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1. Introduction

Since the first successful commercial introduction of smartphones in
2004, it is estimated that 6 billion mobile phones are in use worldwide
(Laksanasopin et al., 2015), with nearly 1.2 billion smartphones sold in
2014 alone (Lunden, 2015). Their combination of technologies that
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Table 1
Summary technologies and applications for intrinsic and extrinsic sensing approaches for smartphone-based medical diagnostics.

Intrinsic methods

Label SYTO16 SYTO16 Alexa488 Cy3 None None None None

Analyte Microparticle,
white blood cell, pathogenic
protozoan parasite

Red and white blood cell,
hemoglobin

Nanoparticle, human
cytomegalovirus

microRNA-21 Eggs of soil-transmitted
helminth

Porcine immunoglobulin G β2

microglobulin
Hepatitis B, HIV

Source LED array
(λ = 470 nm)

LEDs
(λ = white, 430,
470 nm)

Laser diode
(λ = 450 nm)

Laser pointer
(λ = 532 nm)

Incandescent flashlight Incandescent light bulb Smartphone
screen

Smartphone flash

Assay format Capillary tube,
Slide glasses

Plastic cuvette, cytometric
chamber

coverslips Plastic cuvette Kato–Katz thick smear
slides

Photonic crystal sensor Fluidic device Plastic cuvette

Readout
method

Fluorescence microscopy Fluorescence/bright field
microscopy,
absorption

Fluorescence microscopy Fluorescence
spectroscopy

Bright field microscopy Resonance transmission
spectroscopy

Reflection dip
of
angle-resolved
SPR

Reflected light
intensity

Authors Zhu et al. Zhu et al. Wei et al. Yu et al. Bogoch et al. Gallegos et al. Preechaburana
et al.

Giavazzi et al.

Sample
type

Solid phase Liquid phase

Analyte Thrombin Salmonella Cholesterol, total bile
acid

Salmonella, TSH pH for
urinalysis

Urinalysis
(multiple
analytes)

Urinalysis
(multiple
analytes)

Malaria,
tuberculosis, HIV

Blood type PSA Mumps,
Measles, HSV

Source LED
(λ = 470 nm)

LED
(λ = 475 nm)

Biochemilu-minescence Smartphone flash Ambient
light

Ambient light Ambient light LED array
(λ = 565 nm)

Ambient
light

LED
(λ = 450
nm)

UV lamp
(λ = 340 ~ 400
nm

LED array
(λ = 464 nm)

Assay
format

Paper in glass/
PDMS wells

Paper
microfluidic

Paper microfluidic Paper microfluidic Paper test
strip

Paper test strip Paper test strip Lateral
flow-based RDT
strip

Paper
microfluidic

Microcapillary strip 96-well plate

Readout
method

Fluorescent
light intensity

Fluorescent
light Intensity

Biochemilu-minescence
light intensity

Mie- Scattered
light intensity

Color
change

Color change Color change Spatial distance Spatial
distance

Absorption Fluorescent
light intensity

Fluorescent
light intensity

Authors Petryayeva
et al.

Fronczek
et al.

Roda et al. Park et al. Shen et al. Hong et al. Yetisen
et al.

Mudanyali
et al.

Guan et al. Barbosa et al. Berg et al.

Extrinsic methods

Connection USB Audio jack Bluetooth WiFi

Analyte pfHRP2 antigen DNA from
Bacillus cereus

DNA from
Kaposi's sarcoma herpesvirus

HIV, syphilis protein antigens Horseradish peroxidase DNA from
Escherichia coli and Staphylococcus aureus

Source Powered by smartphone Powered by smartphone LED
(λ = 520 nm)

Powered by smartphone Powered by
external Li-ion battery (3.7 V)

Addressable green LEDs

Assay format Microfluidic chip Microfluidic chip Microfluidic cartridge Disposable cassette Electrochemical
cells cartridge

Microfluidic chip

Readout method Electrical signal Electrical signal Optical density Quantitative optical density Electrical signal Fluorescent light intensity
Authors Lillehoj et al. Velusamy et al. Mancuso et al. Laksanasopin et al. Salomón et al. Stedtfeld et al.
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include wireless voice or data communication, internet connectivity,
computation, video display, data storage, and audio playback has en-
abled smartphones to find broad acceptance throughout our society,
representing a technological capability that many people carry with
them throughout the day, wherever they travel. Intense competition
for the smartphone market has led to ever-broadening arrays of fea-
tures, while technologies formanufacturing and packaging the large va-
riety of components has resulted in devices that are compact and low
cost. In order to serve the many segments of the smartphone market,
we have experienced a proliferation of models, with many operating
system platforms, storage capacities, camera pixel densities, and screen
sizes. The emergence of tablet computers may be considered to be an
extension of the smartphone market, representing the largest size seg-
ment of what we refer to as “mobile devices.” (See Table 1.)

Not long after the introduction of mobile devices and the open-
source market for innovative software applications that could take ad-
vantage of their capabilities, the potential for mobile devices to be uti-
lized for medical diagnostic instruments was considered as a
possibility. Nearly every mobile device contains several “intrinsic” sen-
sors: CMOS imaging camera, audio input jack, vibration sensor, rotation
sensor, GPS sensor, microphone, and light level sensor.While these sen-
sor inputs to a mobile device were initially conceived for non-medical
uses such as recreational digital photography (for the camera) or adjust-
ment of the screen brightness (for the light level sensor), it has been
shown that these same sensors, with the aid of special-purpose inter-
faces and software, could be used for microscopy, readout of electro-
chemical sensors, readout of assay test strips, spectroscopy, and
image/pattern recognition in the context of medical diagnostics.

The advantages of using the existing sensor infrastructure within
mobile devices for medical tests are compelling. By utilizing a device
that patients have already purchased for other purposes, whose opera-
tion is already deeply familiar for people with non-technical back-
grounds, the potential for millions of medical instruments to breach
an important market entry barrier is eliminated. The potential need
for special purpose “cradles” that help make a physical interface be-
tween amobile device and inexpensive external components is awidely
accepted strategy for smartphones or tablets to operate in conjunction
with automobiles and entertainment systems. A product developer
who chooses to utilize an existing mobile device platform as the core
of their diagnostic system can leverage the enormous investment in
packaging, component performance optimization, manufacturing vol-
ume, manufacturing efficiency, and software development tools that
exist for creating mobile device hardware and operating system soft-
ware. Without the need to re-engineer the optics of an imaging camera,
the audio processing circuitry that interfaces with a microphone, or the
spectral output of a white LED, a product designer may focus on the
unique aspects of their diagnostic instrument, while making use of a
wide array of pre-existing software tools that enable control, data ex-
traction, and data processing from integrated sensors.

The choice to use the integral sensing components of mobile devices
for medical diagnostic instruments also brings several challenges. The
most obvious challenge is posed by the rapid rate ofmobile device tech-
nology development, which results in a “state-of-the-art” phone of
today becoming obsolete in 2–3 years, as newer models with improved
features become available.While rapid technology development gener-
ally will make mobile medical devices even more powerful (through
cameras with higher pixel density, faster computation, and availability
of more memory, for example), a diagnostic technology product will
need to flexibly adapt to ever-changing specifications of its underlying
sensor technology. Making this situation even more complex is the
lack of standards between competing mobile device manufacturers.
Thus, a diagnostic instrument that relies upon the operation of an inte-
gral component such as the back-facing imaging cameramay need to be
available in several variants, for compatibility with the camera resolu-
tion, optical filters, software control, lens magnification, lens position,
and operating system interface for a wide range of brands and models.
This situation is already the case for non-medical apps and hardware
for mobile devices, where companies must create cases, mounts,
and software updates for awide range of devices— sometimes choosing
to support one platform over another. A second challenge involves
the fundamental technical limitations of the sensors usedwithinmobile
devices, which have been selected solely for their utility in mass
market consumer applications. Using the camera as an example, the
CMOS imaging chips used inmobile devices are engineered only for de-
tection of wavelengths in the visible part of the spectrum. If an applica-
tion requires detection of ultraviolet or infraredwavelengths, itmay not
be possible to use the integrated image sensor instead, an external de-
tection system that can meet the requirement would have to be
developed.

