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This paper describes an inexpensive, handheld device that couples
the most common forms of electrochemical analysis directly to
“the cloud” using any mobile phone, for use in resource-limited
settings. The device is designed to operate with a wide range of
electrode formats, performs on-board mixing of samples by vibra-
tion, and transmits data over voice using audio—an approach that
guarantees broad compatibility with any available mobile phone
(from low-end phones to smartphones) or cellular network (sec-
ond, third, and fourth generation). The electrochemical methods
that we demonstrate enable quantitative, broadly applicable, and
inexpensive sensing with flexibility based on a wide variety of
important electroanalytical techniques (chronoamperometry, cy-
clic voltammetry, differential pulse voltammetry, square wave
voltammetry, and potentiometry), each with different uses. Four
applications demonstrate the analytical performance of the de-
vice: these involve the detection of (i) glucose in the blood for
personal health, (ii) trace heavy metals (lead, cadmium, and zinc)
in water for in-field environmental monitoring, (iii) sodium in
urine for clinical analysis, and (iv) a malarial antigen (Plasmodium
falciparum histidine-rich protein 2) for clinical research. The com-
bination of these electrochemical capabilities in an affordable,
handheld format that is compatible with any mobile phone or
network worldwide guarantees that sophisticated diagnostic test-
ing can be performed by users with a broad spectrum of needs,
resources, and levels of technical expertise.

electrochemistry | mHealth | point-of-care diagnostics |
low-cost potentiostat | telemedicine

lectrochemistry provides a broad array of quantitative methods
for detecting important analytes (e.g., proteins, nucleic acids,
metabolites, metals) for personal and public health, clinical
analysis, food and water quality, and environmental monitoring
(1, 2). Although useful in a variety of settings, these methods—
with the important exception of blood glucose meters (3, 4)—are
generally limited to well-resourced laboratories run by skilled
personnel. If simplified and made inexpensive, however, these
versatile methods could become broadly applicable tools in the
hands of healthcare workers, clinicians, farmers, and military
personnel who need accurate and quantitative results in the field,
especially in resource-limited settings. Furthermore, if results of
testing were directly linked to “the cloud” through available mo-
bile technology, expertise (and archiving of information) could be
geographically decoupled from the site of testing. To enable
electrochemical measurements to be performed and communi-
cated in any setting, a useful technology must be (i) able to per-
form complete electrochemical analyses while remaining low in
cost, simple to operate, and as independent of infrastructure
as possible; and (ii) compatible with any generation of mobile
telecommunications technology, including the low-end phones and
2G networks that continue to dominate communications in much
of the developing world.
The parallel development of two successful technologies—
mobile health (mHealth) and point-of-care (POC) diagnostics—
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provides a pair of convergent paths toward a potential solution,
although, practically, technical and conceptual connections be-
tween them are weak (5, 6). mHealth is the general term given to
health-related information technologies that depend on mobile
wireless communication for connectivity. Although these net-
works and devices can capture information relevant to health
(and other problems involving chemical and biological sensing)
and transmit it globally over the web, they typically do not have
the capability to collect data directly, and rely instead on (error-
prone) data entry by the user, either alphanumerically or through
images. Conversely, although POC diagnostics (e.g., lateral flow
immunoassays, urinalysis dipsticks, and handheld glucometers)
provide examples of simple, inexpensive devices that enable
minimally trained users to perform chemical testing, these
devices are typically limited in function and cannot connect
easily to networks for mHealth.

Many devices are now being explored that attempt to connect
mHealth with POC testing. Because these systems have been
developed in, and often implicitly targeted toward, the de-
veloped world, they typically require (i) smartphones, (ii) custom
applications (apps), (iii) third or fourth generation (3G/4G) data
networks, (iv) proprietary connectors for sophisticated sensors
that interface with diagnostic tests, and in some cases (v) a sub-
stantial level of technical sophistication (7-13). As such, these
first-generation hybrid mHealth/POC devices are often too ex-
pensive, too restricted to a single type of phone, too limited in
function, and too reliant on advanced mobile telecommunication
technology to be practically applicable in resource-limited settings
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where 3G/4G networks and smartphones are still not widely used.
Although mobile connectivity has spread rapidly across the world,
low-end mobile phones and second generation (2G) networks
dominate the telecommunications infrastructure (especially in rural
areas) in the developing world (14, 15) and will continue to do so
for the foreseeable future (Fig. S1). This lack of advanced mobile
technologies in much of the developing world, coupled with myriad
operating systems, generations of software, and types of connecting
ports among all mobile phones, presents a major challenge to any
device that requires a specific phone or application to communicate
the results of testing.

