from [57]. Copy-

right 2019 American Chemical

Society.

Figure 6. Four kinds of bio-

chemical sensors for detect-

ing the electrolytes in human

body based on PCB technol-

ogy, which are divided into

two rigid platforms for detec-

tion in vitro (the first and sec-

ond) and two flexible platform

for detection in vivo (the last

two), reprinted with permis-

sion from [58]. Copyright 2018

Elsevier.
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Table 2. The performance of four platforms

Platform Analyte Sensitivity (mV/log) %RSD Intercept (mV) %RSD Response time (s) LOD Drift (mV/24 h)

Platform 1 Na+ 22.2 ± 1.9 4.5 186.1 ± 3.5 3.7 300 10−4 M 28.9
Platform 2 Na+ 54 ± 1.5 2.5 241.5 ± 2.3 1.2 200 10−4 M 23.2
Platform 3 Na+ 55.8 ± 1.2 3.2 251.3 ± 3.2 1.3 150 10−4 M 17.6
Platform 4 Na+ 56.3 ± 0.9 2.5 250 ± 4.2 0.6 30 10−5 M 16.5
Platform 1 K+ 22.2 ± 4.9 5.4 186 ± 3.5 4.1 300 10−4 M 28.6
Platform 2 K+ 54 ± 2.5 3.5 241.5 ± 2.3 1.9 250 10−4 M 32.4
Platform 3 K+ 55.8 ± 1.2 2.4 249.3 ± 2.4 2.5 180 10−4 M 24.8
Platform 4 K+ 57.4 ± 1.9 1.9 250 ± 4.2 2.9 40 10−5 M 19.6
Platform 1 H+ –25.6 ± 1.6 3.5 161.3 ± 3.5 2.8 150 3.5 units 26.5
Platform 2 H+ –59 ± 1.8 2.2 116.9 ± 2.3 1.1 50 2.6 units 20
Platform 3 H+ –69.8 ± 0.8 3 116 ± 2.8 1.2 30 3.5 units 10
Platform 4 H+ –73.4 ± 0.6 2.6 118 ± 4.5 0.9 10 2.4 units 4.2

Figure 7. A multiple detection

device based on PCB tech-

nology and microfluidic for

electrolytes and the detection

results, reprinted with permis-

sion from [60]. Copyright 2018

American Chemical Society.

for saliva samples are shown in Table 2. The flexible hard
gold platform 4 exhibits the best performance with the high
sensitivity as large as 73.4 mV/pH, 56.3 mV/log [Na+], and
57.4 mV/log [K+]. Although platform 1 which is rigid with
electroless nickel immersion gold finish has the worst perfor-
mance, it has the lowest cost and simple production method
that makes it is suitable for large-scale and low-cost produc-
tion. This advantage makes it effective for use in developing
worlds and paves the way for the decentralization of health-
care in developed countries.

Nyein et al. proposed a PCB-based microfluidic wearable
sensor platform that can be used to analyze the concentration

of various electrolytes in sweat and simultaneously detect
the rate of sweating, providing a platform for comprehensive
analysis of sweat secretion [60]. An electrochemical sensor
for sweat electrolyte analysis and an electrical impedance
rate sensor for sweat rate analysis are integrated into the
microfluidic channel, and Na+, K+, Cl−, pH, and sweat rates
can be simultaneously detected by incorporating different
electrochemical sensing electrodes. As shown in Fig. 7,
each electrode corresponds to an analytical detection of a
substance. And the analysis results are consistent with pre-
vious studies [61–64] that about 10 min after sweating, sweat
enters the fluid channel, and then the sweating rate gradually

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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Figure 8. Photograph of the

proposed medical smart-

phone based on PCB tech-

nology for UA detection

in human blood samples,

reprinted with permission

from [65]. Copyright 2016

American Chemical Society.

increases and returns to the original state after about 20 min.
The sweat pH and Cl− show similar trends as the sweat
rate.