Therefore, themain advantage of using sensors that are extrinsic to a
mobile device is flexibility. Without the constraints of sensors that are
contained within commercially available smartphones, the product de-
signer may select from a much wider array of sensing components. By
developing a diagnostic device with extrinsic sensors, the product de-
signer becomes responsible for integrating the sensor with circuitry
for driving the electronics,modulating power from a battery, amplifying
output signals, integration, packaging, heat management, and software
development. Thus, product development becomes more expensive
and time consuming, while requiring more dedicated expertise. These
challenges pose a substantial barrier to entry, due to the requirement
for engineering time, product development experience, and, important-
ly, funding required to develop a product. The resulting detection sys-
tem will be extrinsic to the mobile device and is likely to carry a
higher price than a conventional smartphone due to the development
cost being spread over a relatively smaller number of units.

While diagnostic systems using extrinsic sensors may not be as por-
table as those that use integral, or intrinsic, sensors, they may still fully
take advantage of the communication capabilities and computational
power of mobile devices. The ability for a “standalone” instrument to
communicate data with a mobile device via a wireless network,
Bluetooth, or a wired connection through a USB data port is now com-
mon for many consumer device technologies, and can be implemented
very inexpensively. Therefore, an extrinsic sensor system is not required
to be in physical contactwith amobile device in order for themobile de-
vice to control the instrument, gather data from it, process the data, and
share the data with external servers or data management systems.

Several review papers have discussed the role of mobile devices on
the personalization, globalization, and democratization of medical diag-
nostics and health monitoring (Erickson et al., 2014; Ozcan, 2014;
Vashist et al., 2015a, 2015b, 2013). The vast array of medical-purpose
“smart” accessories and applications (not necessarily interfacing with
a smartphone or tablet) has previously been categorized based on the
bioanalytical application and the stage of development and/or commer-
cialization. In this paper, we review the recent development of medical
diagnostics that incorporate a mobile device, such as a smartphone or
tablet computer, as a central enabling component of their hardware.
We have broadly categorized the highlighted approaches as using either
the “intrinsic” sensing capabilities of the mobile device itself, or an add-
on “extrinsic” sensor that communicates with the mobile device.
Among the “intrinsic” approaches, we found that utilization of the mo-
bile device's imaging camera to be the predominant capability, where
the internal CMOS imaging camera may be used to either take photo-
graphs of a solid or liquid phase assay, ormay be adapted to performmi-
croscopy, spectroscopy, or label-free biodetectionwith the inclusion of a
custom interface. Among the extrinsic approaches, we highlight efforts
in which an external instrument transfers information to a mobile de-
vice via a hard-wired USB connector, wireless Bluetooth interface, or
through the earphone connector. While the majority of the detection
approaches and applications are currently in the research/development
phase and some have not yet risen to the level of truly functioning as a
medical diagnostic, commercial instruments are starting to emerge, and
are also briefly discussed in this review.
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2. Biodetection approaches using intrinsic sensors

2.1. Measuring solid-phase assays using intensity information from the
camera

Humans have evolvedwith sight as their dominant sense. Therefore,
it should come as no surprise that many ways in which we have tradi-
tionally measured our surroundings provide visual readouts. Light pro-
vides a myriad of tools used inmedicine and human health: the color of
urine, the emission of fluorescent proteins, the interaction of x-rays
with human tissues—each provides information that is clinically and
scientifically of interest. Thus, a majority of the first demonstrations of
smartphone biosensing utilize the camera to transmit information be-
tween the experiment and the sensor.

One of the first demonstrated examples utilized colorimetric assays
that could be performed by paper-basedmicrofluidics for quantification
of glucose and protein content within simulated urine (Martinez et al.,
2008). Since then, a broad range of tests have been demonstrated
using readily available bodily fluids and many different biological
analytes. All of these tests rely on the same basic principles: a biological
liquid sample, containing anunknown concentration of analyte, is intro-
duced to a solid phasewith immobilized chromogen. Upon reaction be-
tween the biological molecules and the chromogen, a colored region is
produced on the solid support (often comprised of paper), where the
amount of color produced is directly correlated to the quantity of the
analyte. The colors are captured via the on-board camera of the
smartphone where a variety of image processing techniques are used
to quantify the color change and to provide a calibrated measurement
of the biomolecule of interest. Many such tests have been demonstrated
in the literature, particularly with gold-based nanoparticles (Lee et al.,
2014; Oncescu et al., 2014; Oncescu et al., 2013; Veigas et al., 2012).
Fig. 1. Fluorescence-based detection of thrombin activity on paper microfluidic devices. A. Phot
and blood samples. The inset shows the setupwith LED-based illumination of the sample. B. Des
andA647 acceptor dye-labeledpeptide substrates containing a cleavage site recognized by throm
measured through the recovery QD PL with loss of FRET. C. Normalized progress curves for thro
smartphone images are shown for three points in the assays: prior to the addition of sample,
activities were (i) 0, (ii) 15.1 NIH U mL− 1, (iii) 30.3 NIH U mL − 1, (iv) 121 NIH U mL− 1, (
Adapted from Petryayeva and Algar (2015) with permission from The Royal Society of Chemis
An example of a fluorescence-based modality was recently demon-
strated for detection of analytes within whole blood (Petryayeva and
Algar, 2015), representing a complicated diagnostic fluid due to the
high concentration of cellular material, the presence of clotting factors,
and high viscosity. The detection setup consisted of a LED source illumi-
nating a microfluidic channel with a bandpass filter between the rear-
facing camera and the sample (Fig. 1A). To take this detection modality
and apply it to red, opaque whole blood, a quantum-dot based Forster
resonant energy transfer (FRET) assay was developed that would
allow for maximum transmission of light through blood (high visible
wavelength), use affordable LEDs as the source, andmaintain appropri-
ate FRET efficiency for meaningful measurements. Thrombin, the ana-
lyte of interest, has proteolytic activity, and when present in the liquid
sample, cleaves a recognition site separating the FRET acceptor, Alexa
Fluor 647 from the quantum dot (QD) FRET donor, recovering the pre-
viously quenched QD emission in a manner proportional to the throm-
bin activity (Fig. 1B). The bandpassfilter placed between the sample and
the camera removed the light from the FRET acceptor, so the measured
intensity of QD-emitted light observed by the camera has a positive cor-
relation to the thrombin activity.

Another fluorescent-based system has been demonstrated in which
(Fronczek et al., 2014) capture of DNA from Salmonella typhimurium in a
paper-based microfluidic device is followed by labeling with a fluores-
cent intercalating dye that enables detection of Salmonella from diluted
patient samples with concentrations as low as 104 CFU/mL.

Fluorescence emission and optical absorption detection of colored
material constitute themost commonmodalities for colorimetric inten-
sity measurement; however a few additional methods have been dem-
onstrated. A smartphone attachment was designed to illuminate and
gather an image froma paper cartridge that contains reagents necessary
to perform a biochemiluminescent reaction based upon an enzymatic
ograph of the setup used for smartphone readout of QD-FRET test strip assays with serum
ign of paper test strips tomeasure thrombin activity via FRETwith immobilizedQDdonors
bin. The averagenumber of peptides perQD is indicated (10×, 20×). Protease activitywas
mbin activity in whole blood samples measured via smartphone imaging. Representative
immediately after adding sample, and after 30 min. In each image, the spiked thrombin
v) 242 NIH U mL − 1, and (vi) 484 NIH U mL − 1.
try.