To provide a system that combines broad flexibility in electro-
chemical capability with connectivity to the web through widely
available technology, we have developed a low-cost (~US$25),
handheld device that (i) performs all of the most common elec-
trochemical methods; (i7) interfaces with a variety of commercially
available electrodes; (iii) provides on-board vibration to mix
samples when necessary; and (iv) is simple to operate. For com-
munication of data, we exploited the ubiquity of the hands-free
audio port, a nearly universal interface to mobile phones, and
designed a protocol to transmit digital data over a live voice
connection. This approach guarantees that (i) any phone can
function as a modem to link the results of testing to a remote
facility through any available mobile network (2G, 3G, or 4G), and
that (if) the device does not require any specific software appli-
cation, operating system, or connector (beyond an audio cable).

We refer to our device as a universal mobile electrochemical
detector (uUMED) because of (i) its universal compatibility with
mobile technology; (ii) the broad range of electrochemical
techniques that it can perform, including various forms of
amperometry, coulometry, voltammetry (e.g., cyclic, differential
pulse, square wave), and potentiometry; and (iii) its broad
compatibility with different commercially available and paper-
based electrodes. Fig. 1 A and B shows the uMED connected to
a low-end mobile phone and sketches the flow of information
that links an in-field measurement to a remote facility.

We demonstrate the electrochemical capabilities of the uMED
by first comparing the performance of each implemented mode of
sensing to a commercial electrochemical analyzer. We then test
the uMED in four representative applications: (i) as a personal
diagnostic device for the detection of glucose in blood; (i7) for in-
field testing of water quality by detection of heavy metals; (iii) as
a low-cost, clinical analyzer for detection of electrolytes; and (iv)
to perform an ELISA for the detection of a malarial antigen. We
also demonstrate the transmission of POC data over voice through
a low-end mobile phone to a remote computer.

Materials and Methods

Design of the uMED. Fig. 1 C and D shows a block diagram and circuit sche-
matic that describes the electronic design of the device. Briefly, the device
includes (/) a custom-made, three-electrode potentiostat, formed from two
operational amplifiers, to perform electrochemical measurements; (ii) three
digital switches to reconfigure the potentiostat between two- and three-
electrode operation and between amperometric or potentiometric mea-
surement; (iii) a small vibration motor to mix fluid samples; (iv) a dual-
channel, 16-bit, digital-to-analog converter (DAC) to set the potentials of the
reference electrode (RE) and working electrode (WE); (v) a single-channel,
16-bit analog-to-digital converter (ADC) to sample data at high resolution;
(vi) a pair of sockets to interface with various electrodes; (vii) a liquid crystal
display (LCD) and three buttons to interface with the user; (viii) an audio
port to communicate data; (ix) a microcontroller to operate the device; (x)
a serial port to program the microcontroller; (xi) a 3.7-V lithium polymer
battery to supply power to the device; and (xii) a pair of 3.3-V voltage
regulators to supply voltage independently to the digital (microprocessor)
and analog (potentiostat, ADC, and DAC) portions of the circuit. We chose
the Atmega328 (Atmel) 8-bit microcontroller for its compatibility with the
popular Arduino development environment and its many, programmable
channels for input and output. The bill of materials (BOM) for uMED was
~US$25, and the range of electrochemical measurements that we could
perform were primarily limited by (i) the practical range of applied voltages
(+2 V), (ii) the sample-rate of the ADC (800 Hz), (iii) the resolution of the
DAC (0.05 mV), and (iv) the electronic noise floor (0.5 nA,ns). Within these
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Fig. 1. (A) An image of the uMED interfaced to a commercial glucose test
strip and a low-end mobile phone through a standard audio cable, for
transmission of data over voice. (B) A schematic of the connections and flow
of data from the electrodes through the uMED to the remote back end. (C)
A block diagram of the hardware and interconnections of the device. (D) The
circuit design for the reconfigurable potentiostat. CPU, central processing
unit; I/0, input/output.

limitations, the uMED can perform the most common electrochemical
measurements. We include further technical details, including a circuit dia-
gram (Fig. S2) and a BOM (Table S1) in S/ Text.

