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ABSTRACT | Point-of-care (POC) diagnostics is playing an

increasingly important role in public health, environmental

monitoring, and food safety analysis. Smartphones, alone or in

conjunction with add-on devices, have shown great capability

of data collection, analysis, display, and transmission, making

them popular in POC diagnostics. In this article, the state-of-

the-art advances in smartphone-based POC diagnostic tech-

nologies and their applications in the past few years are

outlined, ranging from in vivo tests that use smartphone’s

built-in/external sensors to detect biological signals to in vitro

tests that involves complicated biochemical reactions. Novel

techniques are illustrated by a number of attractive examples,

followed by a brief discussion of the smartphone’s role in

telemedicine. The challenges and perspectives of smartphone-

based POC diagnostics are also provided.

KEYWORDS | Mobile medicine; point-of-care (POC) diagnostics;

public health; smartphone

I . INTRODUCTION

As a form of test performed at or near the test site, point-of-
care (POC) diagnostics has received increasing attention in

recent years [1]–[9]. POC diagnostics offers several advan-

tages compared with laboratory-based tests in that the

former is normally portable, inexpensive, rapid, and easy-

to-use [10]. These features have provided POC diagnostics

with an indispensable role in global and public health, such

as in the control and treatment of infectious and chronic

diseases [11]–[13]. For example, it can provide timely
diagnostics for tuberculosis (TB) and human immunode-

ficiency virus (HIV), effectively preventing the spread of

these diseases, and provide continuous, long-term moni-

toring services for diabetes mellitus and cardiovascular

diseases [14]–[17]. Besides, POC diagnostics has shown

great potential in environmental monitoring and food

safety analysis [18], [19]. Therefore, the development of

POC diagnostic technologies becomes increasingly urgent.
The three phases of a POC test are preanalytical, anal-

ytical, and postanalytical [20]. Preanalytical phase includes

selection of proper test methods and specimen collection.

Analytical phase is the process of detecting targeted biolo-

gical signals and transforming them into measurable

signals. Postanalytical phase includes data analysis, result

display, storage and transmission, and decision-making.

Early POC technologies usually require extra peripheral
devices for analytical and postanalytical evaluation (e.g.,

electronic sphygmomanometer), thus significantly increas-

ing the cost and complexity in performance and limiting
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their widespread applications in global and public health.

Developing cost-effective and easy-to-operate POC tech-

nologies is therefore desirable.

Recent advances in smartphone technologies hold

great potential to solve these problems. Smartphones,

equipped with a computer-like platform and various types

of sensors, have several properties promoting their uses in

POC diagnostics [21]. The global market has witnessed a
rapid growth of smartphones in recent years. Reports from

International Data Corporation (IDC) and Canalys state

that the number of smartphone subscriptions worldwide

has reached up to 1.0 billion in 2013, and the number is

expected to surpass 1.2 billion in 2014, driven by rapid

growth in developing countries (e.g., India and China)

[22], [23]. This means that smartphones are becoming

widely accessible even in resource-limited areas lacking
adequate healthcare facilities. Furthermore, a rich set of

built-in sensors (e.g., camera and microphone) can be used

for the detection of biological signals, powerful processors

and memories for the analysis and storage of diagnostic

results, and high resolution screens for result display [24],

[25]. Finally, smartphones are generally equipped with

powerful data transmission capabilities, such as Global

System for Mobile Communication (GSM), wireless fide-
lity (Wi-Fi), Bluetooth, and universal serial bus (USB),

allowing short-distance and long-distance communication

between a remote test site and centralized laboratory for

professional guidance.

Over the past few years, there has been a significant

increase in smartphone-based healthcare technologies, as

reflected by over 40,000 mobile health applications

available in 2012 [26]. A number of articles have reviewed
these advances: Patrick et al. and Wang et al. reviewed the

application of smartphone in healthcare respectively in

2008 and 2009 [27], [28]. Xie et al. reviewed the develop-

ment of biomedical imaging techniques combined with

smartphones in 2010 [29]. With the rapid development of

smartphone, many novel features are available now, and

many new healthcare technologies have been introduced.

