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ABSTRACT Contaminated water is a serious concern in many developing countries with severe health
consequences particularly for children. Current methods for monitoring waterborne pathogens are often
time consuming, expensive, and labor intensive, making them not suitable for these regions. Electrochemical
detection in a microfluidic platform offers many advantages such as portability, minimal use of instrumen-
tation, and easy integration with electronics. In many parts of the world, however, the required equipment
for pathogen detection through electrochemical sensors is either not available or insufficiently portable, and
operators may not be trained to use these sensors and interpret results, ultimately preventing its wide adoption.
Counterintuitively, these same regions often have an extensive mobile phone infrastructure, suggesting the
possibility of integrating electrochemical detection of bacterial pathogens with a mobile platform. Toward a
solution to water quality interventions, we demonstrate a microfluidic electrochemical sensor combined with
a mobile interface that detects the sequences from bacterial pathogens, suitable for rapid, affordable, and
point-of-care water monitoring. We employ the transduction of DNA hybridization into a readily detectable
electric signal by means of a conformational change of DNA stem-loop structure. Using this platform, we
successfully demonstrate the detection of as low as 100 nM E. coli sequences and the automatic interpretation
and mapping of the detection results via a mobile application.

INDEX TERMS Biosensors, electrochemical devices, biomedical telemetry, mobile computing, cellular
phones.

I. INTRODUCTION
MORE than one billion people have no access to any type of
safe source of water, and as a direct consequence, 1.6 mil-
lion people die every year from waterborne diarrheal dis-
eases [1]. Thismortality rate is greater than that from all forms
of violence combined including war, and children younger
than five years of age are the most severely affected [2].
Conventional methods for detecting bacterial pathogens are
culture-based, requiring traditional laboratory settings using
bacterial surrogates or indicators, such as total coliform bac-
terium, fecal coliform bacterium or Escherichia coli. These
tests point to the possible presence of human microbial
pathogens, but the results are not precise enough to confirm
the contamination from certain pathogens. Many publications
report that outbreaks of waterborne disease have occurred in
spite of the absence of these indicators in source water and

treatedwater [3]. Thesemethods are also time-consuming and
impractical for tracing outbreaks and routine monitoring [4].
To replace the culture-based methods, several methods

have been reported for rapid detection of bacterial pathogens,
and among those techniques, nucleic acid based assays have
been employed in a wide range of biosensing technologies,
due to impressive selectivity and affinity [5]–[7]. To develop
point-of-care (POC) diagnostics for the developing world,
the World Health Organization (WHO) has established a set
of criteria, and any proposed solution should be: 1) afford-
able, 2) sensitive, 3) specific, 4) user-friendly, 5) rapid and
robust, 6) equipment-free, and 7) deliverable to those in need,
abbreviated as ‘‘ASSURED’’ [8]. Toward these requirements,
microfluidic platforms implementing electrochemical detec-
tion offer strong advantages such as facile integration of
multiple components into a single chip and no need for bulky
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optical equipment required for detection [9], [10]. Aptamers
are nucleic acids that selectively bind to low-molecular
weight organic and inorganic substrates [11], and can be
stored and transported at room temperature while antibod-
ies are sensitive to temperature and humidity changes [12].
Aptamers also provide selective, reusable biosensors and
their small size and versatility allow efficient immobilizations
and high-density monolayers, which are critical in miniatur-
ized systems [13], [14]. Owing to these advantages, elec-
trochemical detection of bioanalytes using aptamer-based
sensors has become an increasingly attractive method for
POC diagnostics in a wide range of applications in recent
years [15]–[19].

However, in many parts of the world, the required equip-
ment for pathogen detection is either not available or insuffi-
ciently portable, and operators may not be well trained to use
the sensors and interpret their results, ultimately preventing
wide adoption of pathogen detection through electrochem-
ical sensors at POC. Counterintuitively, these same regions
often have an extensive mobile phone infrastructure, suggest-
ing the possibility of integrating electrochemical detection
of bacterial pathogens with a mobile platform. There are
currently 6 billion mobile phone subscriptions worldwide,
which corresponds to 86% of the world’s population, with
a continued growth projected in the next 3–5 years [20].
Note that mobile phones are essentially computers that can be
connected to portable sensors to take measurements, interpret
results, and store and send records for a global analysis.
Therefore, utilizing mobile phones in POC diagnostics offers
a compelling advantage of increased accessibility, especially
for those in remote areas. Owing to this advantage, mobile
platform assisted medical technology has begun to spread in
recent years [21], [22].