Modes of Electrochemical Detection. The uMED can perform (but is not limited
to) the following five important types of electroanalytical techniques: (i) cyclic
voltammetry (CV), (ii) chronoamperometry, (iii) differential pulse voltammetry
(DPV), (iv) square wave voltammetry (SWV), and (v) potentiometry. Depending
on the selected mode, the microcontroller sets the potentiostat to measure
current in a two-electrode (chronoamperometry) or three-electrode (CV, SWV,
DPV) configuration, or voltage (potentiometry) in a two-electrode configura-
tion. Fig. S3 shows general schemes of the pulse sequences that we used for
the different current-based measurements. To compare the performance of
the uMED to that of a commercial, bench-top electrochemical analyzer—a
potentiostat (AutoLab PGSTAT12; Metrohm) for current-based measurements
and a pH meter (443i; Corning) for potentiometric measurements—we used
both devices to perform a series of five test measurements for five common
electrochemical pulse sequences: (i) CV on a solution of ferricyanide/ferrocy-
anide redox couple (linear sweep from a potential £; = -0.5V to £, = 0.5V
with a step size Egep = 2.5 mV and a scan rate of 50 mVis); (i) chro-
noamperometry on a solution of ferrocyanide ions (E = 0.5 V for 30 s); (iii) SWV
(E; = -0.2V, E; = 0.6 V, frequency f = 10 Hz, peak-to-peak potential AE =
50 mV, and Egep =4 mV) and (iv) DPV (E; =02V, E; =06V, f=10Hz, t; =
10 ms, AE = 140 mV, Egep, = 7 mV) on solutions of 1-naphthol, which we
adapted from previous literature (16, 17); and (v) potentiometry on solutions
of sodium and potassium ions. We include more details in S/ Text.

Electrochemical Applications. \We used the device in four real applications that
involve the detection of (i) glucose in blood by chronoamperometry, (ii)
heavy metals in water by square wave anodic stripping voltammetry
(SWASV), (iii) sodium in urine by potentiometry, and (iv) the malarial anti-
gen Plasmodium falciparum histidine-rich protein 2 (PfHRP2) through
a sandwich, electrochemical ELISA using chronoamperometry for the de-
tection step. The pulse sequence for each application is stored in the device;
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when the user selects the appropriate mode using a button, the uMED
acquires and computes data automatically without further input from the
user. For these measurements, we used commercial glucose test strips,
screen-printed electrodes (SPEs), and ion-selective electrodes (ISEs) to eval-
uate the performance of our device, ensure proper calibration, and de-
termine the limits of detection in all modes of measurement. These electrodes
are readily available and guarantee that the device is immediately applicable
to real-world testing.

Detection of Glucose in Blood. For the detection of blood glucose by chro-
noamperometry, we used glucose test strips (TrueTrak; CVS) and whole blood
samples (Meter Trax Control; BioRad). For each measurement, we selected
glucometry from the uMED menu, inserted the test strip, and applied a
droplet of blood (~5 pL, a volume easily obtained from a finger prick) to the
test strip. Application of the sample triggered the chronoamperometry se-
quence (Fig. S3B), which began with an incubation period of 5 s at E =0
followed by a measurement period of 10 s at £ = 0.5 V. The uMED sampled
the output signal at 8 Hz and digitally averaged the transient signal over
the last t = 5 s of the measurement.