Image of Fig. 1
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reaction (Roda et al., 2014). Using a paper microfluidic device, samples
of blood and sputumwere analyzed for cholesterol and total bile acid. A
second unique demonstration of optical-based intensity measurement
involves a smartphone-based instrument that quantifies the amount
of Mie scattering as a result of antibody-mediated agglutination (Park
et al., 2013; You et al., 2013). In an attempt to minimize variation intro-
duced by inconsistencies inherent to paper based microfluidics and
wavelength-based lighting sensitivities, the investigators developed
an angle-tuned system that quantified Salmonella concentrations
down to 101 CFU/mL.

2.2. Measuring solid-phase assays using color information from the camera

While the paper based assays were each specifically developed for a
custom-designed assay protocol, there has also been an effort to utilize
a smartphone to quantify solid-phase colorimetric assays that already
exist. Such tests are most practical when precise quantification of biolog-
ical analyte concentration is not important. For example, urine pH fluctu-
ates significantly depending on diet and feeding schedule. While a
particularly high or low pH may be diagnostic on its own, more often, a
moderately high-or-low pH value may provide information necessary in
combination with other tests to suggest a possible pathology. Because
precise knowledge of the pH value does not have much clinical utility,
the naked eye is often used to estimate the color of an assay test strip.
As the human eye is much more effective at discerning differences in
color than it is at discerning differences in intensity of a single color,
many of these already-developed tests could benefit from the use of a
smartphone camera image to differentiate between colors. In 2012
proof-of-concept of this sensing modality with test strips used for urinal-
ysiswas demonstrated (Shen et al., 2012). Since then, attempts to develop
this concept have focused onmeasuringmultiple analytes simultaneously
with a single sample (Fig. 2A), or across multiple smartphone platforms
(Fig. 2B) (Hong and Chang, 2014; Yetisen et al., 2014).

2.3. Measuring solid-phase assays using location information from the
camera

In addition to intensity and color-based measurements, a third
and final modality for solid-phase test strip measurement has been
Fig. 2.Multi-analyte analysis and multi-platform analysis of existing solid-phase colorimetric
Image analysis is able to recognize the pattern and location of the tests, and process the resu
Society of Chemistry. B. Multi-platform compatibility of a smartphone-based system for solid-
only the latter is shown. App was capable of permitting calibration, testing, and test history a
results are displayed to the user before being transmitted to a physician at the user's request. A
demonstrated: relative and absolute spatial distances. Perhaps the
most readily available example of such a test would be a pregnancy
test, where a band of immobilized antibody located at a specific po-
sition with respect to a control band yields either a positive or nega-
tive result. Here the benefit of the smartphone is not based on
accurate quantification as most of these tests have a binary posi-
tive/negative outcome. Rather, the value of using a mobile device
to perform the test is integrationwith the cloud, ease of transmission
to health care providers, and associated diagnostic information that
can be delivered via a smartphone app in conjunction with the use
of the device. A practical use of such a device—a universal reader
for this broad class of rapid diagnostic tests has been demonstrated
(Fig. 3A)(Mudanyali et al., 2012). A similar approach was taken to
design a smartphone-based blood-typing system (Guan et al.,
2014). A custom-made paper microfluidic device is spotted with
blood in three places, and a liquid elution buffer is passed over it.
By using a parallel set of immunological reactions, blood typing can
be ‘decoded’ from the banding pattern present on the paper device
(Fig. 3B). 98 patient samples were correctly typed with the device,
demonstrating a device that has relatively few remaining areas of
improvement before a potential commercial product could be
introduced.

2.4. Measuring liquid-phase assays with the camera

Whilemany existing colorimetric tests used at the point of care exist
as solid phase samples, an even larger set of colorimetric tests have been
developed in the liquid phase for use in laboratories where liquid han-
dling technology is readily available. As amajority of biomarkers are de-
tected in liquids, colorimetric detection of liquid-phase samples has
been thoroughly developed. Often run in a spectrometer or a 96-well
plate reader, these tests serve as fundamental components of contem-
porary medical diagnostic laboratories.

There are several examples of single-chamber measurement attach-
ments that operate in a similar fashion: light is passed through a sample
chamber that is full of liquid, some light is absorbed or fluoresced, and
the remaining light is measured by the CMOS camera. As with the
intensity-based measurements of solid-phase samples, intensity values
are derived from RGB values, whether by direct comparison with
tests. A. Image of a urine analysis test strip consisting of 12 paper-based sensors in array.
lts individually. Adapted from Hong and Chang (2014) with permission from The Royal
phase colorimetric tests. Authors demonstrated both Android and iOS compatibility, but
ctivities over several sensor types. Detection zones are detected automatically, and test
dapted from Yetisen et al. (2014)) with permission from Elsevier.

Image of Fig. 2


Fig. 3.Distance-based analysis of solid-phase colorimetric tests. A. A smartphone based system for reading a broad range of existing rapid-diagnostic-test strips. To accommodate themany
types of RDTs, customized sample trays are used. B. Schematic representation of the cradle attachment in A., demonstrating simplicity and ease of attachment with simple slide. Two AAA
batteries are used to power LED arrays for both transmission and reflectionmodalities, controlled by a small switch. A., B. Adapted fromMudanyali et al. (2012) with permission from The
Royal Society of Chemistry. C. Barcode-like readouts for all 8 ABO/RhD bloodtypes. Using hydrophilic bar channels treatedwith Anti-A, B, and D antibodies, agglutination enables visually-
based readout via smartphone. C. Reprinted with permission from (Guan et al., 2014). Copyright 2014 American Chemical Society.
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known concentrations (Coskun et al., 2013a; Coskun et al., 2013b), RGB-
channel isolation (Awqatty et al., 2014), or RGB conversion to another
colorspace (Smith et al., 2014).

While these liquid phase tests open the door for the direct translation
of amyriad of laboratory diagnostic tests to a smartphone platform,many
such tests require some degree of multiplexing for practical use. Two re-
search groups have arrived at similar solutions for collecting data from
multiple wells of liquid simultaneously involving a tablet in addition to
a smartphone to provide uniform background illumination (Vashist
et al., 2015b; Wargocki et al., 2015). By using a simple spacer (either a
box, or a custom 3D printed stand), the phone can be held consistently
at a distance that will allow for multiple wells to be measured within
the same field-of-view on the smartphone camera. Along the same
lines, another research group sought to capture images of entire 96-well
plates with a single exposure, but instead did so with a custom-built 96
fiber bundle that allows each well to be mapped to a CMOS camera chip
at the same time (Berg et al., 2015) (Fig. 4A). This 3D-printed cradle
also contains an array of blue LEDs to provide uniform illumination with-
out the need for a second portable electronic device. Using this system, a
substantial number of ELISA tests were run on patient samples for
mumps, measles, and HSV showing accuracies over 99%.

Another recent innovation takes a slightly different approach. A
microcapillary film (MCF) was utilized to run parallel ELISA tests that
can be monitored simultaneously as liquid flows through them (Fig.
4B) (Barbosa et al., 2015). This setup consists of a light source (either
broadband or UV) illuminating the MCF, which then is photographed
by an iPhonewith a 60× lens attachment. TheMCF is attached to a plas-
tic syringe that simultaneously controls all 8 channels, so fluid handling
is simplified. Using this detection instrument, the smartphone system
was able to detect down to 0.9 ng/mL concentrations of prostate specific
antigen.While this instrument is not yet held in a casing tomake it truly
portable, it provides clear proof-of-concept for an alternative viable so-
lution to multiplexing liquid phase tests for intrinsic camera analysis.

