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1. Introduction

Novel developments in mobile sensing based on
the integration of microfluidic devices and
smartphones

Ke Yang,?®¢ Hagit Peretz-Soroka,® Yong Liu*® and Francis Lin*<?¢f

Portable electronic devices and wireless communication systems enable a broad range of applications such
as environmental and food safety monitoring, personalized medicine and healthcare management. Particu-
larly, hybrid smartphone and microfluidic devices provide an integrated solution for the new generation of
mobile sensing applications. Such mobile sensing based on microfluidic devices (broadly defined) and
smartphones (MS?) offers a mobile laboratory for performing a wide range of bio-chemical detection and
analysis functions such as water and food quality analysis, routine health tests and disease diagnosis. MS?
offers significant advantages over traditional platforms in terms of test speed and control, low cost, mobil-
ity, ease-of-operation and data management. These improvements put MS? in a promising position in the
fields of interdisciplinary basic and applied research. In particular, MS? enables applications to remote in-
field testing, homecare, and healthcare in low-resource areas. The marriage of smartphones and micro-
fluidic devices offers a powerful on-chip operating platform to enable various bio-chemical tests, remote
sensing, data analysis and management in a mobile fashion. The implications of such integration are be-
yond telecommunication and microfluidic-related research and technology development. In this review,
we will first provide the general background of microfluidic-based sensing, smartphone-based sensing, and
their integration. Then, we will focus on several key application areas of MS? by systematically reviewing
the important literature in each area. We will conclude by discussing our perspectives on the opportunities,
issues and future directions of this emerging novel field.

resulting in high burden in costs. Therefore, there is a grow-
ing trend to develop portable sensing devices that can be

With the rapid emergence of materialization and the im-
provement of living standards in modern civilization, people
become increasingly concerned about their personal health
status and are more aware of various influencing factors.
Most of the current health monitoring services are still based
on professional technologies operated by highly skilled pro-
fessionals, which are time-consuming, costly and labor-inten-
sive. Consequently, health monitoring and the accompanying
data management are mainly limited to resource-rich areas,
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used outside professional facilities (e.g. in-field testing,
homecare test, and testing in low-resource areas) and extend
the capabilities of current health-related monitoring patterns
while reducing costs and operation requirements." To this
end, lab-on-a-chip (LoC) devices are drawing increasing atten-
tion in many areas for diagnostic applications, such as envi-
ronmental monitoring,> health management,® and medical
diagnosis.* A successful LoC device must meet the require-
ments of low cost, high sensitivity and specificity, and user-
friendliness. In view of these requirements, microfluidic de-
vices are important enabling technologies for the emerging
field of LoC-based point-of-care (PoC) applications.’
Microfluidic devices can precisely manipulate microliter
volume of fluidic samples in micrometer length scale of
channels and reaction chambers.®” These devices enable var-
ious on-chip chemical and biological assays with reduced re-
agent and sample consumption, well-controlled microenvi-
ronments, high-throughput  experimentation, batch
processing, and controlled sample handling and reaction.®
Microfluidic devices have been broadly applied as useful ex-
perimental tools in chemistry, biology, physics, engineering
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and biomedical sciences.”™" Early microfluidic devices were
fabricated from silicon, glass and polydimethylsiloxane
(PDMS).">"* Recently, both thermoplastics'* and cheap pa-
per'® were adopted as novel fabrication materials (Fig. 1).
These microchips are usually operated by guiding the trans-
port and reaction of fluidic samples based on capillary forces.
Some of them have been used for routine diagnostic monitor-
ing through colorimetric sensing (e.g. the well-known preg-
nancy rapid diagnostic test strip (RDTs) based on lateral flow
immunochromatography). On one hand, the evolution of fab-
rication materials technologically enabled scientists to de-
velop low-cost diagnostic tools using microfluidic devices
with built-in analysis capabilities.’®*® On the other hand,
adoption of current microfluidic diagnostic devices for rou-
tine tests faces the challenge of inertia for using traditional
assays in the biomedical field and the limitation of existing
microfluidic devices to obtain reliable quantitative test
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results.”®?° Furthermore, the complex external instruments
that are required for operating microfluidic devices and lab-
based tests present a major bottleneck for practical imple-
mentation of microfluidic diagnostic methods.

The first smartphone was developed by IBM more than 20
years ago (Fig. 1). The early generation of smartphones was
limited in terms of the performance of processors and sen-
sors and short unplugged battery operation time. The new
generation of smartphones significantly improved their per-
formance and functionalities in these aspects through en-
abling technologies such as back-illuminated sensors, high-
performance processors, and access to on-board power. Thus,
the new generation of smartphones and their functions pro-
vide a new mobile platform to implement microfluidic diag-
nostic devices (Fig. 1). The rapid development of

smartphones with various embedded sensors enabled appli-
cations in

health-related monitoring. For example,
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Fig. 1 Historical development of microfluidic devices, smartphones and MS2.

smartphone cameras and audio jacks have been widely used
to obtain health-related images and audio signals such as
heart rate, blood oxygen saturation, and spirometry data.>' In
addition to smartphones' built-in sensors, external sensors
(e.g., circuit and probe) have also been integrated into the
smartphones for more sophisticated detection (e.g. electro-
chemical (EC) reaction, body temperature, and ultrasound
imaging).>** In this direction, smartphone-based diagnosis
also aims to enable easier and more efficient testing in
resource-limited settings, which coincides with the important
goal of microfluidic diagnostic devices. The common features
of smartphones and microfluidic devices with regard to mini-
aturization, ease-of-operation and portability suggest the high
potential for their effective integration toward enabling a
wide range of new mobile diagnostic applications. Such mo-
bile sensing based on microfluidic devices (broadly defined)
and smartphones (abbreviated as MS?) can be generalized as
a unique class of applications.