Detection of Heavy Metals in Water. For the detection of heavy metals [Zn(ll),
Cd(ll) and Pb(Il)] by SWASV, we used SPEs (DRP110-CNT; DropSens) that had
three electrodes: (/) a WE consisting of carbon ink modified by carbon
nanotubes (18), (i) a counter electrode consisting of carbon ink, and (iii) an
RE consisting of Ag/AgCl ink. This procedure requires a four-step pulse se-
quence (Fig. S3C) that we adapted from Nie et al. (19) and is as follows. (i)
Cleaning, where a positive potential (E¢ean = 5 V, 120 s) applied to the WE
oxidizes any impurities from the electrode surface to prepare it for the
measurement. (ii) Deposition, where a negative potential (E; =-1.4V, 120s)
applied to the WE causes metal ions in solution to reduce onto the electrode
surface if the potential is more negative than the reduction potential of the
metal. The solution must be agitated during these first two steps, so that the
kinetics are not limited by the rate of diffusion. (iii) Equilibration, which is
the potential maintained at E; with no agitation for a short time (30 s) to
ensure equilibration of the solution. (iv) Measurement, where SWASV (SWV
sequence from E; to E; = -0.1V, at AE = 50 mV, Egep =5 mV, f =20 Hz)
causes the metals deposited on the electrode surface to reoxidize and
redissolve into the solution. The reoxidation occurs when E matches the
oxidation potential of the metal, so that the measured current exhibits
a different peak for each metal species.

Typically, a magnetic stirrer is used to provide agitation during deposition
and cleaning. To eliminate this added cost and complexity, we instead in-
corporated a small vibration motor (similar to the ones used in mobile
phones) into the uMED to mix the droplet directly on the SPE when necessary.
The uMED applies 3.3 V to the motor to vibrate the sample at 530 Hz. This
approach enabled us to perform a full measurement by (i) mixing an 80-pL
droplet of aqueous sample containing the metal ions with a 20-uL droplet of
the reagent solution, on top of the SPE, and then (ii) activating the uMED to
execute the fully automatic SWASV sequence in which the uMED mixed the
sample, applied the pulse sequence, extracted the peak heights of all ele-
ments found, and displayed the extracted data to the user. To calculate the
concentration of analytes, the uMED performed a baseline correction, cal-
culated the difference between the maximum and minimum current mea-
sured, and subtracted the value of the blank (measured on the same SPE).

Detection of Sodium in Urine. To detect sodium in urine by potentiometry, we
used an ISE (27504-30; Cole-Palmer). We prepared a series of urine samples
with different levels of sodium from standard urine samples (Liquicheck Urine
Chemistry Control; BioRad) and used an ionic strength adjustment buffer (4 M
NH4Cl with 4 M NH4OH) to adjust the pH to ~9.5. To perform the mea-
surement, we dipped the ISE into each sample, and recorded the potential
difference between the RE and the WE. This voltage typically stabilized over
a period of 0.5-10 min, with longer times required for lower concentrations.

Detection of Malaria. To perform a malaria immunoassay, we used chro-
noamperometry to measure the concentration of PfHRP2 through a sand-
wich ELISA (20) that we augmented for electrochemical detection. The
detecting antibody was conjugated to horse radish peroxidase (HRP), which
oxidized 3,3',5,5'-tetramethylbenzidine (TMB), a widely used chromogenic
substrate. We performed this reaction in a 96-well plate and then pipetted
a drop of solution onto a commercial SPE (DRP110-CNT; DropSens). The
UMED detected the oxidized product by performing chronoamperometry
for 20 s at AE = 0.2 V, sampling the output signal at 20 Hz, and digitally
averaging the transient signal over the last t = 8 s of the measurement. We
include more details for all measurements in S/ Text.
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Local Acquisition of Data. The uMED contains enough memory (32 kilobytes)
to store approximately 10 different pulse sequences, the code that operates
other functions of the device, and about five hundred 16-bit data points for
on-board analysis. The device can, therefore, automatically perform the basic
analysis and baseline corrections that are necessary to extract the concen-
tration of an analyte from the raw data, display the measured concentration
on the screen, and, if necessary, (using the method described in Telecom-
munication) upload the information to a remote facility, without user in-
tervention. To analyze the raw data directly, we interfaced a personal
computer to the serial port of the uMED through a serial-to-universal serial
bus (USB) converter (DEV-09873; SparkFun Electronics) and used a custom
application in MATLAB (MathWorks) to acquire and display the received data.

