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The traditional analytical biosensor instruments are relatively bulky, expensive, and not easy to handle,

thus their applications are largely limited in resource-limited settings. The recent development of microfl-

uidic lab-on-a-chip (LOC) technology has provided a possible solution to miniaturize the conventional

biosensing system, yet other accessory devices to detect, readout, analyze, transfer, and display results

are still required. With the rapid development, mass production, and pervasive distribution of smartphones

in recent years, they have provided people with portable, cost-effective, and easy-to-operate platforms to

build analytical biosensors for point-of-care (POC) applications and mobile health. Based on the

common analytical methods, this paper reviews the recent development of four types of smartphone

based analytical biosensory systems at the POC, i.e., smartphone-based microscopic imaging, colori-

metric, electrochemical, and electrochemiluminescence biosensor. The different bio-sensing strategies

and analytical performance together with future perspectives are discussed.

1. Introduction

The traditional analytical biosensing instruments are relatively
bulky, expensive, and not easy to handle, which greatly limit
their applications in biomedical diagnosis, especially in
resource-limited settings. For example, the flow cytometer is a
widely used clinical diagnostic instrument for cell analysis and
sorting, which is the current gold standard method to count
CD4+ T-cells for HIV/AIDS monitoring.1,2 Yet, it has the draw-
backs of prohibitively high cost, bulky size, and tedious
measurement procedures.3–5 Another gold standard bio-
medical diagnostic technique, optical microscopy, has been
used for a long time for accurate disease monitoring and dis-
covering its underlying causes through high-resolution cells/
microorganisms imaging.6–8 However, to reach highly sensitive
measurements and sensing, it relies on bulky and expensive
optics as well as professional personnel to operate in estab-
lished hospitals or clinics. These problems pose significant
healthcare challenges especially in low-income and resource-
limited areas. Therefore, portable and affordable analytical

and biomedical sensing instruments are in high-demand to
provide point-of-care (POC) diagnostics.8–12

POC diagnostics refer to the diagnosis at the patient site
outside a clinical laboratory by a clinician or the patient him/
herself. The diagnostics are usually portable and easy-to-
operate with short time-to-result so that rapid clinical decision
can be made and treatment delay can be alleviated.13–15 To
miniaturize the traditional bulky biosensing system, the recent
advancement of microfluidic lab-on-a-chip (LOC) technology
has provided a possible solution to integrate biosensors, actua-
tors, microfluidics, and micro-electro- mechanical systems
(MEMS) all together on a miniaturized chip-scale
platform.16–22 However, to practically apply such a miniatur-
ized biosensor LOC in clinical biomedical diagnostics, most
biosensor LOCs still require other accessory devices to detect,
readout, analyze, transfer, or display results. To address such
challenges, researchers are recently turning into the smart-
phone-based analytical biosensors.23–28

Smartphones initially came to the consumer market in the
late 90s, which turned the conventional feature-phones into
hand-held computers. Then after the revolutionary launch of
Apple’s iPhone in 2007, smartphones quickly became a main-
stream popularity. With the continuous increasing penetration
rate of smartphones, the number of smartphone users is pre-
dicted to increase from 2.1 billion in 2016 to around 2.8
billion in 2019, more than one-third of the world’s total popu-
lation.29 Typically, a smartphone is equipped with numerous
types of sensors such as accelerometer and thermometer to
sense data for various purposes, in which the most widely
used sensor by consumers is probably the optical camera
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sensor. The smartphone usually also possesses fast multicore
processor, large memory, adequate battery, audio and USB
port, and touch screen, to provide powerful computation capa-
bility, large data storage, portable power supply, and con-
venient user interface to interact with external, respectively.
The wireless data transfer methods such as 4G cellular data
service, Bluetooth, Wi-Fi, and near-field communication (NFC)
can also enable the acquired smartphone data to be trans-
mitted to professionals or cloud, allowing data management
for local medical facilities in remote emergencies.