3.3 Lab-on-PCB combined with a smartphone for

electrochemical analysis

Recently, with the development and popularization of smart-
phones, Lab-on-PCB has brought benefits to PCB-based
electrochemical sensors. The electrochemical sensor is made
into an electronic dog or integrated into the smartphone to
connect with the smartphone by PCB technology. Thanks to
the excellent computing performance and communication
capabilities of smartphone, the detection data collected
by electrochemical sensors can be quickly analyzed and
uploaded to the personal monitoring healthcare center and
the online personal clinic via smartphone. For example,
Guo et al. reported the world’s first medical smartphone for
uric acid detection [65]. As shown in Fig. 8, a PCB-based
electrochemical module is integrated inside the smartphone,
and the electrochemical module passes through a specific
interface connect with an external disposable electrochemical
uric acid test strip. Only one drop of 30 µL of whole blood
can be used to detect the concentration of uric acid in pe-
ripheral blood. Their group also proposed an electrochemical
biosensor that uses an electronic dog to connect to a normal
smartphone to detect concentration of blood β-ketone [66].
An electronic dog based on PCB technology is used to receive
the detection signal of the concentration of blood β-ketone
from the electrochemical ketone test strip, which is then sent
to the smartphone to analysis and management only needs
to download a special application on the smartphone. With

the assistance of this PCB-based electronic dog, the normal
smartphone can also easily be used to monitor people’s
health that makes the medical dog to have great applicable
potential in mobile health applications.

In addition, Aymerich et al. also proposed a method
for detecting ethanol intoxication in whole blood samples in
combination with a normal smartphone and a PCB-based
electronic medical dog [67]. The smartphone powers the PCB
through the USB interface, enabling it to operate the sen-
sor in three modes: potentiostatic, cyclic voltammetry, and
chronoamperometry. The op amp-based negative feedback
circuit and themicrocontroller-based control circuit optimize
the redox signal detected by the microfluidic sensing device,
and they are integrated compactly on the PCB through the
original circuit topology to reduce the size of the electronic
dog. And its performance is comparable to that of large and
expensive commercial benchtop devices. The experimental
results show that the sensitivity of the platform to the ethanol
concentration in the whole blood sample reaches 36 nA/g/L
in the range of 0–1.25 g/L and the limit of quantification
reaches 4.5 nA.

4 Lab-on-PCB for immunoassay

Immunoassays have become a standard technique for diag-
nosing heart disease, kidney disease, hepatitis, and other in-
fectious diseases [68–72]. And Lab-on-PCB for immunoassay
has greater advantages because of the low cost and high in-
tegration of PCB. We can integrate multiple sensors on a
PCB, which can achievemultiple detections ormultiple chan-
nels to detect the same sample to improve the accuracy of
detection.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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Figure 9. The process of im-

munoassay of malaria which

can perform in “pipelined”

mode under the control of PCB

circuit, reprinted with permis-

sion from [79]. Copyright 2017

American Chemical Society.

Lee et al. presented a surface acoustic wave sensor de-
signed on a PCB board, which can be used to detect cardiac
markers [73]. The sensor consists of four interdigital trans-
ducer electrode pairs, a frequency counter, and twomultiplex-
ers. The finger pairs and width of the electrode determine the
center frequency of the signal. When the cardiac marker is
captured by the corresponding antibody on the SiO2 guiding
layer between the electrodes, it will cause a change in the out-
put frequency, and the content of the corresponding cardiac
marker can be estimated by the frequency change value. At
the center frequency of 200 MHz, the three heart markers
of cTnl, CK-MB, and myoglobin are detected, and the mini-
mum detectable concentrations were 50 pg/mL, 1.1 ng/mL,
and 16.0 ng/mL, respectively.