Telecommunication. The cellular voice channel is particularly susceptible to
signal interruption by burst noise and distortion by voice codecs that render
analog modulation inappropriate for transmission of numeric data, such as
concentrations of analytes or patient identification numbers. It is, therefore,
simpler to transmit these data by digital modulation that can be supplemented
with error detection or correction. We implemented a basic frequency-shift
keying (FSK) protocol to transmit digital data over the audio channel of a mobile
phone during a live connection. Because mobile phones are designed to
transmit audio frequency signals in the range of 500-3,300 Hz (21), we divided
the available bandwidth in the voice channel into a band for the data (f = 500~
1,400 Hz) and a band for the header (f > 1,500 Hz). We further subdivided the
data band into ten 100-Hz intervals, each corresponding to a single transmitted
integer (0-9). We also incorporated a 10-bit binary cyclic redundancy check
(CRCQ), which is an error-detecting code that allows the validation of uncor-
rupted data by the receiving computer and is particularly effective at detecting
the kinds of burst errors associated with the mobile voice channel (21, 22).

A pair of standard, 2.5-mm TRRS (tip, ring, ring, sleeve) stereo connectors
and a corresponding four-conductor audio cable provided an interface be-
tween the uMED and the audio port of a mobile phone. For our experi-
ments, we chose a low-end phone from the Nokia 1100 series (model 1112)
as it is still among one of the most widely used in developing countries (23).
We used the stereo and microphone channels of the mobile phone to
transmit and receive FSK signals to and from the device. We developed
a custom application in MATLAB to establish a live voice link, through the
Voice over Internet Protocol application Skype (Microsoft), between the
mobile phone and a remote personal computer. This application received
and decoded the FSK-based data, and sent a short messaging service (SMS)
message to back the mobile phone with contents relevant to the data it had
received. Fig. 54 shows the flow of data in this network.

Results

Device Performance. Fig. 2 shows a comparison between analyses
performed by the uMED and a commercial electrochemical
analyzer—on the same solutions and batch of electrodes or ISE—
for each of the five types of electrochemical methods that we
implemented. For CV (Fig. 24), ferricyanide/ferrocyanide pro-
vided a model electroactive system; it is the most common redox
couple used for probing the performance of modified electrodes.
For chronoamperometry (Fig. 2B), ferrocyanide provided a
model electroactive compound for chronoamperometric de-
tection; it is one of the most common electrochemical mediators
that can be detected by amperometric methods. For SWV and
DPV (Fig. 2C), 1-naphthol provided a common substrate used in
electrochemical ELISA. For potentiometry (Fig. 2D), sodium
and potassium ions provided common, clinically relevant elec-
trolytes that we measured over a physiological range of con-
centrations. Differences between the commercial device and
uMED were primarily caused by variations between test strips
and electrochemical fluctuations during measurements, and not
by differences in the performance of the electronics.

Detection of Glucose by Chronoamperometry. Self-testing of blood
glucose using a glucometer and disposable test strips is the most
commonly performed POC measurement globally. To test the
uMED as a personal glucometer we used both a commercial
glucometer (TrueTrak; CVS) and the uMED to measure the
concentration of blood glucose in a series of blood samples (Fig.
34). The uMED displayed a linear relationship relative to the
values measured by the glucometer on the same samples within
the physiological range of 50-500 mg/dL. The average relative
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Fig. 2. (A) A cyclic voltammagram of 2.5 mM ferricyanide/ferrocyanide in 0.1
M KCI. (B) The measured current versus time for chronoamperometric de-
tection of 1 mM ferrocyanide in 0.1 M KCl. (C) Differential pulse and square
wave voltammagrams of 1 mM 1-naphthol in 100 mM Tris, 100 mM Nacl. (D)
Detection of [K*] and [Na*] with potentiometry in an ionic strength adjuster.

SD (5%) was better than most commercial glucometers (5—
20%), and well within the performance criteria set out by the US
Food and Drug Administration (3).

Detection of Heavy Metals in Water by SWASV. Lead and cadmium
are among the most common toxic heavy metals found in water
supplies, and zinc is an essential micronutrient. Trace amounts of
these heavy metals can be simultaneously detected by ASV when
a differential scanning technique, such as SWV or DPV, is used
for the stripping step (24). These techniques can achieve lower
limits of detection than linear sweep voltammetry and chro-
noamperometry because they use differential sampling to reduce
the influence of background and non-Faradaic currents. Here,
we use SWV because it can provide better discrimination be-
tween metals with similar redox potentials than DPV. Fig. 3B
shows a calibration plot for detection of lead by SWASV, per-
formed with commercial SPEs. Based on these data, we de-
termined a linear dynamic range of 4-40 pg/L and a detection
limit of 4.0 pg/L, which is less than the minimum of 10 pg/L
imposed by the World Health Organization (25). We also veri-
fied the ability of the device to detect Cd, Zn, and Pb simulta-
neously with SWASV (Fig. 3B, Inset).