A more recent review by Agu et al. focused on the usage of

smartphone in medical condition diagnostics that takes

advantage of the smartphone’s built-in camera or micro-

phone [30]. Another recent review by Ozcan et al. focused

on the uses of smartphone for imaging/microscopy and

optoelectronic/electronic sensing, such as smartphone-
based microscopy that can detect single virus, as well as

smartphone-based cytometry [31]. These existing reviews

have not focused on the combination of smartphone and

POC diagnostics or only focused on a single area of

smartphone-based POC diagnostics. Here, we review the

latest developments in smartphone-based POC diagnostics,

ranging from in vivo tests that use smartphone’s built-in/

external sensors to detect biological signals to in vitro
tests that are combined with complicated biochemical

reactions (Table 1). Novel techniques are introduced and

illustrated by a number of attractive examples, followed by

a brief discussion of the smartphone’s role in telemedicine.

Last, we present the challenges and perspectives in

smartphone-based POC diagnostics.

II . IN VIVO TESTING

In vivo tests capture health information from the target

without sample consumption. Some biological signals,

such as two-dimensional (2D) color images and sounds,

can be directly captured using a smartphone. Furthermore,

more sophisticated diagnostic information can be obtained
by connecting smartphone with add-on devices [32], [33].

A. Smartphone-Based POC Diagnostics With
Built-in Sensors

Although a variety of sensors have been imbedded in

smartphone, the widely used sensors in POC diagnostics

are still limited to camera and microphone. A large amount

Table 1 Categories of Smartphone-Based Diagnostics
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of diagnostic information can be extracted from the raw

audio or video data when combined with signal or image
processing algorithms.

The megapixel count of the smartphone’s built-in cam-

era has been doubled in every two years in recent decades

and is now as high as 41 megapixels (Nokia 808 Pure-

View). Researchers are able to extract various types of

health information from images of the human body, such

as fingertips, eyes, and skin using image and/or video post-

processing techniques performed either in a smartphone or
computer. Widely used image processing algorithms in-

clude Fourier transform [34], [35], color signal analysis

[36], region segmentation [37], and pattern recognition

[38], [39]. For example, fingertips contain abundant

information about blood circulation. Jonathan et al. [34]

and Pal et al. [35] obtained changes in heart rate by captur-

ing photoplethysmographic (PPG) signals from a fingertip

using a reflection PPG imaging technique [Fig. 1(a)]. To
collect PPG signals from a fingertip, a smartphone was used

to detect, record, and process the reemitted signals of a

white light emitting diode (LED) illumination source. Sim-

ilarly, Scully et al. achieved monitoring of various physio-

logical signals, including cardiac R-R intervals, breathing

rate, and blood oxygen saturation [36].

In addition to obtaining blood circulation status from

fingertips, a bunch of other smartphone-based technologies
have been developed. For example, a simple smartphone-

based pupilloeter was developed to measure the diameter of

pupil, providing information on the function of autonomic

nervous system [37]. By comparing tongue images acquired

using a smartphone with an image database, Samsung
Electronics Company developed a method to determine the

overall health status of a person (e.g., fatigue status) [38].

Similarly, Wadhawan et al. developed a smartphone-based

melanoma detection technology [39].

Audio information taken by the smartphone’s built-in

microphone, combined with digital signal processing

algorithms, is also used to acquire health information.

Yoshimine et al. reported the use of a voice-recording
function to diagnose the overall health status of individuals

by comparing to the voice database from healthy individ-

uals [40]. Larson et al. reported a smartphone-based spiro-

meter, in which the sound of exhalation is recorded and

analyzed for lung function [see Fig. 1(b)] [41]. Thus,

smartphone-based POC technologies have been rapidly

developed to collect and monitor basic health information

in nonclinical settings.