Motivated by these clear advantages, we present a
microfluidic electrochemical DNA-based sensor capable of
continuous, real-time detection of pathogens, which we have
combined with a mobile interface (Fig. 1). We have presented
brief, preliminary results at a conference [23], and here we
present a detailed study of our system. Our electrochemical
sensor offers an attractive platform for point-of-care diag-
nostics because it is readily integrated with microelectron-
ics and it requires minimal instrumentation. The detection
methods developed in this work are applicable not only to
hybridization-based nucleic acid detection, but also to other
aptamer-based protein and small molecule detection. Consid-
ering that the communities that need these sensors the most
lack internet access and the ability (personnel and equipment)
to analyze the data obtained by the sensor locally, we have
adapted the sensor to a mobile device, e.g., a cellular tele-
phone, to enable the instant interpretation of the data obtained
and the mapping of the test results from different places,
indicating safe vs. not-safe water sources. This aspect of our
platform could resolve the issues associated with the lack of
trained personnel, which is a major and severe constraint in
deploying health technology in these regions.

FIGURE 1. Overview of our microfluidic DNA sensor integrated with a
mobile interface: an electrochemical sensor provides an electrochemical
signal when hybridized to its target pathogen sequence. The mobile
application inputs the data, interprets the test results, and maps the
locations of the test results obtained from different locations.

II. SYSTEM OVERVIEW
A. ELECTROCHEMICAL DNA SENSORS
Our electrochemical DNA sensor offers an attractive platform
for POC diagnostics due to its compact size, portability, low
cost, high sensitivity and specificity. In addition, the simple
instrumentation required for electrochemical detection leads
to low electrical power requirements ideal for POC use. Our
electrochemical sensor implements two working electrodes,
a platinum counter electrode, and a platinum reference elec-
trode (Fig. 2, bottom). The working electrodes contain an
immobilized DNA probe in the stem-loop structure, holding
methylene blue (MB) in proximity to the electrode surface,
which enables efficient electron transfer with high reduction
peak current (Fig. 1, top left, and Fig. 3, yellow peak from
green curve). When a target sequence is introduced into the
chamber, it hybridizes with the immobilized probe, open-
ing up the stem-loop structure. This specific target-binding
induced conformational change generates a large decrease
in the reduction peak current of MB (Fig. 1, top right, and
Fig. 3, cyan peak from pink curve). Once the pathogen detec-
tion is complete, a simple distilled water wash disrupts the
hybridization of the target and resets the sensor for future
measurements.

B. MOBILE INTERFACE
The mobile app is the interface to the device. Its main goal
is to show the end result (safe or not safe to drink) instantly
to the user by automatically interpreting the results from
the data obtained and making a decision based on water
safety guidelines. We decided to implement the interface
for an Android phone because of its recent spread through
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FIGURE 2. Process flow of microfluidic DNA sensors (top) and fabricated
sensor (bottom): electrochemical DNA sensors are fabricated via standard
metallization techniques. The polymeric microfluidic chambers are
fabricated via contact liquid photolithographic polymerization (CLiPP).

FIGURE 3. Snapshot of mobile app displaying results from baseline and
measurement curves: the mobile app displays the results obtained from
the sensor, and executes calculations to decide whether the water is
contaminated or not.

under-served communities around the world [24]. It commu-
nicates with the device through a USB cable through which,
after each experiment, the data are uploaded to the phone as
a table of voltage measurements. The app processes the data
and shows the result to the user immediately. The result can
be presented in two formats: as a curve in a graph (Fig. 3) or
as a safe/not-safe guideline (Fig. 5). The app also keeps a log
of previous results, which can be shown in a map (Fig. 6), in
which red spots represent places with unsafe water, and blue
spots represent places with safe water.

III. METHODS AND PROCEDURES
A. CHEMICAL REAGENTS AND SENSOR DESIGN
The single stranded probes and targets were synthesized and
purified by Biosearch Technologies (Novato, CA). DTT, SSC

FIGURE 4. Electrochemical detection of a specific target sequence: the
sensor was interrogated via AC voltammetry. First, the baseline was
established from the sample without any sequences, and measurements
were taken after the addition of complementary target of 5 µM, 500 nM,
and 100 nM, showing the percentage changes from baseline increase with
increasing target concentrations. Additional measurements were taken
for regeneration of the sensor and specificity against other sequences.
Each error bar represents the standard deviation of three separate
measurements.