Detection of Sodium in Urine by Potentiometry. Sodium content in
urine is often used to evaluate the amount of fluid within the
blood vessels or the overall balance of electrolytes within the
body (26). This test may be used when conditions such as
hyponatremia (low sodium levels in the body) are suspected (27).
We calibrated the potentiometric response of the uMED using
standard solutions of sodium and then applied that calibration to
a series of urine control samples (Fig. 3C). The systematic error
of the measured concentrations (~8%) falls within the certified
range of the assayed urine samples (+14%).

Electrochemical ELISA for Detection of Malaria. ELISA is a sensitive
technique often used for the detection of specific proteins. Al-
though typically quantified by measuring optical absorbance, this
biological recognition process can also be measured electro-
chemically (11, 28). To demonstrate the capability to perform
electrochemical ELISA in a research or clinical setting, we mea-
sured the concentration of the malarial antigen PfHRP2 in a
sandwich electrochemical ELISA. The quantification of PFHRP2
is important because the antigen correlates with the parasite load
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in the body (29). Chronoamperometric measurements (Fig. 3D)
performed by the uMED show a linear response for concen-
trations of PfHRP2 in the clinically relevant range of 0-150
ng/mL (30). In this proof-of-principle experiment, the limit of
detection was 20 ng/mL.

Transmission of Results with a Low-End Mobile Phone. We demon-
strated the complete capabilities of our system by measuring the
concentration of glucose in a sample of blood from a single user
and reporting the result to a remote computer through a low-end
mobile phone. Fig. 4 shows a typical reporting sequence. We also
analyzed the effect of noise and latency of the voice channel on
the delivery of FSK-based packets (Fig. S5). Briefly, we found
that with our algorithm the optimal tone length was 34 ms (29
symbols per second), which allowed an average successful delivery
of 1.4 data packets per second at an effective throughput of 31 bits
per second. This data rate is sufficient for the transmission of the
results of POC testing (it requires an average of only 2.2 s to send
a value and receive an acknowledgment of receipt).

Discussion

Electrochemical detection is a very attractive method to perform
simple, in-field testing for several reasons. (i) In contrast to
optical sensing, electrochemical signals are not affected by the
color of the sample, the lighting conditions, or the presence of
particulate matter. (i/) The measured current or voltage can be
transformed into a numeric output by simple electronics and the
results of testing can be made user blind to eliminate user bias,
or provide security if privacy is a concern. (iii) Electrochemical
sensors can be used to detect a range of important analytes using
different pulse sequences. The popularity and applicability of
handheld glucometers demonstrates the advantages of electro-
chemical detection in a POC setting. It is, however, impractical
to adapt these devices to perform complex analyses (e.g., ASV)
because they are engineered to perform a single task.
Recently, Rowe et al. (31) demonstrated that a low-cost
(~US$80) potentiostat can be assembled from off-the-shelf com-
ponents and programmed to perform a variety of electrochemical
pulse sequences. This device, however, was designed for bench-top
applications: It cannot connect to a mobile phone, and requires
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Fig. 3. (A) A calibration plot for [glucose] in assayed samples of human
blood measured by chronoamperometry. (4, Inset) Transient current for five
representative concentrations of glucose (107, 150, 215, 298, and 408
mg/dL). (B) A calibration plot for [Pb] measured by SWASV. (B, Inset) Square
wave voltammagrams for Zn, Cd, and Pb (left to right) at three concen-
trations (5, 10, and 20 pg/L). We performed an independent baseline cor-
rection on each peak. (C) Potentiometric measurement of [Na*] in assayed
samples of human urine. (D) A calibration plot for [PfHRP2] in PBS (1x)
measured by chronoamperometry. All error bars indicate SE (n = 7).
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Fig. 4. A demonstration of the uMED network in operation. (A and B) The
local user made a blood glucose measurement with the uMED. (C) Upon
completion, the device automatically began to transmit repeated packets
containing the measured value. (D) The user then connected the device to
a mobile phone and placed a call to a remote Skype number. (E and F) The
remote application (/) automatically recorded the audio-based data, (ii)
extracted the encoded value, (iii) verified that it was error free, (iv) sent an
acknowledgment tone back to the uMED, and (v) sent an SMS message (with
relevant information) back to the local user’s mobile phone. (G and H) The
local user received the acknowledgment (G) and SMS (H).