B. Smartphone-Based POC Diagnostics With
External Sensors

So far, the information extracted by smartphone’s built-
in sensors is mainly limited to images and sounds. Many

external sensor systems have been designed and integrated

into the smartphone to extend its capability to extract more

sophisticated diagnostic information, such as body tem-

perature and functional images of organs and tissues. This

allows previously unattainable health information to be

extracted using external sensors and processed or

Fig. 1. Examples of in vivo POC diagnostics with smartphone’s built-in sensors. (a) Heart rate detection from a fingertip [35]. (b) POC spirometer by

recording the sound of exhalation using smartphone’s built-in microphone [41].
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transmitted using a smartphone in the form of one-

dimensional (e.g., body temperature and pulse rate), two-

dimensional (e.g., ultrasound image), or three-dimensional
(e.g., time-sequence ultrasound images) signals.

Huang et al. developed a smartphone-based thermal

imaging technology to quantitatively measure the temper-

ature of human skin [42]. In this method, liquid crystal

thermal (TLC), showing temperature changes in different

color, was prepainted on human skin. The color changes

were then captured as two-dimensional images using a

smartphone’s built-in camera and analyzed in a personal
computer to measure the final temperature [see Fig. 2(a)]

[42]. Khandoker et al. developed a smartphone-based low-

cost oximeter photoplethysmo-graphy [43], in which the

desired information, including blood oxygen saturation

and pulse rate, was collected using a hardware system that

can detect the absorption of red and infrared signals

through a fingertip. The digital signals were then trans-

mitted to a smartphone through USB for diagnostic result
display and data communication between on-site patients

and off-site clinicians.

Smartphone-based medical imaging is an important

emerging area in POC diagnostics. Medical imaging, dif-

ferent from smartphone-based microscopy introduced in

Section III-A, is the technique applied to create images of

the human body (or function and parts) for clinical pur-

poses, such as X-ray, computed tomography (CT), optical

coherent tomography (OCT) and ultrasound. With the
capability of providing high-resolution images of internal

structure of human body, medical imaging has been widely

used in the evaluation and diagnosis of many diseases.

However, the high cost and need for highly trained skill to

operate these clinical devices prohibit such imaging tech-

nologies from many remote regions. With significant ad-

vances in smartphone’s display and processing capabilities,

medical imaging combined with smartphone has become a
research area with great potential [29]. MobiSante de-

veloped an ultrasound probe that is able to be plugged into a

smartphone [Fig. 2(b)] [44]. With an ultrasonic transducer,

the smartphone can acquire and display ultrasound images,

which can then be transmitted to an off-site health center

for further interpretation. Using this system, they obtained

images of the suprahyoid airway and muscular architecture

of mouth floor.

III . IN VITRO TESTING

In vitro tests are biochemical tests that detect/measure

biological components (e.g., metabolites, proteins, and

nuclei acids) and organisms (e.g., cells and microbes) from

Fig. 2. Examples of in vivo POC diagnostics with extra sensors. (a) Skin temperature detection by mapping skin temperature changes to TLC color

changes [42]. (b) POC ultrasound imaging system (Mobisante MobiUS SP1 system) with two mechanical sector USB probes [44].
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blood, sweat, saliva, urine, water, or food [11], including

conventional microscopy, widely used lateral flow assays,

and lately developed microfluidic devices.

A. Recent Developments of
Smartphone-Based Microscopy

Microscopy, which allows the microscale investigation of
biological specimens, is widely used in biochemical tests to

identify objects (e.g., cells, bacterium, and parasites) that

cannot be visualized directly by naked eyes [45], [46].

Microscopes can be used in specimen tests, microfluidic

tests, or any other form of in vitro tests that need visualization

in microscale. Conventional lab microscopy is relatively

costly, bulky, and requires a highly trained staff, impeding its

application to near-patient diagnosis. In response, research-
ers have developed accurate, cost-effective, and easy-to-

perform microscopy, as a general tool suitable for POC

applications using smartphones. Hence, before we delve into

any specific smartphone-based biochemical diagnostic tech-

nique, we briefly review the recent development in

smartphone-based microscopic imaging techniques.