2.5. Smartphone-based microscopy

For portable medical diagnostics, there is a strong need for an inex-
pensive mobile device that can perform microscopy, which can replace
a traditional laboratory microscope for observing cell and tissue sam-
ples. Nearly all smartphones now incorporate a high-resolution camera
and computational power sufficient for image processing, which enable
them to function in this role. Although the first uses of a mobile phone
for microscopy were limited to simple image capture from the eyepiece
of an ordinary laboratory microscope (Frean, 2007) or with a custom-
designed microscope attachment including a LED, lenses, filters, an ob-
jective, and an eyepiece (Breslauer et al., 2009). The applications for mi-
croscopy are evolving rapidly using simplified optics and the mobile
phone's capabilities for digital image capture, image processing/stor-
ing/sharing, and on-screen data display (Bogoch et al., 2013; Wei
et al., 2013; Zhu et al., 2013, 2011). A custom-designed microscope at-
tachment for a mobile phone, integrating several optical elements, is
configured to facilitate sample loading and to improve the diagnostic
specificity. The attachment incorporates the illumination source, holds
the test samples, and filters out unwanted signal proceeding toward
phone's camera, while the mobile device gathers and processes images
within the field-of-view. Most smartphone-based microscope systems
are designed to be implemented on specific phone models, with small
modifications required to adapt to a different types of phones.

An example of mobile device microscopy is the compact
(35 × 55 × 24 mm) and light-weight (~28 g) wide-field fluorescence
imaging system (Zhu et al., 2011). The attachment includes 3 battery-
powered light emitting diodes (LEDs) for illumination, a lens to gather
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Fig. 4.Demonstrations of simultaneous colorimetricmeasurement ofmultiple liquid samples. A. Schematic overview the cellphone-based ELISA reader showing array of optical fibers used
to consolidate images of a 96-well plate for interfacing with a smartphone camera. Adapted from (Berg et al., 2015) governed by ACS AuthorChoice open access, doi: 10.1021/
acsnano.5b03203. B. MCF-based system for simultaneous analysis of 8 microfluidic channels. C. Images captured from the system in B. demonstrating concentration-based dependence
in measured fluorescence across the channel cross-section. D. Assay steps for PSA test. E. Response curves for PSA in buffer via the system demonstrating LOD below 0.9 ng/mL,
including concentrations imaged in C. Adapted from (Barbosa et al., 2015) governed by http://creativecommons.org/licenses/by/4.0/, doi:10.1016/j.bios.2015.03.006.
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the fluorescence emission, and a plastic color filter to create the neces-
sary dark-field background. The CMOS sensor of amobile phone camera
takesfluorescent images of specimens, and the platformachieves an im-
aging field-of-view of ~81mm2with a raw spatial resolution of ~20 μm.
The resolution can be further doubled (~10 μm) through digital signal
processing based on compressive sampling. One of the important fea-
tures of the system is the lens-free butt-coupled LEDs, which illuminate
the sample from the side and excite it uniformly over the illumination
area. Because the excitation light is guided perpendicular to the detec-
tion path, a simple plastic color filter can be used to create the dark-
field background. The authors demonstrate the system capabilities by
imaging fluorescent microparticles (dia. = 10 μm) emitting two differ-
ent colors (λ1 = 515 nm, λ2 = 605 nm), white blood cells (WBCs) la-
beled with nucleic acid staining, and pathogenic protozoan parasites
such as Giardia lamblia cysts. Due to its large field-of-view, the system
can screen large sample volumes (N0.1 mL) for rapid screening of
blood, urine, and saliva. While low cost and portability are advantages
of the phone-based fluorescentmicroscopy platform, itsmain limitation
is low spatial resolution, which remains approximately 10 μm. The spa-
tial resolving power is sufficient to detect micro-beads, WBCs, or proto-
zoan parasites, although smaller objects like single nano-particles and
nanoscale viruses cannot be imaged with this approach. The same re-
search group announced the extension of the capabilities of mobile
phone based microscopy by adopting a cytometry platform, which per-
forms blood analyses such as density measurements of white blood
cells, red blood cells (RBCs), and hemoglobin (Zhu et al., 2013). The sys-
tem requires very small sample volume (~10 μL of whole blood/test).
The process is fast and provides cell or hemoglobin concentration infor-
mation in less than 10 s for each measurement. The attachment, fabri-
cated by a 3D printer, consists of a universal port for holding three
add-on components in addition to separate optical components specif-
ically for WBC counting, RBC counting, and hemoglobin concentration
measurement. Fluorophore-labeled WBCs are illuminated by a butt-
coupled blue LED (λ = 470 nm) and counted using emission along a
perpendicular optical path through a plastic filter installed in front of
the camera, while unlabeled RBCs are counted using bright field illumi-
nation/imaging. The hemoglobin concentration of blood samples is de-
termined by measurement of light absorbance using a blue LED (λ =
430 nm) through a cuvette. A custom Android app processes the cap-
tured image from the three modalities. The app computes the selected
sample's concentration using two different algorithms, one for the
blood cells and the other for the hemoglobin, based on pixel-by-pixel
analysis, and reports the results as a number of cells/μL (WBC, RBC)
and as grams/dL (hemoglobin) on the smartphone screen.

Recently, smartphone based fluorescence microscopy has been ex-
tended toward detection of isolated nanoscale objects, as shown in
Fig. 5A (Wei et al., 2013). A compact and portable opto-mechanical at-
tachment interfaces with a smartphone camera, which enables users
to detect individual fluorescent nano-particles and viruses. The
attachment's body, fabricated by a 3D printer, holds a blue laser diode
to excite fluorophores, a lens to collect the fluorescence for the speci-
men, a mechanical translation stage to aid alignment of optical compo-
nents, and a long-pass (LP) thin film interference filter to prevent the
excitation source from reaching the smartphone camera. The systems
weighs ~186 g.When the test sample is excited and emits fluorescence,
the smartphone camera works as a fluorescence detector with field-of-
view of 0.6 × 0.6 mm. The authors validate the performance of the sys-
tem by imaging isolated nano-objects like fluorescent polystyrene (PS)
beads (dia.=100 nm) and human cytomegaloviruses (HCMVs) labeled
with fluorescent PS particles (λex= 580 nm, λem=605 nm). The adop-
tion of a high-power (~75mW) laser diode, oblique incidence (~75°) of
the laser beam, and a high-performance LP filter contribute to its perfor-
mance (Fig. 5B). Fig. 5C summarizes the arrangement of components
within the attachment with respect to the mobile phone camera. This
approach provides high resolution and sensitivity, but the active field-
of-view is smaller than the full field-of-view (~3 × 3 mm) due to the
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Fig. 5. Smartphone-based fluorescence imaging system for detection of nanometer-scale objects (Wei et al., 2013). A. Microscope attachment installed on the smartphone shows the
fluorescence image of green fluorescent beads (dia. = 1 μm). B. Schematic illustration of the system's back side. C. Ray-tracing diagram of the system near the camera. The
fluorescence is depicted with solid green rays, while excitation and scattered beams are highlighted with solid blue and weak blue rays, respectively.
Reprinted with permission from the American Chemical Society.
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small beam size of the laser diode (dia.= ~1.8 mm) and the aberration
of the low NA imaging optics.