As the capabilities of smartphones are becoming more and
more powerful, researchers only need to design certain acces-
sory attachments on smartphones for analytical biosensing,
which can provide illumination sources, signal detectors, or
just instrumental interfaces that supply power and process
data.26 Considering such facts of rapid development, mass pro-
duction, and pervasive distribution for smartphones in recent
years, they have provided people with portable, cost-effective,
and easy-to-operate platforms to integrate with microfluidics
and LOC to build analytical biosensors for POC applications
and mobile health. So far, the effectiveness of smartphone-
based analytical biosensors has already been demonstrated in
numerous applications such as healthcare diagnostics,
environment monitoring, and food toxin screening.30–37

Therefore, based on the common analytical methods, this
paper reviews the most recent development of four types of
smartphone-based analytical biosensor systems at the POC,
i.e., smartphone-based microscopic imaging sensor, colori-
metric sensor, electrochemical sensor, and electrochemi-
luminescence sensor. The different bio-sensing strategies,
analytical performance, and applications are discussed to
provide a most recent overview of the smartphone-based
analytical biosensor development, with conclusions and future
perspectives at the end. Note that this classification is not
intended to completely cover all the existing types on smart-
phone-based biosensors, but mainly considers the wide and
common applications of these four biosensing types in the
existing literature.

2. Smartphone-based microscopic
imaging sensor

Nowadays, almost all smartphones must have a camera on the
front and back side. Dual cameras are gradually becoming a
new trend due to the market competition for better focusing
performance and dynamic range in photography. Inside each
optical camera is actually a Complementary Metal Oxide
Semiconductor (CMOS) image sensor (CIS), which typically
includes a photodiode pixel array and peripherical readout cir-
cuits to convert photons (optical images) into electronic
signals.38,39 As the integrated circuit design and fabrication
techniques keep advancing, the pixel array size of the smart-
phone embedded CIS has now increased beyond 40-Mega,
meanwhile the pixel pitch has shrunk to around 1 μm.40 The
recent development of back-side illumination (BSI) pixel archi-

tecture instead of the conventional front-side illumination
(FSI) architecture also enables deep photodiode and short
optical path to improve the sensitivity and dynamic range.41

Other advantages of CIS also include high framerate (due to
high-speed readout circuits), low power consumption, on-chip
ISP (image signal processor), and scalability for larger pixel
array. With the high-resolution imaging capability of CIS,
smartphone-based optical image sensing has been the most
commonly applied analytical modality, especially in the micro-
scopic imaging application.42

Moreover, the rapidly advancing computational power of
the embedded Central Processing Unit (CPU) and Graphics
Processing Unit (GPU) in smartphone enables the captured
images to be analyzed, corrected, and improved in a real time
fashion, thus a computational microscopy without the need
for external processing on PC can be realized. By attaching
external accessories such as optical components, sample tray,
and light emitting diode (LED) illumination source, the
smartphone-based microscopy can detect the morphological
features of samples such as size, shape, brightness, and
color, and use them as signal labels for the detection of blood
cells, tumor cells, microorganisms, nanoparticles, DNA, and
virus.42

A. Bright-field microscopic imaging biosensor

(1) Lens-based approach. Like a conventional light micro-
scope, smartphone-based microscopic imaging sensor also has
two common sensing modalities, i.e., bright-field and fluo-
rescent. The bright-field microscopic imaging biosensor is dis-
cussed first.

Some early attempts built the smartphone-based micro-
scopic sensor on the feature phones when the smartphone was
still not very popular. For example, in 2009, Breslauer et al. pre-
sented a portable smartphone-based microscope as shown in
Fig. 1(a), which mounted standard microscope eyepieces and
objectives on the camera sensor to adjust magnification and
resolution.43 The system spatial resolution was measured as
1.2 μm and the field of view (FOV) was 180 μm diameter. The
system demonstrated successful imaging of P. falciparum-
infected red blood cells and M. tuberculosis-infected sputum
samples in bright field and fluorescence mode, respectively.
Ever since, numerous smartphone-based microscopic sensors
have been proposed.

The utilization of standard microscope lens is still complex
and relatively large. In 2011, Z. J. Smith et al. proposed one
smartphone-based microscopy by using only a 1 mm ball lens
as the magnifying element over the smartphone camera
system, as shown in Fig. 1(b).44 Peripheral blood smears were
imaged with 1.5 μm resolution achieved. Although the size of
lens was reduced, the side effects of significant flatfield distor-
tions and field-dependent magnification emerged for ball lens
magnification.

As an alternative approach, N. A. Switz et al. attached a
reversed mobile phone camera lens to an intact mobile phone
to realize a 10 mm2 FOV and a resolution ≤5 mm imaging as
shown in Fig. 1(c).45 Their prototype achieved the detection of
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red and white blood cells in blood smears as well as soil-trans-
mitted helminth eggs in stool samples. Such approach pro-
vides a balance between lens size and imaging quality.