Most smartphone-based microscopes are optical micro-

scopes that consist of a visible light source and a system of
lenses to magnify images of small objects. Image resolution

and field-of-view (FOV) are two main parameters to eval-

uate the optical microscope’s performance. Smith et al.
developed a microscope attached to a smartphone that

transformed the phone’s integrated lens to a 350� micro-

scope and visible-light spectrometer [47]. The microscope

has a resolution of 1.5 �m and a usable FOV of 150 �

150 �m without image processing and approximately

350 � 350 �m with postprocessing. Breslauer et al. re-

ported a smartphone-mounted light microscope and ob-

tained a resolution of 1.2 �m and a usable FOV of 180 �
180 �m by adding a ball-lens to the system [see Fig. 3(a)]

[48]. Zhu et al. demonstrated a wide-field fluorescent and

dark-field imaging technique on a smartphone, in which a

specimen was excited by a battery powered LED, after

which the fluorescent emission from the sample was

imaged using an additional lens positioned in front of the

built-in camera [see Fig. 3(b)] [49]. This smartphone-based

microscopy showed a large FOV of �81 mm2 with a raw
spatial resolution of �10 �m. Wei et al. reported a field-

portable fluorescence microscopy platform installed on a

smartphone with high spatial resolution that is able to

image both individual nanoparticles (100 nm of fluorescent

particles) and viruses (fluorescently labeled human cyto-

megaloviruses) [see Fig. 3(c)] [50].

A type of lens-free microscope has been recently devel-

oped that obviates the need for any lenses or other optical
components [51]. Tseng et al. reported a lens-free holo-

graphic microscope attached to a cellphone with a spatial

resolution of 1:5 � 2 �m over a FOV of �24 mm2 [52].

The additional hardware (�38 grams) installed on the

cellphone is composed of an inexpensive LED (at 587 nm)

with an aperture of �100 mm in front of the light source.

The development in smartphone-based microscopy

greatly strengthens and expands the capability of smart-
phone in POC diagnosis, especially in direct specimen

examination. Microscale imaging opens an avenue for

Fig. 3. Examples of smartphone-based microscopy systems. (a) Smartphone microscopy optical layout for fluorescence imaging [48].

(b) Schematic diagram and different views of the designed optical attachment for wide-field fluorescent imaging on a cell-phone [49].

(c) A cell phone-based fluorescence microscope [50].
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smartphone in POC diagnostics by granting it the power to
directly examine bacteria, cells, and even viruses.

B. Smartphone-Based Strip, Tube, and
Specimen Tests

Inspections of specimens directly, or by strips or tubes

are the most commonly used diagnostic methods for many

diseases [53]. In smartphone-based POC diagnostics, an

image of the specimen, strip, or tube is captured first using

the built-in camera or a converted microscopy as intro-
duced in Section III-A. Then image postprocessing is used

for counting targets or for colorimetric analysis in strip-

and tube-based tests.

Smartphone-based microscopy can capture an image of

a clinical specimen and further analyze it for target of

interest. Breslauer’s group developed a smartphone-based

microscope to image P. falciparum-infected sickle red

blood cells and M. tuberculosis-infected sputum samples
and then automatically counted bacillus via image analysis

[48]. Zhu et al. developed a compact smartphone micro-

scopic platform to image blood samples, followed by the

measurement of the density of blood cells and hemoglobin

concentration through image processing [54].

Strip-based test results can be imaged using a smart-

phone’s built-in camera, followed by colorimetric analysis.

Onsescu’s group demonstrated an integrated smartphone
accessory for monitoring changes in pH of sweat and sa-

livary [Fig. 4(a)] [55]. This system consists of a smartphone

case, a smartphone application, and disposable strips. The

strip tested with sweat or saliva sample is inserted in a slot

on the smartphone case and an image is taken. The pH is

determined by checking the hue-pH correlation stored

inside the application. Mudanyali et al. demonstrated a

cellphone-based rapid-diagnostic-test (RDT) reader

Fig. 4. Direct tube, strip, and specimen inspection for POC diagnostics. (a) Smartphone-based health sweat and saliva biomarker detection

device [55]. (b) Different views of the smart RDT reader prototype installed on an Android phone (Samsung Galaxy S II). This device can be

repeatedly attached/detached to the cellphone body without the need for fine alignment and modification [56]. (c) A picture of the iTube

platform, utilizing colorimetric assays and a smart phone-based digital reader for food allergen testing [58].
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platform that can work with various lateral flow immuno-