As one of the earliest development in this area, in 2008,
Martinez and colleagues from Harvard University integrated
a smartphone with paper-based microfluidic chips to detect
the concentrations of glucose and proteins in artificial
urine.?® In 2009, Lu and colleagues demonstrated a low-cost,
portable immunoassay system, which integrated a PDMS
microfluidic device and a smartphone.>® Integration with the
smartphone platform not only allows microfluidic systems to
perform convenient and fast diagnosis testing but also per-
mits long distance transmission and management of the test
data from the microfluidic systems. If remote diagnosis and
decision-making are required, the smartphone can collect
test data and communicate remotely to an expert for feed-
back in real time. The key concept of MS” is adding new

This journal is © The Royal Society of Chemistry 2016

diagnostic functions to the pre-existing mobile communica-
tion equipment owned by the users instead of creating new
test systems. Such a model makes it possible to perform
highly specialized diagnostic tests by end-users on a globally
accepted platform.>”?

In the past few years, the new generation of smartphones
created opportunities for the development of portable quanti-
tative bio-chemical analysis tools integrated with microfluidic
devices.”® Recent critical reviews described the development
of smartphone-based PoC applications in medicine, imaging,
cellular and bio-molecular analysis.>**° However, to our best
knowledge, a comprehensive review focused on the integra-
tion of smartphones and microfluidic devices for mobile
sensing applications is not yet available. To fill this gap, we
provide a timely review of the latest development of MS”
based on the relevant literature over the past few years, which
covers the application areas in environmental and food safety
testing (e.g. water and food pollution detection), routine
health testing and management (e.g. cholesterol and glucose
detection) and biomedical diagnosis (e.g. bacteria, pathogen,
gene and nucleic acid detection) (Table 1). In addition, this
review highlights the applications of MS” in telemedicine and
commercialization. Lastly, we present a brief discussion on
the current limitations, challenges and future directions of
MS>.

2. MS? for environmental and food
safety monitoring

2.1 Bacteria and inorganic pollutant detection

Improper handling of food or water sources increases the
chances of contamination. Bacterial or inorganic infections

Lab Chip, 2016, 16, 943-958 | 945
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Table 1 A systematic summary of MS? applications
Microfluidic
Detection target Test principle devices Comments Ref.
Environmental and food safety E. coli Fluorescence Glass LOD: 5-10 CFU mL™" 42
monitoring capillary
Salmonella Mie scattering ~ Paper LOD: 100 CFU mL™" 47
device
E. coli EC Polymer LOD: 100 nM 62
chip
B. anthracis Sterne  Direct image PDMS chip Detect 50 to 5000 B. anthracis Sterne spores in 52
spores sensing 3 to 5 hours
BDE-47 ELISA PDMS chip Testing range: 10 °-10* pg L™ 48
Cu, Ni, Cd, Cr Colorimetric Paper LOD: 0.29, 0.33, 0.35, 0.19 ppm 56
device
Arsenic EC Polymer LOD: 1 ppb 57
chips
Nitrite Colorimetric Paper LOD: 0.52 mg L™ 29
device
Nitrate EC Test strip LOD: 0.2 ppm 61
Routine health tests Glucose Colorimetric Paper LOD: 0.3 mM 61
device
pH Colorimetric Test strip Monitoring in sweat and saliva 74
Cholesterol Colorimetric Test strip 1.8% accuracy (140 to 400 mg dL™) 72
Vitamin D Colorimetric Test strip Precision: 10 nM 73
Cholesterol BL-CL Test strip Cholesterol LOD: 20 mg dL™" 76
Bile acid Bile acid LOD: 5 pumol L™
Biomedical diagnosis E. coli LAMP Polymer Finish testing in 30 min 89
chip
Kaposi's sarcoma PCR PDMS chip Power consumption of 80 mW 84
Salmonella Fluorescence Paper Cellulose paper LOD: 10°> CFU mL™" 90
typhimurium device Nitrocellulose paper LOD: 10* CFU mL ™
Loa loa Direct image Glass 94% specificity and 100% sensitivity 91
sensing capillary
HRP-2 Mie scattering ~ PDMS LOD: 1 pg mL™" in 10% blood 92
HIV, syphilis ELISA PDMS Sensitivity: 92 to 100% 94
Specificity: 79 to 100%
TSH Mie scattering  Test strip LOD: 0.31 mUI L™* 93
PfHRP2 EC PDMS LOD: 16 ng mL™" 60
Malaria, Colorimetric Test strip Fast test result evaluation 104

tuberculosis, HIV

can even lead to death. Therefore, effective food and water
contamination detection methods are in high demand. Tra-
ditionally, contamination in food and water was detected by
microscopy-based methods. Other examples of commonly
used methods for detecting bacterial concentration included
nitrite assays and RDTs. However, conventional bright-field
and fluorescence microscopes were large and expensive. In
order to address these limitations, optical modification of
smartphones has been implemented to develop compact
and cost-effective microscopy modalities. In early 2009,
Breslauer and colleagues developed a microscope attach-
ment for a smartphone (CellScope) that was capable of both
bright-field and fluorescence imaging for global health ap-
plications.*® In addition, Smith and colleagues reported a
smartphone-based microscope fabricated via integration of a
commercial smartphone having a 1 mm ball lens with a
350x objective microscope and a visible-light fluorescence
spectrometer for biomedical applications.’ These smartphone-
based imaging modalities opened up opportunities for devel-
oping new portable detection methods for food and water
contamination.