In another recent case, a portable smartphone-based bright
field microscope was developed for the detection of
S. haematobium eggs without label in rural Ghanaian school-
based setting, as shown in Fig. 1(d).46 It employed two white
LEDs and an external lens for illumination and magnification
to reach a spatial resolution of about 0.87 μm. Two polymer
diffusers and a microscope slide tray over an adjustable focal
plane were designed to guarantee a uniform illumination over
the sample. The prototype demonstrated a sensitivity of 72.1%
and a high specificity of 100%.

Another recent work proposed a smartphone-based micro-
scopic biosensor for label-free CD4 T-cell detection as shown
in Fig. 1(e).47 A special designed microfluidic chip with surface
modification captured the CD4 cells and was inserted into the
optical attachment above the camera sensor for imaging. A
pair of external aspheric lenses harvested from pick-up heads
of an external DVD drive was positioned adjacent to each other
above the camera. The device was evaluated using whole blood
and compare with manual and commercial flow cytometry
analysis, which showed a good agreement.

(2) Lensfree approach. To make the system more compact,
another type of bright-field microscopic imaging biosensor is
the lensfree approach.48 In lensfree imaging, there are also two
common types. One is the shadow imaging with incoherent

light source. The other is the holographic imaging with par-
tially-coherent light source.

Shadow imaging is probably the simplest form of bright-
field microscopy technique using a smartphone. The initial
work was the On-chip Microscope developed at Yang’s group
by attaching one microfluidic channel closely above a CIS.49,50

The basic imaging principle is as follows. When bio-samples
in the microchannel flew across the CIS surface, their diffr-
acted images would be projected to the CIS pixel array under-
neath with the above white light illumination. Based on such
principle, as shown in Fig. 2(a), Lee et al. demonstrated a
smartphone-based lensless microscopy by adopting the
ambient illumination such as sunlight as the light source.51

Due to the diffraction effect without a lens, the directly cap-
tured shadow images have a very low resolution. Therefore,
image reconstruction was necessary. In this work, they per-
formed a subpixel resolved super-resolution processing with a
custom-designed App, which can reconstruct multiple low-
resolution images to a high resolution one.50 The prototype
implemented a spatial resolution of 500 nm for the imaging of
microorganisms in water and blood smear. However, the
throughput limitation may limit its practical usage.

The incoherent smartphone based microscopic image
sensing systems can only capture the intensities of the object
images. Differently, holographic imaging can acquire both
amplitude and phase information of the objects. Based on
holographic imaging principle, Ozcan’s group reported a

Fig. 1 (a) Mobile phone microscope with standard microscope eyepieces and objectives, reproduced from ref. 43 with permission from the Public
Library of Science, copyright 2009; (b) smartphone-based microscopy with a 1 mm small ball lens reproduced from ref. 44 with permission from the
Public Library of Science, copyright 2011; (c) smartphone-based microscopy with a reversed mobile phone camera lens reproduced from ref. 45
with permission from the Public Library of Science, copyright 2014; (d) bright field smartphone-based microscope for the detection of Schistosoma
haematobium eggs without label, reproduced from ref. 46 with permission from the American Society of Tropical Medicine and Hygiene, copyright
2017; (e) smartphone-based microscopy with a pair of external aspheric lenses for CD4 T-cell detection, reproduced from ref. 47 with permission
from the Royal Society of Chemistry, copyright 2017.
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series of lensless microscopic prototypes.53–55 One of their
initial demonstration on a mobile phone used a light-weight
attachment to image blood cells, waterborne parasites, and
microparticles as shown in Fig. 2(b).52 The attachment con-
sisted a 587 nm wavelength LED with a 100 μm pinhole ahead
of the source for partially-coherent sample illumination. The
scatted light from the sample interferes with the unperturbed

background, which created in-line holograms and are then
acquired by the mobile phone embedded CIS. Then, iterative
holographic reconstruction image processing algorithms were
employed to recover the amplitude and phase information. To
further improve the spatial resolution, super resolution image
processing algorithms were applied with a source array.

B. Fluorescent microscopic imaging biosensor

Compared with bright-field bio-imaging, fluorescence bio-
imaging provides enhanced sensitivity and specificity, which is
better for detection of biological targets even at nanoscale. In
the current fluorescent imaging, LEDs are usually employed to
excite the fluorescence and provide enough signal to noise
ratio (SNR) level for observation, and/or quantify the fluores-
cently labeled micro objects, such as blood cells, proteins, bac-
terium, nucleic acids, and viral antigens.56,57

An early fluorescence microscopy demonstration was built
on a feature phone by Zhu et al., as shown in Fig. 3(a).58 Butt-
coupled LEDs at the side were used to excite the fluorescent
tags, and the emitted fluorescent images of the sample were
captured by an external lens attached above the existing lens of
the cell-phone camera. The prototype successfully imaged
labeled white blood cells and Giardia Lamblia cysts in water for
quality monitoring. A 10 µm resolution over a FOV of 81 mm2

was achieved with the help of compressive sampling based
digital image processing.