chromatographic assays [Fig. 4(b)] [56]. This device can be

attached to a smartphone, and various types of test strips

can be inserted in the device and imaged by the built-in
camera of a smartphone. The captured raw image can be

processed through an application for result analysis, and

the result together with raw images can be transmitted to a

central server if necessary. Lee et al. presented a system for

rapid quantification of vitamin D levels by evaluating

serum samples with a test strip that allows colorimetric

detection of 25-hydroxyvitamin D using a gold nanopar-

ticle-based immunoassay [57].
Tube-based tests share a similar mechanism with strip-

based ones. Coskun et al. built a food allergen testing plat-

form that images and automatically analyses colorimetric

assays performed in test tubes for sensitive and specific

detection of allergens in food samples [see Fig. 4(c)] [58].

The test and control tubes are inserted from the side and

are vertically illuminated by two separate LEDs. The trans-

mission images of the sample and control tubes are digitally
processed using a cellphone application. With a similar

technique, they further demonstrated an Albumin Tester

platform that images and analyzes fluorescent assays con-

fined with disposable test tubes for sensitive and specific

detection of albumin in urine [59].

C. Smartphone-Based Microfluidic Tests
Microfluidics-based biochemical testing technologies,

which are designed to analyze small volumes of body

fluids, have been widely studied for POC diagnostics [60],

[61]. Microfluidic devices, coupled with different func-

tional units (e.g., pumps, valves, and reactors), can be

integrated into a miniaturized analytical system and
manipulate a small volume of fluids, which greatly reduces

the consumption of samples and reagents, and the

complexity of operation procedures [18], [19], [62]–[64].

Microfluidic techniques can also integrate various assays

into one single device to achieve multiplex assays, which

greatly expands the capability, reduces the cost, and

simplifies the operation of microfluidic tests.

Lillehoj’s group developed a compact smartphone
platform for rapid biomolecular detection [Fig. 5(a)],

which consists of an embedded circuit for signal proces-

sing and disposable microfluidic chips for biosensing [18].

After the completion of each measurement, the results are

displayed on the screen for immediate assessment, and

automatically saved to the phone’s memory for future

analysis and transmission. The whole procedure can be

carried out with two loading steps and takes 15 minutes to
complete one measurement.

Stedtfeld et al. presented an inexpensive, user-

friendly, and compact device operated on an iPod Touch

(termed Gene-Z) for rapid diagnosis of multiple genetic

markers [65]. It uses a disposable valve-less polymer

microfluidic chip that contains four arrays with 15 re-

actions, each with dehydrated primers for isothermal

amplification. This system is capable of simultaneous
analysis of four samples for the detection of multiple

Fig. 5. Microfluidic based POC diagnostics. (Left) Photograph of the assembled prototype device for rapid electrochemical detection [18]. The

arrow indicates the microfluidic chip. (Right) Smartphone application for Salmonella detection from a multichannel microfluidic device [69].
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genetic markers, requiring only a single pipetting step per

sample.

Besides the traditional chip-based microfluidic device
discussed above, paper-based microfluidic devices are also

widely used in smartphone-based POC diagnostics. Paper-

based microfluidics is based on patterning sheets of paper

with hydrophilic channels bounded by hydrophobic

barriers, which are more cost-effective, sensitive, specific,

and robust, thereby offering great advantages for develop-

ing POC diagnostics [66], [67]. Martinez et al. introduced

a low-cost healthcare system that integrates paper-based
microfluidics with camera-equipped cellular phones [68].

The results can be captured with a camera phone and

transmitted to a central laboratory. Park et al. reported a

smartphone-based Salmonella detection on paper micro-

fluidics [69], [70]. The reaction result is quantified by

taking digital images of the microfluidic device with a

smartphone camera and implementing image-processing

algorithms to calculate and display the bacterial concen-
tration on the smartphone [see Fig. 5(b)]. The detection

limit is down to a single cell level, and the total assay time

is less than one minute.