FIGURE 5. Snapshot of the mobile app displaying safe and not-safe
indicators: once the percentage change of current signals is calculated in
the app, the end result appears as safe or not-safe to drink based on
water safety guidelines.

and TRIS buffers were purchased from Promega (San Luis
Obispo, CA). 6-mercapto-1-hexanol was purchased from
Sigma Aldrich (Saint Louis, MO). We chose a 21-mer tar-
get sequence specific to 16S ribosomal RNA adapted from
Liao et al. [25] (target sequence: 5′-ACA TCA TGG CAG
ACA AAC AAA-3′). We added 5 base-pairs to both sides of
the probe to form the molecular beacon stem. The 5′ terminus
was labeled with thiol to be immobilized on gold electrodes
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FIGURE 6. Snapshot of the mobile app showing a water safety map: data
taken from different locations were processed in the mobile app to
interpret the results, and the end results (safe or not-safe) were mapped.

via thiol-gold chemistry, and the 3′ terminus was labeled with
methylene blue (MB) (probe sequence: 5′-/thiol/GCT AG
[TTT GTT TGT CTG CCA TGA TGT] CTA GC/MB/-3′).

B. SENSOR FABRICATION
The devices were processed using a modular fabrication
architecture. The electrodes were fabricated via standard
metallization techniques. First, borofloat glass wafers were
passivated with a 100-nm-thick layer of SiO2 via sputtering.
Then, the working electrodes (20 nm Ti/200 nm Au) were
patterned via lift-off process after standard photolithography.
The reference and counter electrodes (20nm Ti/200 nm Pt)
were patterned using the same process. Next, the wafer was
diced and cleaned with a piranha solution, and the molec-
ular beacon probes were allowed to self-assemble on the
gold working electrodes via gold-thiol bonds. The polymeric
microfluidic chambers were fabricated with contact liquid
photolithographic polymerization (CLiPP) [26]. The elec-
trodes were cleaned within the sensor before the immobi-
lization of the thiolated DNA probes, by performing cyclic
voltammetry (CV) in 0.1 M H2SO4 with a voltage sweep
between 0 and 1.8 V for 5 min at a rate of 500 mV/s as
described previously [27]. After cleaning, the 2 µM probe
DNAwas immobilized onto the gold electrodes by incubating
for 1 hour, which produces probe densities of ∼2 × 1012

molecules/cm2 on the working electrode [28], followed by
passivation in 2 mM mercapto-1-hexanol (C6) for 2 hours.

C. AC VOLTAMMETRY
The sensor is connected to an electrochemical analyzer (CH
Instruments, Austin, TX). AC voltammetry is performed with
the following parameters: an initial potential of 0.4 V and a
final potential of −0.6 V with an amplitude of 0.025 V at a
frequency of 50 Hz. All scans were performed in triplicate to
verify the reliability of signals.

D. ON-CHIP MEASUREMENTS
To obtain the baseline, a 6 × SSC buffer was introduced,
and ACV scans were established. Next, the sample containing
the target to the sensor was introduced into the chamber and
incubated for 30 min, and the ACV scans were obtained.
Another ACV scan was performed after the regeneration of
the working electrodes with deionized water. The measure-
ments were repeated with the samples containing different
concentrations of target and non-target DNA to determine the
sensitivity and specificity of the sensor.

E. MOBILE INTERFACE DEVELOPMENT
The app is designed for Android phones or tablets. Once
data are uploaded to the phone, the result can be displayed
as a curve in a graph or as a safe/not-safe guideline. The
app processes the data to determine the safety of the water,
which is given by the concentration of pathogens. The data
are represented as a curve measured from our electrochemical
sensor. The app compares the measurement curve (Fig. 3,
pink curve) with the baseline data (Fig. 3, green curve) as
follows. For each curve, it determines the minimum line,
which connects the two minimum points of the curve (Fig. 3,
blue and red lines), and the height line between the maximum
of the curve and the minimum line, at the x value where
it provides the maximum current signal (Fig. 3, yellow and
cyan lines). The result is given by the difference between
the length of the height line calculated for the baseline curve
and the one calculated for the measurement curve (Fig. 4).
The difference needs to be below the threshold determined by
health guidelines. After processing the data, the app provides
the user with the curves (Fig. 3) and the final result, which
is given by either the safe or the not-safe screen (Fig. 5). We
used the AChartEngine library [29] to graph these results on
the Android phone.
To implement the mapping feature, we keep a log of pre-

vious measurements in a local database, which contains, for
each measurement, the coordinates of the place (provided by
the GPS feature of the Android phone) where the measure-
ment was obtained. This log is used to generate a map, in
which safe spots are marked blue and unsafe spots are marked
red (Fig. 6). The map is created using Google Maps API [30].