946 | Lab Chip, 2016, 16, 943-958

Zhu and colleagues used antibody-functionalized glass
capillaries with quantum dots for detection of Escherichia coli
(E. coli) contamination in water and food samples*” (Fig. 2a).
The smartphone, glass capillaries, filter and external lens
were assembled into a light plastic case. The glass capillaries
pretreated with antibodies against E. coli served as the micro-
fluidic channels. This system offered a more compact, light-
weight and cost-effective solution for specific detection of E.
coli compared with traditional methods such as flow cytome-
try, polymerase chain reaction (PCR), enzyme-linked immu-
nosorbent assay (ELISA) and mass spectroscopy. In addition,
the high surface-to-volume ratio of the glass capillaries im-
proved the limit of detection (LOD) to 5-10 cfu mL™, which
was significantly lower than the commercial 18 minute test
strip for bacteria detection (LOD is 10° cfu mL™). The fluo-
rescently conjugated antibodies binding to E. coli were ex-
cited by battery-powered light-emitting diodes (LEDs) and the
fluorescence images were captured using the smartphone
camera, which was positioned at the bottom of these glass
capillaries. The signal-to-noise ratio increased due to the
high photostability of the quantum dots compared to

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 MS? for environmental and food safety monitoring. (a) Schematic illustration of E. coli detection with a cell phone using a quantum dot-
based sandwich assay.*? (b) Smartphone application for Salmonella detection from a multi-channel microfluidic device.*’ (c) An integrated mobile
PoC system including a camera phone, an Arduino microcontroller on copper electrodes with a microfluidic chip slot, and a microfluidic ELISA-
on-a-chip.*® The figures are adapted from ref. 42, 47 and 48 with permission from the Royal Society of Chemistry for (a and b) and AIP Publishing

LLC for (c), respectively.

traditional organic dyes.”* The glass capillaries can be re-
placed with parallel glass substrates to achieve cost-effective
and wide-field fluorescence imaging with <10 pm resolu-
tion.”* In addition, the same group developed an optofluidic
fluorescence imaging platform integrated with a PDMS
microchip and a smartphone to detect white blood cells and
Giardia lamblia from drinking water.*

To reduce the cost of optical devices, Park and colleagues de-
veloped a paper-based device to detect Salmonella typhimurium
in water by Mie scattering®?” (Fig. 2b). The device was pre-
loaded with antibody-conjugated polystyrene microbeads, which
recognized the target pathogen. This, in turn, triggered the
immunoagglutination of the microbeads and the resulting
intensity of light scattering was correlated with the target
pathogen concentration. Paper microfluidic devices not only
are more cost-effective and easier to use, but also have

This journal is © The Royal Society of Chemistry 2016

competitive advantages in terms of mass manufacturing over
conventional photo- or soft-lithographic techniques. In addi-
tion, paper devices with cellulose fibers have the advantage
of filtering out contaminants such as dust/soil particles and
algae in field samples that might cause interference. In this
method, the smartphone position and detection angle were
optimized and only the ambient light source was used for im-
age acquisition. In addition, the LOD was at the single-cell
level and the total assay time was shortened to 90 s.

In a recent study, Chen and colleagues reported a
smartphone-based ELISA assay for detecting 2,2',4,4'-
tetrabromodiphenyl ether (BDE-47), an environmental con-
taminant found in food supplies*® (Fig. 2c). The microfluidic
chip contained three layers (i.e. a top sample injection layer
with the sample chambers, a middle network layer with
microfluidic channels, and a bottom electrode layer made by

Lab Chip, 2016, 16, 943-958 | 947
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mixing carbon black with PDMS). Carbon-PDMS electrodes
controlled using an Arduino controller (powered by the USB
interface from the smartphone) have been incorporated to
generate electrolytic reactions for microfluidic manipulations
(i.e. produce gaseous bubbles with volume displacement to
drive liquid movement and control experiment operation
without external pressure equipment). The smartphone cap-
tured the colorimetric signal in the test zone as the quantita-
tive readout.”® In this study, the detection range was 10°-10"
ug L™, which was comparable to that of standard ELISA. The
platform was not limited only to BDE-47 detection, but can
also be applied to detection of some antigens. In addition to
application of the electrolytic principle to generate gas for
microfluidic manipulations, both the on-chip pneumatic sys-
tem and modular digital microfluidic system have also been
successfully integrated with a smartphone as a high-level con-
troller and post processing station for immunoassay and
droplet actuation without human intervention.>*>*

The smartphone-based colorimetric sensing significantly
reduces the cost compared to traditional methods with spe-
cialized imaging instruments such as digital color detectors,
photodetectors, spectrophotometers, charge-coupled devices
(CCDs), and complementary metal oxide semiconductors
(CMOS). To further reduce the complexity of the setup,
Hutchison and colleagues developed a simple microfluidic
incubation device (MID) combined with a smartphone-based
microscope for rapid, sensitive and reagent-free detection of
viable B. anthracis spores.’* In this work, the PDMS-based
microfluidic incubation chamber consisted of a coarse filter,
an incubation chamber, a fine filter, and a waste chamber.
The sample was injected into the inlet, and the large debris
and particulates in the sample were removed by the coarse
filter before the filtered sample entered the incubation cham-
ber. After incubation, the sample was aspirated into the
waste chamber and vegetative bacterial filaments were
trapped by the fine filter for optical monitoring. The images
were captured using a smartphone. In this platform, no exter-
nal light source was needed for illumination. In comparison
with existing traditional culture plating techniques, such as
immunoassays and PCR-based methods, this new approach
reduced the assay time and was highly sensitive, specific, and
cost-effective.