Bonila et al. also proposed a method for immunoas-
say based on PCB-based electrode arrays [74]. The difference
is that they detect analytes by analyzing changes in array
impedance. Their detection relies on the ability of urease to
produce an increase in conductivity by hydrolyzing the urea
substrate. Furthermore, in this method, the enzymatic reac-
tion does not occur on the electrode array, but on a regular
glass slide. The performance of the method was evaluated by
microarray of mouse universal protein to confirm its detec-
tion limit of 0.1 µg/mL. Compared with the method in which
the enzymatic reaction directly occurred on the electrode ar-
ray, the detection limit was not very high. However, due to its
flexibility in replacing the microarray, it can be well applied
to multiple analysis systems.

Cortisol, a “stress hormone,” has been identified as a
biomarker that can detect psychological stress [75]. The link
between elevated cortisol levels in saliva and anxiety has been
identified, but there is a lack of a fast and effective method for
detecting cortisol levels under the situation without large lab-
oratory equipment and extensive expertise [76]. Khan et al.
proposed a label-free paper-based electronic biosensor chip
[77]. A low-cost, reconfigurable small control circuit based on

PCB is used to quantify the impedance of the DTSP/SAM/Au
electrode before and after the cortisol reacts with the anti-
body cortisol, which is attached to the electrode. According to
the detection results of six standard samples with the known
concentration of cortisol and eight saliva samples from vol-
unteers, the detection range of the proposed sensor chip is
3 pg/mL to 10 µg/mL, and the detection limit is 3 pg/mL.
And due to the small size of the PCB-based control circuit, it
can be easily integrated into a handheld device, and the de-
tected data can be shared via the wireless network.

Nagy et al. proposed a CMOS sensor array integrated
circuit implemented on a PCB that can perform multi-
ple immunoassays [78]. The front side of the PCB has a
16*16 COMS array of 256 CMOS sensors covering a layer
of SU-8 photoresist modified with antigen or antibody bio-
probes. When the bioprobe reacts with the analyte, it will af-
fect the amount of light reaching the lower CMOS sensor,
which determines the voltage generated by the sensor. The
voltage of 256 sensors can bemeasured and sent to the smart-
phone for analysis through the ARM data acquisition plat-
form on the back of the PCB. And using the advanced inkjet
printing technology enables each sensor to perform different
immunoassays, greatly improving the ability of multiple de-
tections. It can also be obtained by averaging by using more
sensors to detect the same object. From the results in Fig. 9A,
it can be seen that the proposed device can easily distinguish
whether the sample contains rabbit anti-mouse antibody or
HIV antibody. The detection limit of HIV antibody concen-
tration is 10 µg/mL, which is far superior to the commonly
found in infected population (300–500 µg/mL).

In addition, the flexibility of the PCB circuit can also
bring more convenience to immunoassay devices. For ex-
ample, Kim et al. used a PCB-based electromagnetic coil ar-
ray to create a “pipelined” immunodetection device to detect
malaria [79]. As shown in Fig. 9B, the entire probing process
includes capture, marking, two washes, and measurements.
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Figure 10. (A) Due to the flexibility of PCB-based circuit, the pro-

posed immunoassay device can easily change the microfluidic

channel plate to detect various analytes, and 12 parallel amplifi-

cation and quantization circuits’ schematic diagram is shown in

(B), reprinted with permission from [78]. Copyright 2014 Elsevier.

Coils are used on the PCB to achieve automatic translation
and mixing of immunomagnetic beads in wells by electro-
magnetic induction. The method saves a lot of labor costs,
and compared to conventional immunoassays and molecular
analysis tools, the device is small in size and does not require
complicated professional operations, so that it can be effec-
tively utilized in resource-poor environments.