The limit of detection can be further improved to nanoscale
for nanoparticle, viruses, or molecular biological samples
detection, for example, deoxyribonucleic acid (DNA). As an

Fig. 2 (a) Smartphone-based lensless microscope utilizing ambient illu-
mination, reproduced from ref. 51 with permission from the Royal
Society of Chemistry, copyright 2014; (b) smartphone-based lensless
microscope using holographic imaging reproduced from ref. 52 with
permission from the Royal Society of Chemistry, copyright 2010.

Fig. 3 (a) Smartphone-based fluorescence microscopy with LED butt-coupled from the side, reproduced from ref. 58 with permission from the
Royal Society of Chemistry, copyright 2011; (b) smartphone-based fluorescence microscopy for DNA detection, reproduced from ref. 59 with per-
mission from the American Chemical Society, copyright 2013; (c) smartphone-based fluorescence microscopy for DNA sequencing analysis repro-
duced from ref. 60 with permission from the Nature Publishing Group, copyright 2017; (d) smartphone-based fluorescence microscope with plas-
monics enhanced sensitivity reproduced from ref. 61 with permission from the Nature Publishing Group, copyright 2017.
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example, Wei et al. designed a smartphone-based opto-
mechanical attachment which used a 450 nm laser diode to
illuminate the sample at an large incidence angle of about 75°
and a long-pass interference filter to reject the scattering light
as shown in Fig. 3(b).59 An external low NA lens was utilized to
generate a 2× magnification with a translation stage to adjust
focus. Such design can efficiently reject the background rejec-
tion so that weak fluorescent signal from nanoscale samples
can be isolated. By validation with scanning electron
microscopy (SEM), the smartphone based microscopic
imaging biosensor system demonstrated the capability to
image 100 nm fluorescent particles as well as human cytome-
galo viruses (HCMV). More recently in 2017, one smartphone-
based microscopic biosensor targeting next-generation DNA
sequencing and in situ point mutation analysis as shown in
Fig. 3(c) was also proposed by the same group for cost-effective
POC molecular diagnostics.60 Two laser diodes were used in
this prototype with the similar large incidence angle as the
previous work.

Moreover, to enhance the fluorescent detection sensitivity,
the same group also proposed to use a thin metal-film based
surface-enhanced fluorescence (SEF).61 As shown in Fig. 3(d),
the laser diode excited through a glass hemisphere, and the
laser beam was filtered with a linear polarizer. After a series of
optimization such as film thickness and excitation angle, they
achieved ∼10-fold improved fluorescence intensity in compari-
son with a bare glass substrate, which allowed the fluorescent
particles with 50 nm diameter as well as single quantum-dots
to be imaged.

3. Smartphone-based colorimetric
sensor

The previous section reviewed the smartphone-based micro-
scopic imaging biosensor modalities, which offered numer-
ous solutions for high-resolution image based sensing. In
this section, another widely applied sensing modality based
on color changes and intensity measurement, i.e., smart-
phone-based colorimetric analytical biosensor, was
reviewed.

The reason that CIS of a smartphone can be used for col-
orimetric sensing is due to the on-chip micro lens and color
filter on each CIS pixel.62,63 The micro lens is formed on
color filter to enhance light gathering power to the photo-
diode and improve sensitivity; the color filter filters the light
according to wavelength ranges so that the intensities of fil-
tered light can represent color information of light. The most
common pattern for color filter array is the Bayer mosaic, of
which each two-by-two Bayer pattern submosaic consists of
one red, two green, and one blue filter with each one covering
one pixel.64 Besides this RGB color space, Hue Saturation
Value (HSV) and International Commission on Illumination
(CIE) are also used sometimes when external parameters
such as brightness and color intensity affect the RGB image
analysis.65 Moreover, color correction and white balance are

also indispensable to guarantee proper color fidelity of the
captured image.66,67

When developing smartphone-based colorimetric bio-
sensor, the smartphone camera can be directly used to capture
images with colorimetric changes. And sometimes external
attachments are required to control the ambient light con-
dition and camera position, and provide a battery, LED illumi-
nation or external lens. Yet, it is still not easy to conduct high-
accuracy quantitative measurements due to difficulty in small
color change detection and different color balancing functions
of the smartphone. The color quantification in recent smart-
phone-based colorimetric biosensor can be performed by
smartphone App without extra computer processing.