2.2 Heavy metal pollution detection

Heavy metals in water pollution include arsenic, cadmium,
iron, cobalt, chromium, copper, manganese, mercury, molyb-
denum, nickel, lead, selenium, vanadium and zinc. Heavy
metals can enter water via various natural processes. For ex-
ample, rain or flowing water can leach heavy metals out of
geological formations. Heavy metals are bio-accumulative,
are toxic at high concentrations, and cause various health
problems such as cancers. To detect heavy metal pollution,
portable, qualitative and quantitative analytical assays are
critically required. Commercial colorimetric test kits such as
the ‘Heavy Metals Water Test Kit’ can be used only for

948 | Lab Chip, 2016, 16, 943-958
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qualitative detection. The AAS method for metal ion detec-
tion allows quantitative testing but suffers from complicated
operation and relatively long test times. MS> offers a new ap-
proach to enable quantitative, user-friendly and faster heavy
metal detection.

Among the different MS> devices, three-dimensional (3D)
paper-based microfluidic devices have shown attractive fea-
tures. Compared with 3D polymeric systems,”® 3D paper sys-
tems significantly reduce fabrication complexity and cost.
The combination of smartphones and 3D paper devices fur-
ther enables quantitative testing in resource-limited set-
tings.>>® One such example was a paper-based 3D multi-
layer microfluidic chip for colorimetric sensing of four heavy
metal ions developed by Wang and colleagues (Fig. 3).>® The
3D paper chip was designed with multiple detection zones.
Driven by capillary force, four different samples from a water
sample were introduced into the 3D chip independently with-
out crossing. The samples reacted with the specific metal-
selective chromogenic reagents within minutes and the color-
imetric images, which indicated the concentration of heavy
metal ions, were captured and analyzed using the smartph-
one. The LODs for Cu, Ni, Cd, and Cr were 0.29, 0.33, 0.35,
and 0.19 ppm, respectively, which were lower than that
obtained by flame atomic absorption spectroscopy (FAAS) af-
ter digestion with 1:1 nitric acid according to the Environ-
mental Protection Agency (EPA) Method 200.7.

In contrast to optical detection methods, the electro-
chemical (EC) protocol provides more stable and quantifiable
signals, which are insensitive to environmental optical varia-
tions. In a recent development, the USB protocol replaced the
traditional camera-based MS? for capturing images or fluores-
cence signals. One representative example for USB-based MS®
was the implementation of the EC sensing mode. Unyoung
and colleagues demonstrated an EC sensor combined with
the microfluidic platform, smartphone and EC analyzer to de-
tect arsenic as the main groundwater contaminant.”” The
microfluidic platform comprised an ink-based three-electrode
system used for loading water samples. The EC analyzer ran
a voltammetry test on the sample to determine the arsenic
concentration. The smartphone communicated with the EC
analyzer through a USB cable and the data was processed
and shown on the user interface. The LOD for heavy metal ar-
senic was 1 ppb. Such an MS*-based EC detection method of-
fered advantages in terms of portability, low cost and user-
friendliness, which permitted its effective use in remote or
resource-limited areas.

2.3 Nitrate, nitrite and pH test

Nitrate and nitrite are associated with septic waste and agri-
cultural processes. Therefore, they are indicators of environ-
mental pollution such as bacterial contamination, which are
commonly assessed by nitrite assays and RDTs.”® Due to its
high solubility in water, nitrate is one of the most common
contaminants in groundwater in rural and suburban areas.
Nitrite, as a reduced form of nitrate, is known as a major

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 MS? application for heavy metal detection. Schematic illustration of a metal assay based on a 3D paper microfluidic device and a cell phone.
Samples are added to the paper device for metal chromogenic reaction in the detection zone. The chromogenic signals are imaged using a
camera cell phone and analyzed through a personal computer with image processing and analysis software.>® The figure is adapted from ref. 56

with permission from Springer.

cause of food poisoning in humans. Therefore, monitoring
nitrate and nitrite in drinking water and food is in high de-
mand. According to the World Health Organization (WHO),
the maximal admissible concentration of nitrite is 3 mg L.
In addition, the pH of water is also known as one of the com-
mon indicators for safe drinking, swimming, and other
water-related industries.>® As one example, bacterial contami-
nation can be indicated by acidic pH.

Lopez-Ruiz and colleagues developed a paper-based colori-
metric sensor for simultaneous determination of nitrite and
pH in water samples (Fig. 4a).”° The paper chip was designed
with four detection areas for testing the pH, two detection
areas for testing the nitrite concentration, and a reference de-
tection area. For the pH test, the four areas were separated
into two regions, wherein two different pH indicators (i.e.
phenol red and chlorophenol red) were preloaded. For the ni-
trite test, the color change was based on the Griess reaction.

An Android application for smartphone-based image acquisi-
tion and processing was developed in order to test the perfor-
mance of the system; nine solutions with different concentra-
tions of nitrite at different pH values were examined. In
addition, the authors tested the system in a second smartph-
one and obtained similar results that demonstrated the appli-
cability of the method to different smartphones with high re-
producibility. This method achieved a resolution of 0.04
units and an accuracy of 0.09 units for the pH test, which
were significantly better than those obtained with the com-
mercial pH test paper; for the nitrite test, it achieved a resolu-
tion of 0.51% at 4.0 mg L™, a linear range from 4.0 mg L to
85 mg L™" (wider than that of the commercial ‘Nitrate and Ni-
trite Test Strips’), and an LOD of 0.52 mg L.