Another approach that further simplifies mobile phone microscopy
for the practical diagnosis of parasitic worms was tested in the field
(Bogoch et al., 2013). A mobile phone was transformed into a micro-
scope by mounting a 3-mm ball lens onto the center of the camera
using double-sided tape. The system can be easily assembled in a few
minutes at a cost of ~$15. The samples of interest were illuminated by
a battery-powered incandescent flashlight, and the intrinsic digital
zoom function enabled detection of eggs of soil-transmitted helminth
such asAscaris lumbricoides and Trichuris trichiura. The system is capable
of up to 60× magnification, and registered a sensitivity of 69.4% for de-
tecting soil-transmitted helminth infection.
2.6. Smartphone-based spectroscopy

While gathering color images with a smartphone camera in which
the spectral information is partitioned into red, green, and blue (RGB)
pixels with distinct wavelength bands can provide rudimentary color
spectra, the ability to truly measure the spectral characteristics of liquid
absorption, fluorescence emission, or scattered light can allow a phone
to perform functions of sophisticated laboratory instruments. Mobile
spectroscopy can be achieved by dispersing incident light over the
pixels of the intrinsic CMOS detector, which can separate light's spectral
components with greatly higher fidelity than possible with RGB pixels.
This capability is critical for biological assays that result in color change
of a liquid, or those that involve photon emission by chemical

Image of Fig. 5
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fluorescence, quantum dot emission, bioluminescence, or phosphores-
cence. For example, Enzyme Linked Immunosorbent Assays (ELISA)
represent a predominant assay format in diagnostics in which an
enzyme-substrate interaction generates a chromophore,whose concen-
tration is directly related to the concentration of the target analyte by
the chromophore's absorption. Likewise, the most common assays for
detection of specific nucleic acid sequences, including molecular bea-
cons and polymerase chain reaction (PCR) generate fluorescence emis-
sion as the sensed quantity. Therefore, many DNA and RNA-related
diagnostic applications, such as infectious disease diagnostics, microbial
pathogen detection in food products, monitoring for antibiotic-resistant
bacterial, and genotyping can be performed at the point-of-use through
smartphone fluorescence spectroscopy.

The firstmobile phone spectroscopy forfluorescence-based biomed-
ical assays was introduced in 2014 (Yu et al., 2014). The smartphone
fluorimeter was first used to perform molecular beacon Förster reso-
nance energy transfer (MB-FRET) assays for detection of a specific
miRNA sequence (22 nts) with 10 pM of limit of detection. The MB
probe was synthesized with a Cy3 donor (Cyanine 3, λmax.ex =
550 nm, λmax.em = 570 nm) and a BHQ2 acceptor quencher (Black
Hole Quencher, λmax.ex = 550 nm, λmax.em = 570 nm) at each end,
and a loop domain which hybridizes the target miRNA sequence. Fig. 6
shows the arrangement and alignment of system components. The sys-
tem uses a battery-powered green laser pointer to excite fluorophores,
and a collecting lens to gather fluorescence from a small volume
(~150 μL) of target sample. Here, the illumination for fluorophore exci-
tation was perpendicular to the axis of light collection to minimize the
direct collection of the excitation source. The light is transmitted to a
custom designed smartphone attachment via an optical fiber. The at-
tachment holds a pinhole, a collimating lens, a cylindrical lens, and a
transmission diffraction grating to receive, collimate, and disperse
light signals onto the smartphone's camera that is adjoined the grating
that was oriented at a 47° angle with respect to the axis of incident
light to disperse the first order diffracted mode across the pixels of the
rear-facing CMOS camera of an iPhone4. The mobile phone fluorimeter
has a dispersion of 0.338 nm/pixel in the spectral direction, and this
Fig. 6. Illustration of the smartphone fluorimeter system (Yu et al., 2014). Inset: fluorescenc
concentration. Varies from 1 μM to 1 pM.
Reprinted with permission from American Chemical Society.
high single-pixel wavelength increment, making the system suitable
for most fluorescent based biomedical assays.

2.7. Label-free biosensing transducers

Label-free biosensing requires detection of biological analytes
through their intrinsic physical properties, such as dielectric permittiv-
ity, mass, or conductivity. Because label-free assays do not require fluo-
rescent tags, multiple reagents, or washing steps, they are simple one-
step procedures that can be performed at the point of care more readily
than label-based approaches. Among the label-free detection ap-
proaches that have been demonstrated, those based on optical trans-
ducers detecting intrinsic dielectric permittivity have been
successfully implemented commercially for their ability to provide
real-time, high-throughput and quantitative detection with sufficiently
high sensitivity for many applications. For example Surface Plasmon
Resonance (SPR) and Photonic Crystal (PC) optical biosensors are prod-
ucts that are used in the pharmaceutical screening process to character-
ize biomolecular interaction rate constants, and to measure the effects
of drug molecules upon immobilized live cells. Detection instruments
for SPR biosensing and PC biosensing have been implemented as instru-
ments with a desktop-size footprint for laboratory-based applications.
Recently, label-free detection has also been integrated into a
smartphone format, utilizing the spectroscopy capability that is enabled
by an attachment that disperses light transmitted through a biosensor
surface across the pixels of a smartphone CMOS camera (Gallegos
et al., 2013; Giavazzi et al., 2014; Preechaburana et al., 2012; Zeng
et al., 2014).

The first smartphone-based photonic crystal (PC) label-free biosen-
sor detection instrument was described in 2013 (Gallegos et al., 2013),
in which the phone's rear-facing camera is transformed into a spec-
trometer by placement of a diffraction grating immediately in front of
the camera opening. The resulting systemmeasures the resonant trans-
mission spectrum from the PC biosensor, and can measure shifts of the
PC resonant wavelength as biomolecular material attaches to the PC
surface. An external broadband light source, such as an incandescent
e spectrum measured (T-miRNA conc. = 1 μM) and intensity distributions as T-miRNA
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light bulb passes light through a pinhole to produce a semi-collimated
point source, which is further collimated by a collimating lens. A polar-
izingfilter selects one specific electric field orientation, perpendicular to
the grating direction of the PC biosensor. The PC sensor chip is com-
prised of one dimensional subwavelength grating structure that sup-
ports high efficiency resonant reflection for a narrow wavelength
band, and thus a “dip” in the transmitted light spectrum is observed at
the resonant wavelength of the PC. The PC is inserted into a small slot
in the attachment, which places it in the optical path, so collimated
light reaches it at normal incidence. The transmitted light is focused
alongone axis by a cylindrical lens before it is incident upon a diffraction
grating that spatially separates thewavelength components of the beam
across the CMOS image sensor of the phone camera. The dip in the
transmission spectrum is observed as a dark band in the spectrum,
which software analyzes to determine the central wavelength. The cra-
dle attachment was initially designed to interface with an iPhone4. An
app was developed to facilitate the gathering of spectra, measuring
the shifts of the PC resonant wavelength and wireless transmission of
all spectra and measurements.

As a further example of smartphone-based label-free biosensor in-
strumentation, an angle-resolved surface plasmon resonance (SPR) de-
tection system based on a single disposable SPR coupler made of
polydimethylsiloxane (PDMS) has been presented (Preechaburana
et al., 2012). For SPR biosensors, the illumination is configured to excite
surface plasmon resonance at the surface of a thin gold film, and the res-
onance can be observed in the reflection as a characteristic dip that oc-
curs when monochromatic light is incident on the surface of the gold
film at the angle that matches the surface plasmon coupling condition.
As the SPR effect is very sensitive to the optical properties at the metal
surface, small changes in the surface refractive index due to surface-
adsorbed biomolecules can be transduced by measuring shifts of the
angle at which the reflection dip occurs. The SPR coupler is attached di-
rectly to the phone screen, where the illumination of the phone screen
display within a certain region is coupled in as the divergent light
source, and the output of the coupler is directed into the front camera
of the smartphone. The optical components in the SPR coupler, includ-
ing a plano-cylindric lens, a cylindrical lens, a prism and a hosting
block, are all fabricated using PDMS and epoxy, resulting in a low-cost
disposable sensor. The coupler is independent of the sensor chip and
can be used with commercially available SPR chips. The detection of
β2 microglobulin (β2M), an established biomarker for cancer and
other diseases, has been demonstrated with a commercially available
Biacore CM5 sensor chip. A detection limit of 0.1 μg/mL is reported,
which is comparable to the performance required for clinical utility.