IV. RESULTS
A. DETECTION OF TARGETS
Our electrochemical sensing mechanism is particularly suited
for POC applications because it enables real-time, continuous
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monitoring of targets with high sensitivity and specificity.
First, the sample without any target sequences is infused into
the microfluidic sensor, and after the incubation, the MB
redox current is measured to obtain a baseline current. Then,
the sample containing target sequences is loaded into the
sensor, and after the incubation, the MB redox current is
measured and recorded to detect the presence of the targets.
One can define a baseline current from the clean water sample
without any target sequences, and determine the concentra-
tion of the target from the measured current. We selected the
detection of the target sequence from the 16S ribosomal RNA
of Escherichia coli as a model system because E. coli is one
of the major enteric pathogens affecting children and causing
deaths mainly through diarrhea in developing countries [31].
16S rRNA is a 1542 nucleotide-long bacterial specific biosig-
nature, and due to its abundance (5.5% by weight), it is
commonly used in molecular assays in bacterial cells [32].

To validate our sensor, we performed AC voltammetry for
detection against different concentrations of the target and
non-target sequences (Fig. 4). AC voltammetry is very sensi-
tive to changes in electron transfer kinetics, and therefore it is
ideally suited to monitor electrochemical sensors in this class.
The responses of the sensor are specific and rapid. First, in the
absence of the target, the immobilizedDNAprobemaintained
its intact stem-loop structure, holding methylene blue (MB)
in proximity to the electrode surface. This methylene blue
(MB) reduction current peak was observed from the work-
ing electrode, providing the baseline (Fig. 4, first blue bar).
In the presence of 5 µM of the target strands, we observed
a robust 78% decrease in our current signal (Fig. 4, first
green bar). As we decreased the target concentrations down
to 500 nM and 100 nM, we observed smaller 62% and 48%
decreases, respectively, as expected (Fig. 4, second and third
green bars), indicating that our sensor is able to distinguish
different concentrations of the target sequence. Furthermore,
we confirmed that the reduction in current values is indeed
caused by hybridization between the target strands and the
sensor probes by regenerating the sensor, which returns the
current value to within 97% of the initial baseline (Fig. 4,
second blue bar). To further verify the signal, the sensor was
challenged with 500 nM non-target DNA, generating little
change from the regeneration signal, with a signal drop of 4%
(Fig. 4, orange bar).

B. MOBILE INTERFACE
The mobile interface enables the device to be used in remote
areas, where testing the water is really important, but the
ability to do so is limited by the lack of trained personnel
to analyze the data obtained by the sensor locally. We have
adapted the sensor to a mobile device to enable the instant
interpretation of the data obtained and the mapping of the test
results at different places, indicating safe vs. not-safe water
sources. As a proof of concept of this capability, we marked
different places with sampled data using our mobile interface
as described in Experiments above (see Section III.E). The
samples were prepared by spiking different concentrations

of target sequences. We set the threshold to determine the
water to be unsafe to 10% decrease from the baseline of safe
water. This threshold has been determined from the infective
dose of pathogenic E. coli [33] and the average number of
rRNA copies per cell [32]. The end results interpreted from
the sample data were used to create a map, in which safe spots
are marked blue and unsafe spots are marked red (Fig. 6).
As future work, we plan to create a web-based application

to coordinate the water safety program. This application will
run on a server and will store measurements obtained with
different phones, which will communicate information as
measurements are obtained. This application will provide the
user with a broader perspective on the safety of water sources.
It will also enable the creation of a red-flagmechanism, which
should give a warning about places in which the water might
be affected by a contaminated remote source. This aspect of
our mobile app could provide communities with access to
quick information about water in their and in other neigh-
borhoods, which might help them both to determine where
to get safe water and to be warned in case a source becomes
unsafe. This also enables the study of patterns and consequent
prediction of changes in the water quality at specific spots.