In addition, Novo et al. proposed a “plug-in” immun-
odetection device and performed an immunoassay of an
IgG/anti-IgG model to demonstrate the detection perfor-
mance of the proposed device [80]. The device consists
of a photodiode PCB, a control/amplification circuit PCB,
and a microfluidic channel board. The photo of the con-
trol/amplification PCB is shown in Fig. 10A. On the top side,
there is a microprocessor with a USB interface that can be
connected to computer or smartphone. And the bottom side
is composed of 12 parallel amplification/quantization circuits

(Fig. 10B) and a slot for connecting the photodiode PCB. The
structure of the photodiode PCB is as shown in Fig. 10A, and
there are two deep pits and one shallow pit on the left side
for placing the photodiode chip and the microfluidic chan-
nel plate, and the right side is a socket connector. With the
assistance of this slotted design, the photodiode PCB can be
easily removed for replacement of themicrofluidic module to
achieve different functions immunoassay, which can greatly
save the cost of immunoassay.

5 Molecular diagnosis

The PCR is a temperature-mediated enzyme-catalyzed reac-
tion that mimics the process of DNA replication in nature
and exponentially amplifies little DNA or RNA. It is an
effective way for molecular diagnosis, therefore PCR-based
analysis devices have been widely reported [81–84]. With
the assistant of PCB technology, Lab-on-PCB can achieve
sample-to-answer PCR analysis, greatly simplifying the
complexity of molecular diagnostics.

To address the difficulty of detecting HIV-1 proviral DNA
in infants in resource-limit settings, Jangam et al. developed
a low-cost, highly integrated sample-to-answer PCR system
[85]. We simply collected 100 µL of blood from the baby’s heel
and used the sample introduction module to separate and ex-
tract the DNA from the blood, and then detection result was
provided by the proposed system. All this is attributed to the
microprocessor on the PCB, under which the system auto-
matically performs the process of reagent transfer, thermal
cycling, fluorescence detection, and gives the final result. The
results of tests on 5000 blood samples with HIV-1 provirus
confirmed that the system can detect HIV-1 in the blood. Al-
though its analytical sensitivity is not as good as that of the
laboratory, the system is low in cost and can obtain a detection
result rapidly without complicated operation and can provide
a preliminary detection for infants in resource-poor areas.

In addition, malaria is a transmission disease caused by
malaria parasites, mainly in areas with low incomes and un-
derdeveloped health care. In these areas, medical resources
are also in short supply, therefore a low-cost and rapid de-
tection device for control of malaria is essential. For areas
with high malaria transmission, microscopy and immuno-
logical rapid diagnostic tests have shown excellent perfor-
mance. However, the two methods are too stretched for the
detection of low concentrations of parasites, therefore Choi
et al. proposed a sample-to-answer nucleic acid testing de-
vice for inexpensive and lower concentration parasite density
malaria detection [86]. As shown in Fig. 11A, the operation of
the whole device is controlled by a custom microcontrol unit
based on PCB. After the detection sample is placed, the device
will automatically complete DNA separation and extraction,
DNA amplification, fluorescence detection, and data record-
ing. Finally, the results are displayed directly on the LCD
screen and the results are recorded on a nonvolatile mem-
ory card. The device has four parallel detection units with a
test time of 50 min, so the average detection time is 12.5 min.
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Figure 11. (A) The structure of

the proposed sample-to-answer

nucleic acid detection device,

reprinted with permission from

[84]. Copyright 2018 Elsevier; (B)

the picture of the PCI Express

connector interface of the pro-

posed DNA diagnostic platform,

reprinted with permission from

[86]. Copyright 2019 Elsevier.

And its detection limit is∼0.5 parasites/µL, which fully meet
the needs of malaria detection applications.