Based on the dielectric permittivity detection, another portable
immunosensor using the intrinsic light source and camera of a
smartphone is reported (Giavazzi et al., 2014) for diagnosis of hepatitis
B and HIV in complex media (bovine fetal serum). The method is based
on measurement of the light reflected by a functionalized surface with
very low reflectivity. A plastic cradle attachment for the phone is de-
signed to hold the optical components and a measuring cuvette. Multi-
ple spots can be analyzed within one single image from the camera,
depending on the immobilization ofmultiple targets on the sensing sur-
face. As a diagnostic tool, the detection limit of a few ng/mL is estimated
for this approach, with an assay time of ~30 min.

3. Biodetection using extrinsic sensors

3.1. USB connection of sensors to a smartphone

Because the intrinsic set of sensors in mobile devices is limited to
those in great demand for consumer applications (for example, sensitiv-
ity to wavelengths in the visible part of the spectrum by the internal
camera), using an extrinsic sensor to perform an advanced measure-
ment and transmitting the data back to the mobile device can be more
practical in certain circumstances. An essential component of a
smartphone is its ability to interface with many electronic devices,
such as computers, keyboards, trackpads, and speakers. The Universal
Serial Bus (USB) has emerged as the most widely adapted interface for
connection, communication and power supply between electronics de-
vices, and thus provides a natural interface between extrinsic sensors
and mobile devices. Usually these external attachments consist of the
primary sensor, an interface with samples, and circuitry to both inter-
pret user commands from the smartphone and to transmit data be-
tween the sensor and the smartphone for display, analysis and
storage. As long as the smartphone is able to serve as a USB host device,
the sensor can be powered via the USB port, which eliminates the need
for batteries or an external power supply. Both electrochemical detec-
tion (Lillehoj et al., 2013; Velusamy et al., 2013) and optical detection
(Jiang et al., 2014b; Mancuso et al., 2014) of biomolecules have been
demonstrated using USB-connected sensors.

An example of a smartphone-based electrochemical detection
platform was recently demonstrated for the diagnosis of malaria in
human serum (Lillehoj et al., 2013). A sample solution (containing
pfHRP2 antigen, the biomarker for malaria) and reporter solution
(containing pfHRP2 antibodies conjugated to horseradish peroxidase
in DPBS) are introduced to the microfluidic chip inlets using a pi-
pette. The solutions are mixed and then passed through a tightly-
packed serpentine channel situated over the electrochemical sensor.
In the sensing region, any pfHRP2 antigen present will interact with
pfHRP2 capture antibodies immobilized in a robust polypyrrole
(PPY) matrix. Detection antibodies in the reporter solution are cap-
tured in the sensing region only in the presence of antigen from the
sample solution. A TMB/H2O2 solution is loaded into the chip that
serves to wash unbound conjugated pfHRP2 antibody and then func-
tions as a substrate for an HRP-catalyzed reaction. When a voltage
potential is applied across the sensing region, the oxidation of the
TMB substrate generates a small electrochemical current directly
proportional to the concentration of the pfHRP2 protein in the sam-
ple. The rest of the device surface is comprised of a capillary pump
that provides the liquid flow for the system, thereby eliminating
the need for pumps or peripheral components. This electrical signal
is processed and packaged by the sensor circuit and transmitted
back to the smartphone via the USB port. An Android application is
designed to provide user instructions and data visualization and
analyses. The assay can be completed in 15 min with 2–3 loading
steps and provides a limit of detection of pfHRP2 antigen of
16 ng/mL. A similar electrochemical analyzer system for Bacillus ce-
reus DNA detection interfaced to a smartphone through the USB in-
terface (Velusamy et al., 2013) is based on a similar detection
principle for DNA, providing a detection limit of 33.3 pg/mL.

Kaposi's sarcoma herpesvirus (KSHV) was also detected using a USB
accessory by direct quantification of nucleic acids using optical absorp-
tion of gold nanoparticles in solution (Mancuso et al., 2014). Short DNA
probes for KHSVDNAwere designed and attached to gold nanoparticles.
Once introduced to a patient sample, binding between the probes and
target KHSV DNA from the sample affects the absorption of the gold
nanoparticles, which can be quantified bymeasuring the optical density
of themixture at awavelength of 520 nm. A LED (λ=520nm) provides
illumination to a microfluidic chip and the transmitted intensity is de-
tected by a photocell connected by a pull-down resistor, where the volt-
age drop measured is a result of the intensity of the measured
transmission. The controlling circuitry controls both the LED power
and the photocell measurements. An app was developed in Eclipse for
the Android platform, written in Java to provide power to the sensing
attachment and to process the data. Additional information for each
measurement (including user information, time stamps and locations)
is collected and results are either communicated by email or uploaded
to the cloud. Further extension of this work has been completed by
the researchers to demonstrate solar-powered polymerase chain reac-
tion (PCR) amplification of DNA and analysis of human skin biopsies
with KSHV (Jiang et al., 2014b).
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3.2. Sensor communication with a smartphone through the audio jack

As stated previously, extrinsic sensors can be designed to interface
with smartphones and other mobile devices, conferring a myriad of
functions in broader technological contexts. In addition to sensors that
communicate with mobile devices using Bluetooth® connection, some
extrinsic sensors connect via the standard 3.5mmaudio jack.While dif-
ferent mobile devices may exhibit nonstandard and sometimes propri-
etary connectivity ports, the audio jack is standardized and accessories
utilizing this mode are easily adaptable, making it an attractive choice
as a mode of connection.

Recently, the use of a “smartphone dongle” for diagnosing HIV and
both treponemal and non-treponemal syphilis at the point of care was
demonstrated (Laksanasopin et al., 2015). The dongle integrates fluidic,
mechanical, optical, and electronic components to function as an auto-
mated, portable, and cost-effective version of a benchtop ELISA instru-
ment, with signal enhancement using gold nanoparticles and silver
ions instead of enzyme and substrate. A plastic cassette is inserted
into the dongle, which is connected via audio jack to the mobile
device—in this case, a 4th generationApple iPod Touch®. Thedisposable
plastic cassette consists of three components: (1) a test cassette includ-
ing a waste pad for on-chip fluid waste collection, and five detection
zones, each pre-coated with a particular disease-specific protein, posi-
tive control, or negative control; (2) a reagent cassette storing wash
and silver A and B reagents; and (3) an antibody holder containing ly-
ophilized gold-labeled antibodies. In this assay, the optical density
(OD) of the silver enhancement corresponds to the concentration of
captured analyte. In the assay process, dilutedwhole blood fromafinger
prick is pipetted into the cassette. The target analyte, if present, binds to
the corresponding capture protein on the test cassette surface. Onepush
of amechanically-activated vacuumallows gold-labeled antibody, wash
buffer, and silver reagents to flow through the channel, in that order.
The dongle contains no internal power source of its own and relies sole-
ly on power provided by the smartphone or other mobile device. The
smartphone sends a 19-kHz audio signal that is converted to a stable
DC 3.0 V which powers the OD readings and frequency shift keying
(FSK) data transmission to the smartphone; the dongle requires no
power during the fluid flow steps. A mobile app allows the user to
enter a “Patient ID”, provides step-by-step pictorial instructions, dis-
plays assay progress, and records the assay results. The results,
displayed as “Positive”, “Negative”, or “Indeterminate”, obviate user in-
terpretation. A field test was performed in Rwanda, where the device
achieved sensitivities and specificities of 100% and 87%, respectively,
for HIV; 92% and 92% for treponemal syphilis; and 100% and 79% for
non-treponemal syphilis. In particular, patient satisfaction surveys indi-
cated 97% of the patients would recommend the smartphone-based
assay, citing factors such as shorter turnaround time, panel screening,
and ease of sample collection.