A micro-USB interface can be used as the communication
interface for rapid EC detection.’” However, reliable test re-
sults on different operating systems such as Android and iOS

a

Micro fluidic device +
water sample

Colorimetrict+
Image Processing

Drop sample

Fig. 4 MS? applications for nitrite, nitrate and pH detection. (a) Schematic illustration of a smartphone-based application for measurement of ni-
trite concentration and pH in combination with a low-cost paper-based microfluidic device.?° (b) A mobile EC sensing system for nitrate detection.
It includes a miniaturized EC sensor and a mobile phone-based control platform.5! The figures are adapted from ref. 29 and 61 with permission
from the American Chemical Society for (a) and Elsevier for (b), respectively.
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is difficult to achieve when a USB protocol alone is used.
Therefore, a USB host-enabled accessory needs to be inte-
grated into the MS®> systems to make it compatible with
smartphones running on USB client mode-only versions of
Android.®® In order to address this limitation, audio jacks
have been introduced into MS> for EC sensing. For example,
Wang and colleagues demonstrated an EC sensing system
(Fig. 4b), which included a miniaturized EC sensor, a
smartphone, a circuit board for controlling the EC reaction,
and a paper microfluidic chip for quantitative measurement
of nitrate concentration from only a few microliters of a field
liquid sample.®* The audio jack in the smartphone was used
to connect the electrical input and output signals between
the smartphone and the circuit. The LOD of the nitrate test
was 0.2 ppm and the test time was within 1 min. A similar
concept was applied by Unyoung and colleagues to test arse-
nic®>” and E. coli®® in field water.

3. Routine health tests using MS?

Many routine health tests detect different health indicators
in human fluids. Among them, salivary pH is known as an
important factor for preventing enamel decalcification,®* and
sweat pH indicates the risk of dehydration during physical
activity.®* In addition, serum cholesterol monitoring helps
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prevent heart disease,®>*® and serum vitamin D is associated
with diabetes and cardiovascular diseases.®” *® These routine
tests can be performed using self-diagnostic tools. However,
existing self-diagnostic tools are relatively expensive and usu-
ally require specialized equipment. MS” offers a promising
new solution for routine health tests inside and outside the
clinics.

Chun and colleagues developed a paper-based glucose
sensing system, which used a smartphone as the signal
reader combined with other accessories including a case, a
hard board, a reflection film, and a prism (Fig. 5a).”° The pa-
per device consisted of two layers: the top layer had a loading
zone and a detection zone and the bottom layer contained
microfluidic channels. A blood sample was added to the load-
ing zone and reached the detection zone driven by capillary
force. In the detection zone, the reaction between glucose oxi-
dase (GOx) and horseradish peroxidase triggered a blue-
colored signal as the signal readout. An opaque case was
used to house the smartphone which blocks light from the
environment, and a flashlight was used as the light source.
The performance of this system was validated by testing vari-
ous concentrations of glucose. The LOD value was approxi-
mately 0.3 mM, which was higher than that for the commer-
cial test strip (in the order of uM).”" However, the cutoff
glucose concentration in serum for assessment of diabetes is

a

Reflection film

LED flash &
dispersion film

CCD camera

of smartphone Trigonal-prism

Casing

uPAD

Smartphone

Cormnell

Fig. 5 MS? applications for routine health tests. (a) Schematic illustration of a smartphone-based optical biosensor for glucose monitoring in com-
bination with a low-cost paper-based microfluidic device.”® (b) Smartphone-based health sweat and saliva biomarker monitoring on the test
strip.”* The figures are adapted from ref. 70 and 74 with permission from Springer for (a) and the Royal Society of Chemistry for (b), respectively.
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generally ~7 mM. Therefore, this developed system allowed
effective glucose detection in blood for diabetes assessment.

Oncescu and colleagues demonstrated the rapid quantifi-
cation of cholesterol levels from whole blood based on colori-
metric changes in portable test strips.”> Generally, test strips
containing dry reagents are disposable and provide a visual
readout of the results by changing colors or forming lines at
specific locations (e.g. the famous pregnancy test strips). Di-
rectly reading the results of the test strips by naked eyes can
be inaccurate. This issue can be addressed by smartphone-
based imaging and analysis methods. The current test strip
was designed to separate plasma from whole blood based on
a series of filter papers and the separated plasma was di-
rected to the reaction pad. A mini-3D printed supporter was
used to block the ambient light and the smartphone flash
was used for illumination. The test accuracy for cholesterol
levels was within 1.8% from 140 mg dL™* to 400 mg dL ™.
The detection results were compared to those of the
CardioChek PA system and the maximum difference of the
test results between the two systems was less than 5.5%.
The same group also tested the vitamin D levels in blood
and pH values in sweat and saliva. In these studies, the
developed MS® offered an integrated design that permits
non-invasive real-time analysis using disposable test strips
and colorimetric signal detection on a mobile platform
(Fig. 5b).”>’* For testing of pH values in sweat and saliva,
the accuracy was within 0.2 pH unit. For testing of vitamin
D levels, the MS> can measure physiological levels of vita-
min D and the test results were comparable with those for
commercial ELISA Kkits.

Coupled biochemiluminescence (BL-CL) enzymatic reac-
tions can also be used as a method for biosensing with in-
creased sensitivity and LOD compared to conventional colori-
metric substrates.”> Roda and colleagues reported the use of
a smartphone for BL-CL detection coupled with a 3D-printed
microfluidic accessory to detect bile acids and cholesterol in
blood and oral fluids.”® Two specific assays were tested as
the proof-of-principle: a bioluminescence (BL) assay for total
bile acid detection and a chemiluminescence (CL) assay for
total cholesterol detection. In this work, the sample cartridge
contained a blood filter pad, which was housed in a holder
and connected to a reaction chamber through a microfluidic
channel. The reaction chamber consisted of a nitrocellulose
disk for supporting the specific enzymes. In addition, a sepa-
rate 15 pL reservoir for BL-CL reagents was connected to the
reaction chamber via another microfluidic channel. The
mini-cartridge was made by 3D printing for fast and easy fab-
rication. During the experiment, 15 pL of blood was loaded
into the cartridge from the inlet and directed toward the reac-
tion chamber. The cartridge was then inserted into an adap-
tor, which was attached to the smartphone, and the lumines-
cence signal was captured using the smartphone camera. The
advantage of this system was that the whole assay can be
performed within only 3 min. The LOD was 20 mg dL™" and
0.5 umol L™ for analyses of total cholesterol and total bile
acid in serum, respectively.