Temperature is a crucial factor in PCR, and reasonable
control of the time and temperature stability of the three
processes of denaturation (95°C), annealing (55°C), and ex-
tension (72°C) can achieve the shortest amplification time.
Kaprou et al. designed a continuous μPCR device with short
amplification time and low power consumption, including
microfluidic device and embedded Cumicroresistance heater
with PCB as the substrate for precise heating of PCR process
[87]. In order to better control the temperature of each stage,
the heater is designed with three discrete hot zones, which
are controlled by a temperature control unit consisting of
a microcontroller, temperature sensor, digital-to-analog con-
verter, and analog-to-digital converter. The analog-to-digital
converter converts the temperature sensed by the tempera-
ture sensor into a digital signal and transmits it to the mi-
crocontroller for analysis. The microcontroller then controls
the digital-to-analog converter to change the voltage across
the heater to adjust the temperature. Kaprou et al. also used
a detailed 3D modeling framework to analyze the residence
time of DNAmolecules in each hot zone to calculate the flow
rate to achieve the best reaction environment. Ultimately, the
device achieved a reduction in amplification reaction time of
up to 2min and its power consumption during operation was
only 2.7 W.

In addition, Pawan et al. proposed a DNA diagnostic plat-
form that uses peptide nucleic acid as a probe, which inte-
grates microfluidic channels and characteristic sensors on
the PCB to quantify DNAmore efficiently [88]. There are four
identical sensing electrodes on the PCB for easy repeatability
studies. Connect the electrodes to the PCI Express connector

interface (Fig. 11B) to facilitate the analysis of the detected
experimental data through a slot-type electrical connection to
an external instrument. The proposed device is capable of an-
alyzing 5 µL samples with the concentration ranging from 0.1
to 100 µM with a continuous flow of 5 min, and a detection
limit of 57 fM.

6 Concluding remarks

In this paper, we reviewed the studies about Lab-on-PCB for
biomedical applications in recent years. We introduced the
structure, performance, and advantages of Lab-on-PCB de-
vices from four application directions, including cell analysis,
biochemical analysis, immunoassay, and molecular diagnos-
tics. Due to thematuremanufacturing industry of the PCB, it
is easy to integrate the sensor and the sensing signal process-
ing system on the same PCB circuit, which can achieve mass
production and reduce the costs. And the PCB has a high de-
gree of integration, which has a great advantage in size com-
paredwith traditional sensing equipment. On the other hand,
the PCB circuit can also be customized according to the actual
needs of the user, so it canwellmeet the special needs of some
sensor device designs. In addition, the recent emergence of
flexible circuit materials has also promoted the development
of wearable electrochemical sensors and make it possible to
monitor human health indicators for a long time.

Although Lab-on-PCB has made good development in
biomedical applications, in order to adapt to future develop-
ment trends, we have proposed the following perspectives:
(1) The minimum detection limit, sensitivity, and accuracy
are important indicators for evaluating a sensor. Although
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the detection performance of some Lab-on-PCBs is already
comparable to commercial desktop instruments, there is still
a large part that can only be qualitatively analyzed. Therefore,
we also need to improve the existing lab-on-sensing technol-
ogy or propose new and better sensing technologies to im-
prove the sensitivity and accuracy of Lab-on-PCB detection.
(2) With the rapid development of PCB technology, Lab-on-
PCB wearable sensors have been put into biomedical applica-
tions, and the Lab-on-PCB sensors that are inserted into the
body have also been tested on animals. These sensors can be
used to detect human health indicatorsmore accurately in the
long term.Next, we can further reduce the size of Lab-on-PCB
to improve its biocompatibility to pave the way for nanoscale
biological detection devices that can implant in the human
body in the future. (3) We can use the developed wireless
communication technology to integratemultiple Lab-on-PCB
to build a comprehensive platform for biochemical detection.
Through comprehensive detection and analysis of different
indicators, we can diagnose the disease more rapidly and
accurately and provide treatment for the diseasemore reason-
ably. In addition, by combining big data technology and fifth
generation wireless network communication technology, a
larger Internet of medical Things can be constructed. Above
all, we believe that through continuous development, Lab-on-
PCB will play an increasingly important role in biomedical
applications, providing a strong guarantee for people’s health.

The authors have declared no conflict of interest.
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