Numerous biomedical assay applications can cause colori-
metric and intensity changes. As for the colorimetric immuno-
assay, T. S. Park et al. proposed one smartphone based E. coli
detection in field water with a three-channel paper-based
microfluidic chip as shown in Fig. 4(a).68 Anti-E. coli-conju-
gated microparticles were loaded into two E. coli detection
channels for low and high concentration bacteria detection.
And bovine serum albumin (BSA)-conjugated beads were
loaded into the control channel for comparison. When field
water sample was introduced, the E. coli antigens would immu-
noagglutinate the antibody-conjugated beads. Then the immu-
noagglutination level could be quantified by examining the
intensity of Mie scatter from the images captured by a smart-
phone installed on an angled holder with an optimized angle
and distance. The assay can be finished in 90 s and showed
good agreements with the commercial tool.

For chemiluminescence with redox reaction, the smart-
phone-based biosensor is also used. One most recent work by
Shahvar et al. as shown in Fig. 4(b) presented a smartphone-
based chemiluminescence sensing for thin layer chromato-
graphy (TLC) imaging towards the detection of morphine.69

The potassium permanganate reagent was added to the mor-
phine spot on the TLC plate, and the emitted light image was
taken by a smartphone camera attached with a custom-design
dark box. With a smartphone App for image processing, the
intensity of the red color (R) was used as the analytical signal
for morphine concentrations.

One other simple colorimetric sensing technique using a
smartphone camera to measure the nitrite concentration and
pH based on an inexpensive paper-based microfluidic device
was demonstrated by N. Lopez-Ruiz, et al., as illustrated in
Fig. 4(c).70 No external attachment was required except the
flash of the smartphone used for light source. The smartphone
camera images are processed by a custom-built App to detect
the colored sensing areas on the microfluidic paper and
extract H (hue) and S (saturation) levels in the HSV space to
represent pH and nitrite concentration. The results showed
that the pH resolution was 0.04 units with an accuracy of 0.09,
while for nitrite, it achieved 0.51% at 4.0 mg L−1 of resolution
and 0.52 mg L−1 limit of detection (LOD).

Similarly, in the forensic application, Shin et al. recently
proposed a smartphone-based bloodstain age estimation by
directly taking its image and perform colorimetric analysis of
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the RGB intensity without any accessory, as shown in
Fig. 4(d).71 Then the plot of the brightness value of HSV can
infer the age of bloodstain. The deficiency is that age of esti-
mation cannot be longer than 42 hours due to no significant
color change after that elapsed time.

Another recent inkjet-printed paper-based colorimetric
polyion sensor with a smartphone as a detector was proposed
by X. Wang, et al.74 The optode paper was affixed at the back of
a transparent 96-well microtiter plate, and its picture was
directly captured in a custom-designed black box by a smart-
phone with LED flash as the only light source.

To reduce the error from the light source, X. Wang et al.
proposed a self referenced smartphone-based plasmonic nano-
hole sensor for liquid refractive index and optical absorbance
enhancement sensor, as shown in Fig. 4(e). The LOD was
improved greatly by about one hundred times in a microplate
reader format.72 It was integrated with an internal reference
sample and use an App to process images for colorimetric
sensing.

One other recent work by Y. Wang et al. proposed a smart-
phone based colorimetric biomedical sensor to rapidly charac-
terize the herbicides in single-stripe microliter plate with a
sensitivity in the range of 1 to 80 ppb (part per billion) and
good linearity, as shown in Fig. 4(f ).73 The 3D printed attach-
ment includes a prism array and two aperture arrays on the
top and at the bottom of the microplate stipe so as to guide
light through all wells vertically and block other lights, also
allow all the well images to be captured by taking only one
picture. No smartphone holder was applied to enable that all
smartphone with front cameras could be applied to this
device. The device is compact (50 mm × 100 mm × 160 mm),
and costs only about $10 for POC.