Another recent proof-of-concept demonstration of a smartphone ac-
cessory, for use as a low-cost electrochemical biosensor (Sun et al.,
2014). Consists of a low-power potentiostat that interfaces between a
disposable screen-printed electrode (SPE) and a smartphone. Here, cy-
clic voltammetry measurements using equal amounts of potassium fer-
rocyanide (K4(Fe(CN)6)) and potassium ferricyanide (K3(Fe(CN)6)) run
on a printed circuit board (PCB)-based prototype returned results com-
parable to those obtained using a benchtop potentiostat. While it is not
specifically demonstrated for use inmedical diagnostic applications, the
electrodes can be functionalized with biorecognitionmolecules, such as
nucleic acids coupled to redox molecules, for detecting clinically rele-
vant target molecules (Hsieh et al., 2015; Liu et al., 2015). The module
can be improved in terms of portability and functionality, power-
consumption, and user-friendliness by the incorporation of well-
defined application-specific design requirements, lower-power elec-
tronic components, and a smartphone app user interface.

Audio jacks have four channels: the right and left audio channels,
ground, and microphone input. The audio channels can be used for
sending user input and providing power from the mobile device to the
accessory, while data from the accessory can be collected by the mobile
device via the microphone input. In particular, the ability to harvest
power from the mobile device through the audio jack (Kuo et al.,
2010), coupled with carefully chosen electrical components, eliminates
the need for an external battery, allowing these accessories to achieve a
small form factor. Newer 3.5 mm TRRS audio jacks using the CTIA stan-
dard are, for most part, standardized across different mobile device
platforms.

3.3. Sensor connection via Bluetooth® communication to a smartphone

Because the intrinsic sensing options within a mobile device are
quite limited, detection instruments that require different capabilities
must use an extrinsic sensor that can take commands and return sensor
readings. Because all sensor information can bedigitized, itmay be com-
municated via wireless communication protocols. The most broadly
adopted wireless technology standard for exchanging data over short
distances is Bluetooth®, which utilizes UHF radio waves in the ISM
band from2.4 to 2.485GHz. Bluetooth hardware andprotocols areman-
aged by the Bluetooth Special Interest Group, which has over 25,000
member companies which license patents for individual qualifying de-
vices. Bluetooth is primarily designed for low power consumption and
short range, using low cost transceiver microchips in each device. Be-
cause nearly all mobile communication devices now incorporate a
Bluetooth transceiver, an extrinsic sensor module with its own trans-
ceiver may interact with the mobile device by a secure wireless
connection.

An example of such a system is the recently reported smartphone-
based system for diagnosis of infectious disease (Salomon et al., 2014),
in which a set of electrochemical sensors are measured by an extrinsic
desktop instrument that communicates with a smartphone with a
Bluetooth connection. The detection principle utilizes antigen-coated
magnetic particles that are incubated with patient sera, followed by ex-
posure to secondary antibodies conjugatedwith horseradish peroxidase
(HRP). The presence of specific antibodies in serum that indicate prior
exposure to a target pathogen results in immobilization of themagnetic
particles on the surface of an electrode, where the HRP generates oxida-
tion products which extract electrons from the electrode, thus generat-
ing current. The current magnitude is related to the number of
transducer-immobilized HRP molecules, which in turn is linearly relat-
ed to the number of captured specific antibodies. In this work, the elec-
trochemical cells are assembled in a disposable cartridge that contains
eight independent sensor electrodes that is inserted into a detection
system that effectively serves as a precision current meter and as a
base station for communicating data to a smartphone. The detection in-
strument has its own analog-to-digital converter for current measure-
ments, a small computer processor, a battery, power management
electronics, and a Bluetooth chip. Using this approach, software allows
the system to carry out amperometric recording of the sensor arrays
using cyclic voltammetry, so the sensors can bemonitored continuously
in real time. An Android app that resides on the smartphone, developed
in Java, initiates voltage step measurements, allows the user to select
assay options, and calculates the average value of the work current.
The app makes a determination of a positive or negative test result, re-
ports the results on screen, and maintains a record of the entire
measurement.

Because electrochemical sensor data can be easily converted to dig-
ital values and communicatedwith brief transmissions (in terms of data
size), they have been among the first to be adopted for Bluetooth appli-
cations. While not strictly targeted as a medical diagnostic, the
impedance-based sensor for TNT detection (Zhang et al., 2015) repre-
sents an approach in which specific target-recognizing peptides are
immobilized on a working electrode in close proximity to a counter
electrode and reference electrode for performing cyclic voltammetry.
The compact integrated system is capable of measuring one sensor at
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a time while the extrinsic control circuit communicates via Bluetooth
with an Android-based smartphone. The mobile system measures im-
pedance of the electrode a ~20 MHz frequencies rather than DC imped-
ance, as high frequency impedance measurements were found to
provide greater signal-to-noise measurements. This approach may be
amenable to detection of small molecule analytes in related biomedical
applications such as sensing drug metabolites, nutrients, and other
small molecule biomarkers. The same research group used a similar
high frequency impedance approach for detection of bacteria for envi-
ronmental monitoring of drinking water (Jiang et al., 2014a). Here, an
extrinsic electrochemical impedance spectroscopy (EIS) sensor mea-
sures changes in the high frequency impedance of a set of interdigitated
electrodes fabricated on a silicon chip, and changes in AC impedance
were found to be dependent upon the concentration of captured
Escherichia coli bacteria. Such a systemmay be adapted to clinical appli-
cations such as detection of antibiotic resistant bacteria through the use
of specific capture antibodies that bind with proteins displayed on the
bacteria outer surface membrane.

A further approach that demonstrates the flexibility of extrinsic sen-
sor approaches that communicate by Bluetooth is a mobile system for
breath analysis (Gupta et al., 2010). The approach uses laser absorption
spectroscopy (LAS) that measures the absorption coefficient of gas at
specificwavelengths in the infrared. The demonstrated systemwas spe-
cifically tuned for measuring oxygen concentration, but could be tuned
to other gasses. As with other examples cited here, the system utilized a
Bluetooth chip to communicate with an Android-based smartphone
app, but in this case reported optical intensity values from a photodiode.

In a similar manner to Bluetooth communication, the WiFi connec-
tion of amobile device can be used for data communication to an extrin-
sic diagnostic instrument. Common examples of this are readily
observable in the consumer arena, with smart-watch or smart-band
monitoring of physiological attributes such as pulse, step count, and
physical activity monitoring that are then relayed back to a
smartphone-based user interface and data repository. Similarly, devices
that measure biological samples can be remotely controlled via WiFi,
such as the Gene-Z device, a portable, but not handheld, platform for de-
tecting bacterial pathogens via isothermal nucleic acid amplification
and detection of genomic DNA from E. coli and Staphylococcus aureus
(Stedtfeld et al., 2012). The Gene-Z prototype amplifies genetic target
DNA sequences via loop-mediated isothermal amplification (LAMP)
monitored by fluorescence-based optical emission. AWiFi module inte-
grated into the Gene-Z device facilitates communication between the
device and a smartphone or similar device with wireless capabilities,
such as the iPod Touch. A custom app provides a user interface that fa-
cilitates adjustment of experimental conditions, data processing, dis-
play, and cloud integration.