This journal is © The Royal Society of Chemistry 2016
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Although CL increases the detection sensitivity compared
to conventional colorimetric methods, the reaction timing
and level are difficult to control.”””® In this regard, electro-
chemiluminescence (ECL) sensing presents a possible solu-
tion because the CL reaction can be initiated and controlled
by the application of an EC potential.””*® Delaney and col-
leagues reported a portable ECL sensing platform using a
smartphone and paper microfluidic sensors, which can con-
trol both the EC excitation and photonic detection using a
smartphone application.®"*? Altogether, MS” provides a new
approach for routine health tests based on various sensing
methods. Further developments are needed to better control
the reaction sensitivity, stability, reproducibility, and reliability.

4. MS? for biomedical diagnostic
applications

Traditional methods for protein or genetic biomarker diagno-
sis such as PCR or ELISA are expensive, time-consuming, la-
borious, and often require specialized facilities. Microscopy-
based clinical diagnostic methods for bloodborne pathogens
(e.g. malaria) are impractical in some developing regions or
in the field.** MS> opens up new approaches for easy biomed-
ical diagnostics.

4.1 Genetic analysis

Jiang and colleagues developed a solar-powered quantitative
PCR system, which leveraged natural energy sources.®* The
microfluidic chip was integrated with the solar heating con-
figuration to achieve the required thermal cycling. The test
sample was transported through three ring-shaped tempera-
ture zones in a repeated sequence. This continuous flow PCR
test presented several attractive features over traditional
PCR®® for PoC applications including high reaction speed,
low cross-contamination, and high throughput. On-chip ther-
mocouples were operated using a microcontroller connected
to the smartphone for measuring and displaying the temper-
ature of each zone. The power consumption was reduced to
80 mW. This system was used to test nucleic acids in human
skin biopsies within 30 minutes. In another relevant study,
Angus and colleagues developed a novel smartphone-based
PCR device for quantitative detection of E. coli in a droplet
using a similar heating control strategy with three printed cir-
cuit board (PCB) heaters for thermal cycling.®® The fluores-
cence signal was detected using a smartphone-based micro-
scope and the PCR test was completed within only 15 min.
While the competitive advantage of solar-based or PCB-
based PCR tests was recognized, the thermal cycling accuracy
and the system complexity remain to be challenges for these
mobile systems. To this end, Liu and colleagues developed a
portable genetic testing platform utilizing loop-mediated iso-
thermal amplification (LAMP) technology®”*® without the re-
quirement of thermal cycling for nucleic acid amplification
(Gene-Z system) (Fig. 6a).*” The Gene-Z system consisted of a
polymer microfluidic chip with arrays of reaction wells,
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which were pre-loaded with the PCR reagents for bacteria de-
tection. This fully integrated microfluidic system permitted
rapid PCR with reduced reagent consumption. The micro-
fluidic chip was heated by means of an aluminum heater to
obtain the desired temperature and the embedded shell-
structured reaction wells prevented the crossing of optical
signals between the reaction wells. Sixty-four individually ad-
dressable green LEDs and 64 polymer optical fibers were em-
bedded and epoxied onto the bottom of the aluminum heater
for collecting the emitted fluorescence signal. The fluores-
cence signal was then converted to the electrical voltage read-
ing through a photodiode connected to a microcontroller.
The smartphone was used to control the heater and LEDs,
collect and analyze the data from the microcontroller, and fi-
nally transmit the data by Wi-Fi. This prototype system can
simultaneously detect two different genes from two different
pathogens within 8.6 minutes and the minimal copy number
that could be detected was 13 copies per reaction well.
Fronczek and colleagues developed a one-step direct detec-
tion method to detect the genomic nucleic acid (DNA) of Sal-
monella typhimurium without amplification using a smartph-
one and a paper microfluidic chip (Fig. 6b).”° Salmonella
typhimurium in water was spiked to 10% poultry packaging
liquid, which was subsequently loaded into the paper chip.
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After 3 minutes of incubation, the buffer was added for lysis
and elution. Finally, two microliters of Qubit fluorescent
intercalating dye were loaded to 3 pre-determined locations
along the paper channel. A mini-fluorescence microscope
was attached to a smartphone for measuring the fluorescence
reflectance from the paper chip. The fluorescence microscope
included two bandpass filters, two 10x objective lenses, a di-
chroic mirror, and a blue LED. This developed system permit-
ted fast testing within 5 minutes. The LOD was 10° CFU mL™
and 10" CFU mL™" using cellulose paper and nitrocellulose
paper, respectively.

4.2 Other MS” for pathogen detection

Direct bloodborne pathogen detection using a smartphone-
based microscope offers a new diagnostic approach.
D'Ambrosio and colleagues developed a smartphone-based
microscope combined with a thin glass capillary to detect
Loa loa microfilariae (mf) in blood.”® This system directly
measured the “wriggling” motion of individual mf instead of
molecular biomarkers or morphology. A single field-of-view
(FOV) was used to quantify the number of moving mf within
2.59 pL of whole blood. Additional FOVs were captured along
the length of the capillary by driving the capillary using a
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servo motor and this method can quantify five FOVs in less
than 2 min. The quantitative results were highly correlated
with manual thick smear counts (94% specificity and 100%
sensitivity). This system could also be used for screening and
quantification of other bloodborne infectious agents such as
trypanosomes and other species of filariae.