4. Smartphone-based
electrochemical sensor

Electrochemical analysis, with high sensitivity, high specificity
and convenience, has been widely applied in quantitative
detections of analytes (e.g. proteins, nucleic acids and metab-
olites) for environment monitoring, safety evaluation as well as
wellness tracking.75–79 However, traditional electrochemical
biosensors are generally expensive, bulky and limited to the
trained personnel. Smartphones therefore offer a promising
platform to control, record, and display the real-time and POC
detections by electrochemical measurements. Until now, many
applications have been exploited that smartphone serves as
the data receiver and analyzer of an electrochemical sensor.
According to the employed electrochemical apparatus, smart-
phone-based electrochemical sensors have been classified into
three types of amperometric biosensor, potentiometric bio-
sensor, impedimetric biosensor.

A. Smartphone-based amperometric biosensor

Amperometric biosensor is relied on the variation of current
resulting from the oxidation or reduction of the electrical med-
iating species when the potential is constant, which is pro-
portional to the concentration of analytes. Amperometry is the
most widely used technique combined with smartphone due
to its different methods to detect different analytes, cyclic vol-
tammetry, chronoamperometry, square wave voltammetry and
differential pulse voltammetry included.

Wang and Lin et al. first demonstrated a paper-based
microfluidic smartphone electrochemical biosensor for label-
free white blood cell (WBC) counting.80 As shown in Fig. 5(a)

Fig. 4 (a) Smartphone-based colorimetric immunoassay for E. coli detection, reproduced from ref. 68 with permission from IEEE, copyright 2015;
(b) smartphone-based chemiluminescence sensing for TLC imaging reproduced from ref. 69 with permission from Elsevier, copyright 2018; (c)
smartphone-based colorimetric simultaneous detection of pH and nitrite reproduced from ref. 70 with permission from the American Chemical
Society, copyright 2014; (d) smartphone-based colorimetric bloodstain age estimation reproduced from ref. 71 with permission from Elsevier, copy-
right 2017; (e) smartphone-based self-referenced plasmonic sensing reproduced from ref. 72 with permission from the American Chemical Society,
copyright 2016; (f ) smartphone-based colorimetric biosensor for rapidly herbicides detection reproduced from ref. 73 with permission from the
American Chemical Society, copyright 2017.
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WBCs separated from whole blood was physically captured on
the microporous paper with interdigitated gold microelec-
trodes, which was used to determine the cell concentration via
the method of differential pulse voltammeter. The quantitative
results were collected wirelessly by the smartphone within only
one min. This platform could be applied to rapidly quantify
the concentration of WBC in its physiological and pathological
range with only 10 μL sample and high repeatability. The
unique smartphone-based amperometric biosensor provides
the opportunity for fast cell quantification to achieve POC
diagnosis of WBC for patients with leukemia or other immune
diseases.

Another example is that Guo et al. developed the world’s
first medical smartphone, which worked with a disposable test
strip for rapid estimation of uric acid (UA) in finger-pricked
whole blood.76 The smartphone was integrated with the
electrochemical module connecting to a disposable electro-
chemical UA test strip as shown in Fig. 5(b). Only 3 μL finger-
pricked whole blood was enough to load on the testing strip
for UA characterization. A satisfactory agreement was achieved
compared to the bulky analyzer in clinical lab. The smart-
phone was a reader that mapped the current signal to the
blood UA level, which could be easily stored and uploaded to a
personal-health management center for telemedicine appli-
cation. This medical smartphone is commercially available by
Laya Technology Co., Ltd, Chengdu, China.

B. Smartphone-based potentiometric biosensor

Smartphone-based potentiometric biosensor is also a kind of
portable electrochemical biosensor for the POC detections.
Potentiometry is suitable for sensing applications in which the
cumulative electrical charges result in the differences in elec-
trical potential on top of the dielectric layer. Deng et al. devel-
oped an on-site gender detection device using smartphone-
based electrochemical chip. Based on the difference of cre-

atine kinase (CK) and alanine transaminase (ALT), male and
female gender can be differentiated.81 The smartphone
included an embedded electrochemical analysis module and a
customized application (APP) for electrochemical biosensing.
The enzyme level in biofluids was converted to the consump-
tion of NADH by enzyme cascade reaction, which can be
potentiometrically analyzed by the as-designed chip. This
device was capable of gender verification within 20 min
through on-site detection of serum and serum stains. The
device exhibited excellent sensitivity and specificity by gender
verification of 39 real samples.