a personal computer and a USB connection for operation, full-size
expensive electrodes to perform measurements, a magnetic stirrer
for the mixing of samples, and glassware to handle a large sample
volume. In another paper, Lillehoj et al. (11) demonstrated a
simple potentiostat coupled to a smartphone, although it could
only perform chronoamperometry and required a sophisticated
microfluidic device to handle the sample.

Here, we aim to solve a greater challenge: whether a low-cost
device can provide a nearly universal solution by overcoming the
challenges of performing field-based electrochemical analyses in
any resource-limited setting. To qualify as a universal solution,
we have designed the uMED to be (i) capable of performing
a variety of complete and accurate analyses; (ii) simple enough
to be used by minimally trained users (Table S2); (iii) require
a minimum of resources; (iv) be able to acquire, process, display,
and transmit data automatically; (v) be reprogrammable to ac-
commodate new assays, sequences, or standards; (vi) be applicable
in the field using available technology; and most importantly, (vii)
be compatible with any phone and network.

We have demonstrated the broad electroanalytical capabilities
of our device within a variety of important applications and con-
texts. The uMED detected blood glucose by chronoamperometry
with a linearity and precision equivalent to that of a commercial
handheld glucometer, an indication that the uMED can replace
a glucometer. In water samples, the uMED used SWV to provide
a comparable limit of detection to other portable electrochemical
detectors for heavy metals (32), an indication that a broad spec-
trum of users (from concerned citizens to budget-constrained
municipalities) can use this device to perform in-field agricultural
or environmental monitoring of water quality. The uMED mea-
sured the sodium content in urine samples by potentiometry with
acceptable accuracy over the clinically relevant range, an indication
that this device can be used for commonly performed clinical
tests for electrolytes (e.g., Na*, K*, CI~, and NH,*). The uMED
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detected a malaria antigen by electrochemical ELISA within the
clinically relevant range indicating that this device could benefit
researchers studying this disease, as well as aid in the development
of other high sensitivity diagnostics.

Because the performance of the uMED and the variety of im-
portant pulse sequences that it can perform are comparable to the
commercial comparison, the uMED can, in principle, be used in
place of an expensive (US$1,000-50,000) bench-top potentiostat in
other applications that use these common electrochemical methods.
For example, the uMED could use amperometry to detect metab-
olites (33), proteins, or other biomolecules, or voltammetry to
perform immunoassays in which an antibody is labeled with an
enzyme (e.g., electrochemical ELISA), metal nanoparticle, or
quantum dot (2, 24). The vast and fast-growing field of ISEs also
provides many opportunities to couple new electrodes with the
uMED to measure diverse analytes by potentiometry (34), such as
blood urea nitrogen and creatinine (35), which are biomarkers for
kidney function. Our approach the electrochemical ELISA can also
be generalized to many other assays without significant modification
of the protocol because we selected the commonly used substrate
TMB for HRP-based systems.

The high fixed cost of commercial instrumentation (e.g.,
electrochemical analyzer, magnetic stirrer) remains one of the
largest barriers to entry to performing electrochemical analysis in
resource-limited settings. By providing an integrated solution at
significantly reduced cost, the uMED eliminates the need for
these cumbersome instruments in many important applications,
makes it more affordable to replace—rather than repair—bro-
ken equipment (SI Text), and enables a shift in focus from fixed
cost to variable cost per test. The use of commercially available
SPEs and test strips ensures reproducibility, guarantees that the
device is useful immediately, and reduces the cost per test
by decreasing the required sample volume to a single droplet
(thereby also reducing significantly the amount of reagent con-
sumed and the need for glassware, compared with reactions
performed in bulk). Other costs can be reduced by using dis-
posable plastic pipettes to collect samples and microdroppers to
dispense precise amounts of reagent. These procedures can be
further simplified and cost per test reduced by using electro-
chemical microfluidic paper analytical devices that we and others
have developed (19, 36-38) to yield comparable performance to
SPEs while enabling the sampling of precise volumes by wicking
and the prestorage of all reagents directly on the test strip.