Stemple and colleagues demonstrated a handheld
optofluidic device utilizing a microbead immunoagglutina-
tion assay combined with Mie scattering for detecting
histidine-rich protein 2 (HRP-2) as a model malaria antigen,
which was expressed exclusively by Plasmodium falciparum
(P. falciparum) in blood.”> The reaction between HRP-2 and
antibody-conjugated microbeads took place in a PDMS-based
microchip. A smartphone was used as the imaging device in
this assay. Specifically, the smartphone LED was used as the
only light source, which was guided to the reaction channel
through a series of mirrors and lens. The scattering light
intensity from immunoagglutination between HRP-2 and the
antibody-conjugated microbeads was captured using the
smartphone camera. The assay time was approximately 10
minutes. The LOD was 1 pg mL ™" in 10% blood. The linear
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range was from 1 pg mL™" to 10 ng mL™". The same group
used the Rayleigh/Mie scattering detection protocol, which
was integrated with an RDT and a smartphone to quantita-
tively monitor thyroid-stimulating hormone (TSH) in human
serum.” The RDT-based tests required no sample pre-
treatment and can be operated by end-users without profes-
sional facilities and skills, thereby offering a practical ap-
proach for PoC diagnosis (Fig. 7a). In addition to the Mie
scattering test module, EC-based bio-sensing was also used
for rapid quantification of HRP-2 in human serum.®® This
EC-based test system consisted of a disposable microfluidic
chip for bio-sensing, a smartphone for user operation, and
an embedded circuit for signal processing and transmission.
This system can provide quantifiable measurements with an
LOD of 16 ng mL™".

Early diagnosis and treatment of HIV, syphilis and other
sexually transmitted diseases in pregnant women can reduce
the health risk to both mothers and newborns. Laksanasopin
and colleagues developed a portable ELISA instrument by
integrating a disposable microfluidic cassette with a smartph-
one (Fig. 7b).”* The handheld microfluidic cassette was
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Fig. 7 MS? applications for pathogen detection. (a) A handheld smartphone-based optofluidic device for quantitative measurement of TSH based
on Mie scattering and lateral flow assays.®* (b) A benchtop ELISA instrument based on a disposable microfluidic cassette and a smartphone for si-
multaneous pathogen detection in blood.®* The figures are adapted from ref. 93 and 94 with permission from Elsevier for (a) and the American As-

sociation for the Advancement of Science for (b), respectively.
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designed with multiple detection zones for detecting HIV,
syphilis and the control sample. Gold nanoparticles and sil-
ver ions were used for signal amplification. Each detection
zone was pre-loaded with specific capturing antibodies
against the target antigens. A negative pressure was manually
activated on the microfluidic cassette to drive the ELISA assay
for target antigen detection in blood samples.®” Optical den-
sity (OD) absorbance measurement was used as the test read-
out by connecting photodetectors and LEDs to a microcon-
troller. The smartphone powered the microcontroller through
the audio jack interface and collected OD data. The assay re-
quired only 2 pL of finger-prick blood and the diagnostic re-
sult was obtained within 15 minutes. This triplex test was
comparable with the gold standard of laboratory-based HIV
ELISA tests. It had a sensitivity of 92-100% and a specificity
of 79-100%, which met the clinical test requirements.

4.3 Commercial application to mobile diagnostics

Recently, new companies were established based on MS>
technologies. As an example, Holomic LLC developed an in-
novative handheld tool for alcohol and drug abuse testing.
The RDT was inserted into a smartphone for lateral flow
immunochromatographic assay.”® In addition, the same com-
pany developed several test platforms for environmental
monitoring and routine health management such as Allergen
Tester,”” Mercury Analyzer’®® and Urine Analyzer.”® Another
company developed a commercial mobile diagnostic reader
based on mobile image radiometry that converted the analog
visual signal from RDTs to a digital signal.’®® The test data
was stored in the mobile assay's secure cloud. The reader op-
erated with a standardized rapid immunoassay strip and a
smartphone for detecting cocaine and benzoylecgonine. The
mobile application was compatible with iOS, Android, and
Windows. This reader can provide quantitative test results
with an enhanced sensitivity of 1 ppb.

4.4 MS” for diagnostic data management and remote monitoring

MS? has a clear advantage to enable remote data manage-
ment."”" "% This allows the users to store the test information
in a smartphone, which can be easily edited, printed,
e-mailed or wirelessly uploaded to a secure cloud server for re-
mote access. Furthermore, the global positioning system (GPS)
in the smartphone allows MS> applications for epidemiological
studies specific to geographical locations.’® Such remote data
management is particularly useful for low-resource areas.
Toward this direction, Mudanyali and colleagues developed
microfluidics-based lateral flow immunochromatographic test-
ing strips to monitor the presence of target analytes including
malaria, tuberculosis (TB) and HIV.'** The diagnostic data
and related geography information can be transmitted to a
central server for epidemiological research through a custom
smartphone application. Moreover, dynamic mapping of the
test results can be viewed and shared using a web browser. In
case the internet connection is not available, the test results
can be stored in the memory card and automatically
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transferred to the server upon the availability of internet con-
nection. Similarly, Unyoung and colleagues demonstrated a
smartphone-interfaced microfluidic EC biosensor for contin-
uous real-time detection of waterborne pathogens or arse-
37:%% Most recently, Sicard and colleagues used a smartph-
one as a portable image acquisition and processing tool for
colorimetric quantification and monitoring of organophos-
phate pesticides in field water.'® The smartphone was used
with two paper-based analytical chips (one for testing the
contaminated water sample and the other for testing clean
water as a control group). Both the testing results and the
geographical locations were simply uploaded to a centralized
web server, which was accessible through Google Maps.

nic.