IV. SMARTPHONE IN TELEMEDICINE

Today’s smartphones are able to not only provide conve-

nient and fast near-patient healthcare, but also facilitate

long distance communication between on-site patients and

off-site health centers with its powerful transmission abi-

lity [71], [72]. Therefore, in cases where off-site diagnosis

and decision-making is needed, smartphone can collect

on-site disease data, transmit it to a health center, and

receive analytical results [73]–[76]. Granot et al. reported

a telemedicine system that physically separated the
imaging, display, and analysis parts in a medical imaging

system [Fig. 6(a)] [77]. This system consists of a medical

imaging data acquisition device (DAD) at the patient

site, a smartphone, and image reconstruction system at

health center. The cell phone serves as a conduit be-

tween DAD at the patient site and the image reconstruc-

tion system.

Martinez et al. reported a smartphone system for the
rapid quantification of bioassays and the exchange of assay

results with off-site physicians [78]. This system used

paper-based microfluidics to run multiple assays simulta-

neously and used camera phones to capture image results.

The digital information was then transferred from on-site

patient to off-site clinicians for analysis and the diagnosis

result is transferred back via a cell phone [see Fig. 6(b)].

AirStrip Technologies developed a smartphone application
that can obtain patient physiological data (e.g., ECG/EKG

data, fetal heartbeat and maternal contraction patterns)

collected by bedside monitoring equipment, and trans-

mit it to health professionals in near real-time [79].

Gonzalez et al. reported a smartphone technique that can

work in medically underserved regions in Mexico to detect

intraperitoneal bleeding [80]. In this paradigm, electro-

magnetic coils were used to take bulk data from a magnetic
field at the patient site. The data were then transmitted

through a cellular phone to a central location that could

processes the raw data and return the diagnostic results to

the patient site in real time.

Fig. 6. Examples of smartphone-based telemedicine diagnostics. (Left) System configuration for the breast cancer tumors patient self-test

screening [77]. (Right) General strategy for performing inexpensive bioassays in remote locations and for exchanging assay results to off-site

technicians [78].
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V. DISCUSSION AND FUTURE
PERSPECTIVES

Smartphone-based POC diagnostics offers great opportu-
nities for delivering healthcare to resource-limited settings.

Despite the increasing popularity, smartphone-based POC

diagnostics faces some unsolved issues. The main concern

centers on the reliability of POC testing procedure and the

security of diagnostic results. For example, technologies

intended to be used for POC diagnostics should be operable

for the elderly, people with low literacy, and those with

permanent or temporary disabilities [27]. The result indi-
cated by smartphone applications should be explicit and

nonmisleading. The management of personal health-

related data, including data capturing, storage, up-linking

to a server, and transmitting it through internet, should be

secure and confidential.

We envision that the future development of smart-

phone-based POC diagnostics will focus on the following

aspects. One aspect is the development of various types of
portable biosensors that can be connected to a smart-

phone. For example, connecting a blood pressure meter to

a smartphone, which is used for procedure control and

result display, can create a simple sphygmomanometer.

Another aspect is the implementation of complicated 2D/
3D imaging techniques and a development of sophisticated

image processing algorithms. An example might be the

development of a portable optical coherence tomography

imaging device, which can be used in oral cancer detec-

tion. In addition, the development of even more com-

plicated and accurate biochemical test techniques, such

as multifunctional microfluidic chips, is much needed

[64], [81].

VI. CONCLUSION

This article discussed the state-of-the-art advances in

smartphone-based POC diagnostics. Particularly, smart-

phone-based POC diagnostic technologies are categorized,

by how the desired signals are collected, as in vivo tests and

in vitro tests.

In spite of the unsolved issues, such as the reliability

and security of the testing, the need for POC diagnostics is
becoming increasingly strong in recent years. In the

future, smartphones will become more popular, powerful,

and inexpensive, all of which are providing a promising

future for smartphone-based POC diagnostics. h
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Comput. Sist., vol. 14, no. 2, pp. 187–195,
2010.

[81] S. Wang, X. Zhao, I. Khimji, R. Akbas,
W. Qiu, D. Edwards, D. Cramer, B. Ye, and

U. Demirci, ‘‘Integration of cell phone imaging
with microchip ELISA to detect ovarian cancer
HE4 biomarker in urine at the point-of-care,’’
Lab Chip, vol. 11, pp. 3411–3418, 2011.