The handheld, stand-alone format of the uMED, and use of low-
power, commercial electronic components offer several important
benefits. (i) The uMED can be used to collect data by someone who
does not own a mobile phone. (i) The device can last for months to
years on a single battery charge (SI Text). (iii) The electronic com-
ponents we used are specified to operate stably over a broad range
of temperatures (—40 to 85 °C); this stability makes the uMED well
suited for use in a variety of climates around the world. Ultimately,
however, the temperature range will be governed by the stability of
the biochemical reagents and chemical processes (SI Text).

Our adaptable design ensures that the performance and fea-
tures of the uMED can also be upgraded relatively easily.
The compatibility of the uMED with the popular Arduino (www.
arduino.cc) development environment makes it extremely simple
to reprogram the device to alter or add pulse sequences. The
dynamic range of the measurements can be adjusted according to
need by changing the experimental parameters (e.g., vibration
time, deposition time, scan rate, step size, feedback resistance).
The voltage range, sensitivity, accuracy, and speed (e.g., for di-
electric spectroscopy) of the electronics can all be improved with
simple modifications to the system and without significantly af-
fecting the design or cost of the device. The range of analyses can
also, in principle, be expanded to include those that require
optical techniques (e.g., electrochemiluminesence, fluorom-
etry, or spectrophotometry) with the addition of an optical
detector and/or source. Finally, the throughput of data over
voice can be improved as necessary with additional error
correction or a dedicated tone generator (39).
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Our use of audio-based FSK to transmit data provides
a number of advantages over a smartphone-centric approach. It
ensures that the uMED (i) is compatible with any phone (from
low-end phones to smartphones); (if) is compatible with all
generations of cellular networks (2G-4G); (iii) does not re-
quire any phone-based applications to operate; and (iv) guar-
antees, in combination with our choice of error-detecting code,
that uncorrupted data can be uploaded to the cloud. This ap-
proach enables the kind of broad compatibility with mobile
technology that presents challenges for all current hybrid
mHealth/POC devices because each is typically developed to
operate with a specific smartphone that requires custom appli-
cations. Nearly 2.8 billion people, however, continue to use
low-end phones (62% of worldwide users of mobile phones),
and, although the use of smartphones is rising rapidly, it is
projected that by 2017 nearly 2.6 billion mobile subscribers
will remain without a smartphone (40). A majority of these
low-end phones are, and will be, used in low- to middle-income
countries, such as those found in Sub-Saharan Africa as well as
Brazil, Russia, India, China, and Indonesia. These regions alone
will account for nearly 2 billion of the users of low-end phones by
2017 (Fig. S1). Furthermore, although some nonsmartphones
(feature phones) may have limited Internet access via 3G, it is
impractical to develop compatibility with all of the hundreds of
variations of software applications, operating systems, types of
data ports, and cellular networks. It is clear that compatibility
with low-end phones and 2G networks, especially in resource-
limited settings, will be a requirement for years to come.
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Conclusion

The uMED is an inexpensive, versatile tool that links all of the
most common electrochemical methods with the telecommuni-
cation technology most widely available across the globe. The
unique combination of capabilities of the uMED enables sensi-
tive and quantitative analysis in resource-limited settings by (i)
eliminating the need for expensive laboratory equipment (such
as a commercial potentiostat, pH meter, glassware, or a magnetic
stirrer); (ii) reducing the need for expensive or limited resources
(such as reagents or blood samples) by reducing the sample
volume to a single droplet (~10-100 pL, depending on the ap-
plication) on a test strip or SPE; (iii) enabling remote expertise,
monitoring, or archiving to be provided using any available
mobile technology; and (iv) minimizing the training required to
perform sophisticated electrochemical analyses by using appro-
priate design to make the system as simple as possible. All that is
required is to insert the strip, select the test, apply the sample,
and place a phone call.
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