Also, Garcia et al. reported a smartphone-based potentio-
metric biosensor for POC testing of salivary α-amylase (sAA)
for personal psychological measurement.82 The biosensing
system was integrated with a smartphone with a sAA-detection
application, a sensing chip with preloaded reagents, and a
potentiometric reader. The sAA reacts with the preloaded
reagents when saliva enters into the reaction zone on the
sensing chip, resulting in the conversion of Fe(CN)6

3− to Fe
(CN)6

4−. Then the sensing chip was pressed to transfer the
mixture to the detection zone. The potential read by the smart-
phone-based potentiometric sensor was sent to the sAA-detec-
tion application through the USB port, and converted to the
concentration of sAA according to a calibration curve. And the
results were in good agreement with that acquired by a refer-
ence assay kit. This platform provided an emerging noninva-
sive biomarker for psychological health for POC testing of sAA.

C. Smartphone-based impedimetric biosensor

The impedance of an electrochemical system is measured by
electrochemical impedance spectroscopy (EIS) when the fre-
quency of potential applied is fixed. The smartphone-based
impedimetric biosensor was first reported by Broeders et al. in
2013.83 In addition, Zhang et al. have demonstrated a portable
smartphone-based biosensor for trinitrotoluene (TNT) detec-

Fig. 5 (a) The system diagram and electrochemical principle for WBC count where D is the diffusion coefficient and i is the electrochemical
current. Reproduced from ref. 80 with permission from Elsevier, copyright 2017; (b) photograph of the proposed medical smartphone with an pre-
buried electrometer; side view showed a slot for UA test strip insertion, schematic diagram shows a microcontroller based current measurement cir-
cuits; top layout view of the medical-smartphone showed the compact electrochemical module pre-buried within the smartphone, reproduced
from ref. 31.
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tion by impedance monitoring.84 The disposable biosensor
was consisted of the screen-printed electrodes modified with
TNT-specific peptides, which produced impedance responses
to the biosensor, as shown in Fig. 6a. The impedance
responses could be observed and output by the smartphone
via Bluetooth. Then, the TNT responses and the concentration
of TNT were displayed on the smartphone in real time. In this
work, the limitation of detection of TNT is as low as 10−6 M,
providing a portable platform for chemical detections.

Liu’s group developed a smartphone-controlled biosensor
for on-site detection of proteins by EIS.85 As is shown in
Fig. 6(b), the system was integrated with a miniaturized bio-
sensor, a hand-held EIS detector and a smartphone. The min-
iaturized biosensor was integrated with printed carbon electro-
des and interdigital gold electrodes for protein detection,
which were modified with bio-components. Then, special anti-
bodies and peptides were immobilized on the electrodes to
quantify the protein binding and enzyme activities of bull
serum albumin (BSA) and thrombin. In their study, the limit-
ation of detection of BSA and thrombin the system could
approach to 1.78 g mL−1 and 2.97 ng mL−1, respectively. The
analytical performances of this system indicate that diverse
smartphone-controlled biosensor system could be developed
for POC quantifications of various proteins.

5. Smartphone-based
electrochemiluminescence sensor

Electrochemiluminescence (ECL) is highly sensitive detection
technique by combining the electrochemistry and chemilumi-
nescence.86 Electrochemistry reaction by applying a specific
voltage produce the electro-generated substances on the
surface of the electrode. Then these substances reacting with
some components pre-buried above the electrodes formed an
excited state through electronic delivery and returned from the
excited stage to the basic stage in which accompanied the
luminescence happened. Excellent characteristics, for
example, lower-background signal, easy to manipulate with the

position, light emission, highly sensitivity makes the ECL
widely available in the current clinical market.

Doeven et al. demonstrated a low cost platform to perform
the electrochemiluminescence analytical platform by utilizing
a smartphone. The miniaturized system can obtain power
source and interchange the biosensor information from the
smartphone’s USB ‘On-The-Go’ (OTG) port which utilized
audible tone pulses acted over the audio jack of the smart-
phone. As Fig. 7 indicated, the smartphone can provide a
stable platform for the electrochemiluminescence analytical
platform, which paved the way for more immune biosensor
with the smartphone as signal readout.87

Zhang’s group reported a palm-sized paper-based bipolar
electrode electrochemiluminescence (P-BPE-ECL) system with
a smartphone as the signal reader as shown in Fig. 8.88 In the

Fig. 6 (a) Picture of smartphone screen showing impedance monitoring curve (the top half ) and information about real time impedance values and
finally concentrations (the bottom half ); real-time monitoring of TNT at different concentrations measured by the system; dose-dependent fitting
curves of NIC versus concentrations from different devices (the NIC response to as-prepared TNT solution at 5 × 10−5 M was shown as blue cross),
reproduced from ref. 84 with permission from Elsevier, copyright 2015. (b) The smartphone-controlled electrochemical biosensor system, including
sensors, the hand-held detector and the smartphone, reproduced from ref. 85 with permission from Elsevier, copyright 2016.