5. Conclusions and future perspectives

Mobile sensing based on MS” is a very recent and fast devel-
oping field. Evidently, most of the literature reports reviewed
here were published from 2011 to 2015. These studies dem-
onstrated the unique features of MS” in various areas of ap-
plications covering environmental and food safety monitor-
ing, routine health monitoring, biomedical disease diagnosis
and health data management. We believe that MS? is a valu-
able and promising area that has high scientific and com-
mercial potential. This powerful technology will inevitably
continue to develop at high speed. The successful develop-
ment of this hybrid platform will have a profound impact on
the quality of life of the citizens in modern society. On one
hand, there are unlimited opportunities for MS> to embrace.
On the other hand, this emerging field faces many challenges
that require further development. Here, we pinpoint some
common issues of the current MS” systems and highlight fu-
ture directions based on our perspective (Fig. 8).

The introduction of the test sample in current MS* sys-
tems requires additional interface apparatus besides the
microfluidic device and the smartphone. In addition, conven-
tional pipettors, tips, and pumps are often used to deliver
samples. Automated sample manipulation requires special-
ized laboratory tools and skills. Therefore, for future develop-
ment of MS?, the sample-to-test interface (or more generally
world-to-assay interface) needs to be improved. Ideally, the
interface should be built into the microfluidic device and can
directly interact with sample-acquiring supplies such as fin-
ger sticks or swabs. 3D-printed microfluidic devices and their
associated accessories have great potential to enable such an
improved sample-to-test interface. In addition, self-powered
microfluidic devices or microfluidic devices with simple and
easy-to-operate on-chip valves and pumps should be devel-
oped to enable improved fluidic transport and assay automa-
tion in MS> Moreover, advanced diagnostic assays often
require complicated external control equipment, which is
ill-suited for MS? applications. One such example is nucleic
acid-based diagnostic tests that require precise temperature
control, which is challenging to implement in a simple
microfluidic device at low cost. To this end, further develop-
ment of smartphone-compatible microfluidic devices with a
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Fig. 8 Summary of common issues of current MS? systems and future
perspectives on MS? development. We identified sample introduction
and contamination, operator safety, limitations in power, imaging,
throughput and user-friendliness as the main common issues of the
current MS? systems. We envision future MS? systems to have im-
proved world-to-assay interface, assay automation and self-contain-
ment, incorporation of new power sources and optical fiber imaging,
and integration of different tests and operation with high throughput,
tolerance and reproducibility, which can be used even by untrained
end-users. We believe that future MS? technologies will serve as a pow-
erful experimental platform for scientific research, and will enable a
wide range of practical diagnostic applications in environmental moni-
toring, food safety and healthcare. In addition, we believe that MS? will
revolutionarily create new methodologies for science education.

simple integrated heating component such as embedded
carbon wires is required.

Current MS? systems generally require safety supplies to
protect the operator and to reduce the chances of sample con-
tamination, which often limits MS”> applications to research
labs. Outside the lab, test operation complexity, reproducibility,
and reliability become significant issues. Future develop-
ment of MS” should eliminate direct exposure of the operators
to the samples by incorporating an on-chip sample-to-test
interface and develop the MS*based tests in a self-contained
manner without requiring operator intervention beyond initial
sample acquisition and final test device disposal. Some sterili-
zation strategies such as the use of cellulose fibers and other
filters have been developed in MS” tests to reduce contami-
nants in the test sample. Further development of sterilization
methods for different types of MS” is critically required. Again,
improvement and innovation in world-to-assay interface and
assay automation will play important roles in advancing the de-
velopment of MS? technology. In addition, optical fibers can be
used as an innovative data acquisition method for the image-
based MS” applications, which currently use optical cameras
and suffer from low test throughput, low tolerance to environ-
mental factors, limited test accuracy and the requirement of
post-test image analysis.

In many low-resource areas, the wireless network suffers
from poor connectivity and signal quality. In addition, in
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these areas, it can be inconvenient to locate reliable electrical
power sources to charge the smartphone. Thus, to ensure re-
liable MS* applications, the smartphone must support asyn-
chronous data transmission so that the collected data can be
stored locally in the device until a network connection or suf-
ficient bandwidth becomes available for data transmission.
In this context, MS> applications will also benefit from fur-
ther development of battery optimization technology and al-
ternative power sources such as solar power."'%®

Current MS” systems employ specialized microfluidic de-
vices for different applications. It will be highly beneficial to
develop integrated MS> applications for detection of environ-
mental pollutants, food contaminants and health indicators
on a single microfluidic platform. For medical diagnosis ap-
plications, the MS> should be able to effectively integrate
sample acquisition and processing, diagnostic testing, data
analysis and management. Such a platform will improve the
speed, accuracy and versatility for diagnostic tests.

We believe that future MS> technologies will serve as a
powerful experimental platform for scientific research, and
will enable a wide range of practical diagnostic applications
in environmental monitoring, food safety and healthcare.
Further efforts to improve the user-friendliness and suitabil-
ity of testing outside the labs for MS> applications will enable
the practical use of MS> technologies by untrained end-users
to easily obtain reliable test results. In addition, we believe
that MS> will revolutionarily create new methodologies for
science education. Foldscope is one such inspiring example
that allows kids to watch biological samples on the micro-
scopic scale using an extremely cheap paper-based micro-
scope and take pictures with their own smartphones.'®” Fur-
ther incorporation of microfluidic devices to science
education in combination with smartphones is not far from
becoming a reality. Toward this direction, MS® is anticipated
to become a common science educational tool at all levels of

schools and institutions in the near future.'®®
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