ABOUT THE AUT HORS

Xiayu Xu received the Ph.D. degree in biomedical

engineering from the University of Iowa, Iowa City,

IA, USA, in 2012.

She worked as a postdoctoral research fellow at

Iowa Institute of Biomedical Imaging (IIBI), the

University of Iowa for one year, and she is currently

an assistant professor at Xi’an Jiaotong University,

China. Her main research interests focus on point-

of-care diagnostic techniques, including microflui-

dics, optical imaging, and image postprocessing.

Altug Akay received the B.A. degree from the

University of Massachusetts at Amherst in 2005,

and the M.A. degree from Dartmouth College,

Dartmouth, MA, USA. He is currently pursuing the

Ph.D. degree in the School of Technology and

Health at the Royal Institute of Technology in

Stockholm, Sweden.

Upon graduating from Dartmouth, he worked at

Siemens Healthcare, Erlangen, Germany, for one

year under the supervision of Dr. Gudrun Zahlmann.

He worked at Spaulding Rehabilitation Hospital under the supervision of

Dr. Paolo Bonato from 2008 to 2009 and at the Bio-Acoustic MEMs in

Medicine (BAMM) labs under the supervision of Dr. Utkan Demirci from

2010 to 2011. He also contributed a book chapter entitled ‘‘�-thalassemia’s

social and economic geography: a possible prevention/treatment program

to rout ’’legacy‘‘ genetic mutations,’’ in the book entitled Mathematical

Methods in Scattering Theory and Biomedical Engineering, (London, U.K.,

World Scientific, 2008). His current interests are Global Healthcare, Point-

of-Care Diagnostics, and Health Technology.

Huilin Wei , photograph and biography not available at the time of

publication.

ShuQi Wang received the Ph.D. degree from the

University of Cambridge, U.K., in 2009, focusing

on rapid nucleic acid amplification technologies

for HIV viral load monitoring in resource-limited

settings.

Since then, he has been working on the develop-

ment of point-of-care diagnostics at Harvard Med-

ical School and Stanford School of Medicine. His

recent work on the development of cell-phone

based on-chip ELISAwas featured as the front cover

of Lab on a Chip.

Belinda Pingguan-Murphy received the Ph.D.

degree in medical engineering from Queen Mary

and Westfield College, University of London,

London, U.K.

Currently, she is a senior lecturer in the

Department of Biomedical Engineering, Faculty

of Engineering, University of Malaya, Malaysia.

She is also the program coordinator for the master

of engineering program for the department. Her

research interests include advanced biomaterials,

tissue engineering, engineering cell microenvironments, mechanotran-

duction, stem cell technologies, and point of care.

Björn-Erik Erlandsson was born in 1949. He

received the Ph.D. degree from Chalmers Univer-

sity of Technology, Gothenburg, Sweden, in the

field of applied electronics.

Currently, he is a Senior Advisor, Professor at

the School of Technology and Health, Royal

Institute of Technology, Stockholm, Sweden, with

responsibility for technology and quality in

healthcare. Experience from research and devel-

opment, quality management, and regulatory

affairs from international medical device industry; Siemens and Nobel

Industries. Worked as Quality Manager in pacemaker industry and has

been Director in Medical Informatics and Technology at the University

Hospital of Northern Sweden, Umeå and Akademiska Hospital, Uppsala

and also professor in Biomedical Engineering. In his role as director for

technical operations at the university hospitals, he has also been heavily

involved in investment issues and investment management, and

chairman of the investment planning groups.

He is also involved in the standardization work in medical technology

and medical informatics, Chairman of SIS/TK334 and Head of the Swedish

delegation to international standardization in CEN and ISO in Health

Informatics, Chairman of the Joint Working Group in Software and

Medical Devices (SAMD) at CEN/CENELEC. Board member of HL7 Sweden.

Chairman of the Medical Society’s Division of Medical Informatics for two

years, member of the Swedish Council on Health Technology Assessment,

SBU Alertråd, and Coordinator EU policies at the Royal Institute of

Technology’s Life Science Platform. He is also the Deputy Dean at the

School of Technology and Health at the Royal Institute of Technology,

Stockholm.