Fig. 7 Audio outputting signal from prevailing smartphones in the
markets when 1 Hz square wave was generated at maximum volume,
reproduced from ref. 87 with permission from Elsevier, copyright 2015.
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proposed miniaturized system, a lithium battery is utilized
for power supply and the smartphone performed as ECL
signal reader. For the disposable strip, the screen printed
BPE was fabricated as the driving electrodes for ECL bio-
sensor, and the wax screen printing is applied for manufac-
turing microfluidic channels on electrode patterned paper
substrate. The proposed miniaturized system was demon-
strated to have the good sensitivity, wide detection range,
reliability and reproducibility. Glucose in PBS and artificial
urine (AU) solutions were tested to reveal the limits of detec-
tion (LOD) of 0.017 mM and 0.030 mM for the proposed
system, respectively. In summary, the reported strips with
smartphone can provide a fast and reliable platform for
mobile health.

6. Conclusions and future
perspectives

The recent advancement of smartphone-based analytical bio-
sensor has provided people with numerous portable, cost-
effective, and easy-to-operate platforms for POC applications
and mobile health. Towards this, this article reviews the most
recent development of four types of smartphone based analyti-
cal biosensor based on the common analytical methods, i.e.,
smartphone-based microscopic imaging, colorimetric, electro-
chemical, and electrochemiluminescence biosensor, with their
biosensing strategies and analytical performances discussed.
Although not all aspects of the smartphone based analytical
biosensor system are covered, the special characteristics and
advantages of smartphone based analytical biosensors are of

great potentials and are very promising in the future point of
care clinical test and personalized healthcare.

Despite the great progress made, challenges still exist for
the design and application of smartphone-based analytical
biosensors. Existing smartphone-based analytical biosensors
are mostly equipped with in-house designed accessories,
which are hand-made and have no strict or unified standards.
The target is to be compact with not too complicated setup.
Thus, the analytical sensitivity, precision and reproducibility
should be strictly guaranteed and validated by well-accredited
technologies such as the gold standard benchtop instruments
so that they can be translated to practical or clinical appli-
cations. The performance improvement can be from software
perspective. For example, more and more smartphone-based
biosensors have adopted machine learning techniques to
improve the resolution of image sensing and accuracy of
sample classification.4,8,38,89,90 From hardware, the novel
technologies should be utilized to simplify accessories for
smartphone by optimizing their structures and coupling.
Multimodal sensor can be designed to add more analytical
capabilities to the existing sensor. The development of smart-
phone technology itself is critical fundamentally such as
further enlarged pixel array, reduced pixel size, and improved
pixel intensity for the smartphone camera, more powerful pro-
cessor, higher-speed wireless connection such as 5G. The
future smartphone may adopt modular design, which would
revolutionize the smartphone-based analytical sensor design
again. Since a good smartphone-based biosensor is based on
the research and technology development of multiple disci-
plines, they would enlighten the designers of biomedical cir-
cuits, MEMS device, analytical chemistry, microsystem, com-

Fig. 8 Scheme of the proposed P-BPE-ECL system reproduced from ref. 88 with permission from Elsevier, copyright 2016. (a) schematic view of
the palm-sized system: (1) smartphone; (2) box to load the system; (3) power cable; (4) reusable Li battery; (5) control and display driving part; (6) the
proposed BPE-ECL paper device; (7) device holder; and (8) wireless communication of measured result to PC; (b) practical photo of the Li battery
and functional circuit board: (1) potentiometer for power management; (2) digital tube for display; (3) positive output-voltage; and (4) negative
output-voltage. (c) Design of the circuit function. (d) Photo of the paper-based sensor consisting of two sets of P-BPE-ECL units.
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munication, material, optical, and mechanical area to further
develop the promising potentials of smartphone-based analyti-
cal biosensor in future POC applications, so that they can
make positive impact to the future healthcare continuously.

All in all, due to the pervasive penetration rate of smart-
phone in people’s lives, after continuous advance of smart-
phone-based biosensing technology and fully exploiting the
potentials of smartphone-based biosensors, we strongly
believe that the existing centralized diagnostic and healthcare
systems, environmental monitoring, food safety screening, etc.,
could be revolutionized.
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