4. Commercially available smartphone-based diagnostics

The majority of commercially available smartphone-based health
management platforms are mobile applications, or “apps”which utilize
the mobile device for logging data or alerting the user about personal
health trends. As these apps are purposed for health management and
tracking rather than diagnosis or treatment, they do not require explicit
FDA approval. Besides these, several diagnostic accessories interfacing
with amobile device have been commercializedwithin the past decade.
While a number of commercial smartphone-based diagnostic products
have been reviewed previously (Vashist et al., 2014) we review the
iBGStar® blood glucose monitor and provide some updates on the re-
cent diagnostic applications of the AliveCor® heart monitor and
CellScope digital home health kit.

iBGStar, by Sanofi-Aventis LLC, is an extrinsic biosensor that con-
nects to an Apple iPhone or iPod touch via the 30-pin proprietary
dock connector. Like other glucose monitors, the iBGStar quantifies
blood glucose levels bymaking amperometricmeasurements. Addition-
ally, a phasor transform algorithm derived from dynamic
electrochemistry corrects for non-specific signaling from other mole-
cules, resulting in highly accurate tests (Pfutzner et al., 2013). Based
on the iBGStar website, while the sensor itself is able to store up to
300 test results (including the date and time), it can be coupled with
the iBGStar DiabetesManager app for additional storage, better tracking
of blood glucose levels, and data-sharing.

The AliveCor Mobile ECG, which also uses an extrinsic sensor, is
available for a number of Android and iOS devices. The attachment
price ($99 US at the time of this review) includes two plates that com-
municate wirelessly with the free AliveECG app on the smartphone.
The app not only stores the ECG, but enables a patient to grant access
to the ECG results to the physician. The AliveCorMobile ECG has recent-
ly been reported in the context of monitoring patients after atrial fibril-
lation ablation (Tarakji et al., 2015), early identification of atrial
fibrillation (Williams et al., 2015), and diagnosing tachycardia (Richley
and Graham, 2015).

Aside fromusing extrinsic sensors for gathering data, some commer-
cialized devices such as the CellScope Oto utilize intrinsic sensors, such
as the smartphone camera, for performing diagnostic tests. The Oto is a
cone-shaped attachment containing the necessary optics to allow a
cellphone to function as an otoscope ($79 US). It aligns to the back-
facing camera, is used to take images of the inside of one's ear, and
can be useful in detecting ear infections. A specialized mobile app
helps identify significant landmarks such as the tympanic membrane,
records images, and allows data-sharing with a physician. In addition
to the Oto, other camera-based diagnostic systems are currently being
developed by CellScope for a comprehensive home health kit. Recently
reported prototypes include attachments for detecting ophthalmologic
abnormalities (Maamari et al., 2014), blood-borne parasites
(D'Ambrosio et al., 2015), and fluorescence imaging of sputum smears
(Chaisson et al., 2015) in developing countries.

5. Regulatory challenges for mobile diagnostics

Regulatory approval is an important commercialization hurdle for
any diagnostic technology that includes a mobile phone or tablet as
part of its hardware, whether the sensor is intrinsic or extrinsic. For di-
agnostic applications that are subject to the regulatory requirements of
the FDA, a smartphone becomes part of an instrument that must pass a
rigorous approval process. Aside from the current FDA requirements for
diagnostic tests used for a medical purpose to be performed and super-
vised by certified personnel, themobile device and its related hardware,
manufacturing quality control, and product development methodology
mustmeet stringent requirements that are not ordinarily considered for
consumer electronics. For diagnostic systems that use an extrinsic sen-
sor, the hardware regulatory requirements may be performed upon
the sensor module, while the mobile device simply serves the role of a
computer and communication device (which must still pass regulatory
approval for software validation). The regulatory landscape in less-
regulatedmarkets may result in the emergence of commercial products
first in China, India, and Africa, where there are large populations with
pressing healthcare needs that can be addressedwithmobile diagnostic
platforms. For any diagnostic technology, false positive and false nega-
tive results can have dire consequences, and there is a likelihood that
error rates will increase when tests are performed by non-specialists
in uncontrolled conditions, using materials that may not have been
shipped or stored under prescribed conditions. Therefore, it will be im-
portant for commercially available implementations of mobile diagnos-
tic technologies to be extremely robust through a combination of
engineering design, incorporation of built-in experimental controls,
replicate tests, and detection of user errors.

6. Conclusion

As the highlighted set of examples show, the internal sensing capa-
bilities of modern mobile devices are sufficiently powerful to perform
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many of the same tasks as laboratory instruments. Through the broad
introduction of high resolution CMOS cameras with excellent low-
light sensing capabilities that are intended for digital photography
which may occur indoors, the same capability may be adapted to new
purposes that are potentially impactful for medical diagnostics. While
the most straightforward intrinsic sensing approaches involve captur-
ing an image of a test strip and subsequent analysis of the position or
color of assay spots in the context of lateral flow assays, more sophisti-
cated approaches may involve incorporation of a special-purpose opti-
cal excitation source (such as an LED) and optical filters that allow
measurement of fluorescent or chemiluminescent outputs. Likewise,
the ability to deconstruct an image into its RGB component colors may
be used as a crude form of spectroscopy that can be applied to perform
color analysis of solid or liquid-based assays. The intrinsic sensing capa-
bilities of mobile devices may be further extended through the addition
of optical elements that can be packaged within an add-onmodule that
allow the camera to perform high-magnification microscopy, highly ac-
curate spectroscopy, and label-free biosensor analysis.

While the internal CMOS cameras of mobile devices are powerful,
they are not suited to all diagnostic sensing approaches. A growing fam-
ily of sensors that utilize external electrochemical sensors use highly
customized instruments that can easily communicate with amobile de-
vice either through a hard-wired connection or radio communication.
The “extrinsic” sensing approach has the potential to extend many
types of medical diagnostics, regardless of the sensed parameter, to a
mobile format. While relatively simple devices, such as physiological
monitors for heart rate and bloodoxygen have been commercially avail-
able for several years, more complex diagnostic instruments that in-
clude ultrasound imaging transducers and otoscopes are now being
introduced to the market.

The characteristic that all the approaches in this review have in com-
mon is the ability to use the computation and communication capabilities
of mobile devices. As wireless communication availability has become
pervasive and as the computing power of mobile devices has surpassed
that of the desktop computers of only a fewyears ago, it is possible to per-
form sophisticated image and signal analysis with a handheld device. The
open software development tools that are available for mobile device
platforms facilitate development of applications and publishing them
for use by a broad audience, which further encourages development of
new approaches.Whilewe arewitnessing the emergence ofmobile sens-
ing approaches for medical diagnosis, there are parallel efforts for devel-
opment of “personalized medicine” and “electronic health” platforms
that are aimed at making a greater variety of medical information avail-
able to the patient from tests that can be performed in the home, in health
clinics, in pharmacies, or in remote locations. Such systems are comprised
of information networks and systems for storingmedical records thatwill
allow certified clinicians or technicians to interpret diagnostic tests that
are performed remotely, and with the aid of software tools, identify im-
portant trends. Such systems may be aimed at identifying a medical con-
dition while it is in the development stage in order to preempt acute
episodes that lead to visits to the emergency room. Another envisioned
application is frequentmonitoring of patients with a knownmedical con-
dition, such as heart disease or cancer, in order to track the progress of
treatment. Yet another application enabled by wide adoption of mobile
diagnostics is diagnosis of infectious disease and combination with
geolocation information to inform epidemiological understanding of dis-
ease spread. These types of analyses are enabled by the availability of
compact, inexpensive, and simple-to-operate diagnostic instruments,
which are very likely to take advantage of the available communication
and computational infrastructure available through mobile devices and
the data networks they communicate with.
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