XiuJun Li received the Ph.D. degree in bioanaly-

tical chemistry with Dr. Paul Li in 2008 from Simon

Fraser University, Canada, and then moved to

University of California Berkeley with Dr. Richard

Mathies and Harvard University, Cambridge, MA,

USA, with Dr. George Whitesides for his postdoc-

toral research from 2009 to 2011, as a NSERC

Postdoctoral Fellow.

Currently, he is a tenure-track Assistant Pro-

fessor in the Department of Chemistry, Border

Biomedical Research Center (BBRC), Biomedical Engineering (BME), and

Materials Science & Engineering (MASE) at University of Texas at El Paso

(UTEP), USA. His current research interest is centered on bioanalysis and

bioengineering using microfluidic lab-on-a-chip and nanosensing, in-

cluding but not limited to low-cost diagnosis, hybrid microfluidic devices,

single-cell analysis and 3D cell culture.

Dr. Li is the recipient of UT STARS Award in 2012, UTEP Outstanding

Performance Award in 2014, and the 2014 Bioanalysis Young Investigator

Award.

Xu et al. : Advances in Smartphone-Based Point-of-Care Diagnostics

246 Proceedings of the IEEE | Vol. 103, No. 2, February 2015



WonGu Lee received the Ph.D. degree in mechan-

ical engineering from Seoul National University,

Korea.

After finishing his doctoral studies, he was a

Postdoctoral Researcher at Harvard-MIT Health

Sciences and Technology, Harvard Medical School

and Wyss Institute at Harvard University,

Cambridge, MA, USA. He is currently an Associate

Professor in the Department of Mechanical Engi-

neering, Kyung Hee University, Korea. His research

focuses on development of wearable healthcare devices for human

rehabilitation and augmentation, and commercialization of point-of-care

devices using cell manipulation in microfluidics.

Dr. Lee is also Founder and Chairman of Wearable Healthcare Inc.,

Korea.

Jie Hu is pursuing the Ph.D. degree of biomedical

engineering in School of Life Science and Tech-

nology and Bioinspired Engineering and Biome-

chanics Center, Xi’an Jiaotong University, Xi’an,

Shaanxi, China.

His work has focused on the research and

development of low-cost and rapid biochemical

analytical devices based on microfluidics and

nanotechnologies for disease diagnosis, environ-

ment monitoring, and food safety analysis.

Lin Wang received the B.S. degree in clinical

medicine from Shanxi Medical University, Shanxi,

China, in 2004, the M.S. degree in zoology from

Jinan University, Guangdong, China, in 2006, the

Ph.D. degree in Hydrobiology from Jinan Univer-

sity, Guangdong, China, in 2010, and worked as a

Postdoctoral Fellow at the MOE Key laboratory of

Biomedical Information Engineering, School of

Life Science and Technology, and Bioinspired

Engineering and Biomechanics center, Xi’an

Jiaotong University, Shaanxi, China.

Currently, as a postdoc at Washington University School of Medicine in

St. Louis, MO, USA, she is working on cardiomyocyte tissues engineering.

Her research interests include cell responses to mechanical stimulus,

paper based point-of-care diagnostics, microfluidic chip for point-of-care

testing and biochemistry and molecular biology.

Feng Xu received the Ph.D. degree in engineering

from University of Cambridge, United Kingdom.

Then, Dr. Xu worked as a research fellow at

Harvard Medical School and Harvard-MIT Health

Science & Technology (HST).

He founded the first interdisciplinary biomed-

ical engineering center of Xi’an Jiaotong Universi-

ty (XJTU Bioinspired Engineering & Biomechanics

Center) and is the cofounding director of the

center. Currently, he is a full professor at Xi’an

Jiaotong University, China. His current research aims at advancing human

health through academic excellence in education and research that

integrates engineering, science biology and medicine with focus on

biothermomechanics, engineering of cell microenvironment, and point-

of-care technologies.

Xu et al. : Advances in Smartphone-Based Point-of-Care Diagnostics

Vol. 103, No. 2, February 2015 | Proceedings of the IEEE 247



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