V. DISCUSSION ON POTENTIAL CLINICAL IMPACTS
We have developed a microfluidic electrochemical DNA
sensor capable of detecting sequence-specific bacterial
pathogens rapidly, reliably, and with high selectivity. Addi-
tionally, we have demonstrated that a mobile interface can
be adapted for interpreting, storing, and mapping the results.
This microfluidic platform integrated with the mobile inter-
face has a great potential to contribute to water quality mon-
itoring and other diagnostic technologies available for global
healthcare, especially in the developing world and rural areas
where the mobile infrastructure is already well-established
but communities suffer from lack of trained personnel, lab-
oratory facilities, and clinical expertise on site. For instance,
these electrochemical sensors operated on a mobile platform
could provide a rapid, affordable, POC method to detect
microbial pathogens that can cause infectious diseases in
drinking water, which indicate fecal or other contamination
in the water source. Feces are an important source of many
pathogens, and the greatest microbial risks are associated
with ingestion of water that is contaminated with feces from
humans or animals [34]. Therefore, microbial monitoring for
drinking-water quality is one of the most important aspects of
public health. Such a detection platform presented here would
support the World Health Organization’s Rapid Assessment
of Drinking Water Quality Guidelines (RADWQ), which
were designed to help in the implementation of rapid assess-
ment of water quality to improve the knowledge and under-
standing of the level of safety of water and, hence, to
support the development of water supply technologies that
deliver safe drinking-water [33]. A thorough meta-analysis
has reported that water quality interventions, especially
point-of-use interventions, indeed reduce diarrheal disease
in developing countries, and the impact of the interventions

VOLUME 1, 2013 3700207



Kim et al.: Rapid, Affordable, and POC Water Monitoring via a Microfluidic DNA Sensor and a Mobile Interface

has an even greater effect on children under the age of 5
[35]–[38]. With the electrochemical sensors presented here,
water quality could be potentially evaluated in real time,
at point-of-use, rather than requiring days as with conven-
tional indicator methods. Although our sensors were fabri-
cated in a standard semiconductor cleanroom, much progress
has been made in recent years with the development of low
cost alternative fabrication techniques, and on-chip electro-
chemical sensors can be purchased for as little as US 60
[39]–[41]. A truly POCplatform should not have any complex
and bulky peripherals and should be integrated with down-
stream analysismodules, including electrochemical analyzers
used in this work. Miniaturized, hand-held electrochemical
analyzers have been proposed and are commercially available
to be easily integrated with the mobile interface presented
here [42], [43].

Another advantage of the proposed system is that its
electrochemical detection methods can be exploited for a
wide range of analytes other than microbial pathogens. For
instance, chemical contents in water such as nitrates, fluoride,
and arsenic can cause health risks to young infants or serious
chronic health problems when ingested over a long period
of time, and thus should be monitored as core parameters
for water quality assessment in addition to microbial qual-
ity [33]. Multiple sensors selective to a series of these critical
analytes can be incorporated in different chambers within a
single device, allowing the measurement of multiple analytes
simultaneously. Aptamer-based electrochemical sensors are
especially suited for such multi-target platforms as these sen-
sors’ response is based on a target-induced conformational
change, rather than on a less specific signaling mechanism
such as absorbed mass or charge, and they are unaffected by
nonspecific contaminants [44]. Such a system could simplify
current water monitoring practice, which relies on different
types of technologies against each contaminant.

Mobile assisted sensor systems would not only alleviate
the problems of inadequate access to water quality moni-
toring in rural and developing regions, but they would also
enable remote access to digital record, automated result inter-
pretation, and epidemiological monitoring. The acute lack
of qualified personnel is a major and severe constraint in
deploying health technology in these regions, and combining
the mobile assisted sensor system with automated sample
preparation systems could enable its use by minimally trained
personnel [45].

VI. CONCLUSION
We demonstrated an integrated microfluidic system that
detects sequence-specific bacterial pathogens rapidly and
reliably with high specificity. We detected as low as 100 nM
target sequences of bacterial samples through electrochemical
sensing. The device is designed as an inexpensive disposable
unit, which provides an attractive platform in resource-limited
settings.

The microfluidic DNA sensor combined with a mobile
interface represents one example of a growing trend toward

affordable, point-of-care diagnostic devices. Our platform,
capable of transmitting digital data over existing commu-
nication systems, enables detection in locations that are
impractical to access by trained personnel. Though our sys-
tem demonstrated the detection of E. coli for water quality
monitoring as a proof of principle, it can be implemented for
diagnosis of other infectious diseases as well.
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