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Recent advances inmobile network and smartphones have provided an enormous opportunity for transforming
in vitro diagnostics (IVD) from central labs to home or other points of care (POC). Amajor challenge to achieving
the goal is a long time and high costs associated with developing POC IVD devices in mobile Health (mHealth).
Instead of developing a new POC device for every new IVD target, we and others are taking advantage of decades
of research, development, engineering and continuous improvement of the blood glucose meter (BGM), includ-
ing those already integrated with smartphones, and transforming the BGM into a general healthcare meter for
POC IVDs of a wide range of biomarkers, therapeutic drugs and other analytical targets. In this review, we sum-
marize methods to transduce and amplify selective binding of targets by antibodies, DNA/RNA aptamers,
DNAzyme/ribozymes and protein enzymes into signals such as glucose or NADH that can be measured by com-
mercially available BGM, making it possible to adapt many clinical assays performed in central labs, such as im-
munoassays, aptamer/DNAzyme assays, molecular diagnostic assays, and enzymatic activity assays onto BGM
platform for quantification of non-glucose targets for a wide variety of IVDs in mHealth.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Coinciding with the rise of the aging population, the prevalence of
chronic diseases and the associated healthcare costs has skyrocketed,
making it challenging to improve both the quality and the reach of
healthcare to those in need. One promising solution is to shift healthcare
from hospitals and centralized laboratories to small clinics in the com-
munities and at home or the point of care (POC). To achieve the goals,
enormous effort has been made in the past decade to develop technol-
ogies that allow rapid patient-provider communications and more con-
venient diagnostic tests to use by less trained staffs at a lower cost.
These efforts have been empowered by today's computational power,
fast and reliable networks, and rich software content, with particular
impact on POC in vitro diagnostics and mobile health.

Recent advances in mobile technologies have led to significant ad-
vances in personal health monitoring and healthcare delivery. For ex-
ample, many wearable devices, such as wristbands and smartwatch,
have been commercialized to monitor an individual's vital signs, such
as blood pressure, heart rate, and body temperature, and behavior like
medication adherence and physical movement (mHealth, 2012). In ad-
dition, without needing to be physically at the clinic, communications
and consultation with healthcare providers as well as health education
can be delivered to anyonewith a smartphone or tablet. All the informa-
tion can be transmitted and stored in the cloud for patients and their
caregivers to access and monitor their health status. However, these
technologies are mostly limited to delivering information about fitness
and healthy state of the users using physical parameters and they miss
a critical component of performing diagnostic or screening tests,
i.e., using biomarkers inside a human body, which are known to be
much more informative and accurate. Furthermore, many therapeutic
drugs are known to have narrow therapeuticwindows and carefulmon-
itoring of the drug levels in the patients regularly at home or other
places of POC is critical to successful therapy.

To develop mHealth meters to detect and quantify biomarkers and
therapeutic drugs inside a human body, such as those in the blood,
urine or saliva, it requiresmuchmore advanced technology and thus re-
search and development efforts and funding. Currently, the blood glu-
cose meter (BGM) is the only widely used in vitro diagnostic (IVD)
device that has been integrated with mHealth application, either as an
attachment to a smartphone (iBGSTAR, 2011) or directly integrating
cellular capability (Telcare, 2013). With the growing prevalence of dia-
betes worldwide, it is not surprising that the BGM is at the forefront of
IVDs adapting to the mHealth trend. Decades of research and develop-
ment, engineering, and marketing efforts have made glucose sensing
technology more affordable, accurate, portable, easy to use and low
cost to manufacture. In addition, BGM technologies are continuously
under development to address needs of the growingpopulation of people
with diabetes (Hones et al., 2008). Therefore, instead of developing a
brand new platform for IVD tests with mobile devices, leveraging the
existing BGM platform to quantify other clinical relevant biomarkers
can mitigate risk and lower the costs. Guided by this strategy, we and
others have recently transformed unmodified commercially available

BGM into a general healthcare meter for IVD in mHealth (Xiang and Lu,
2011, 2012a, 2012b; Su et al., 2012; Yan et al., 2013; Zhang et al., 2016).
In this review, we summarize methods that have enabled the BGM for
quantification of a wide range of targets, such as protein, small organic
molecule, metal ion, nucleic acid molecules and enzyme activities.

2. The development of glucose meter

The BGM was first introduced around 1970 as a visual and semi-
quantitative device where the glucose level was estimated by compar-
ing the color of a glucose-specific reaction on a pad to a printed color
chart. Although the first BGMs required multiple steps, large blood vol-
ume, and accurate timing, they were still able to assist people with dia-
betes tomanage their glucose levels (Forman et al., 1972). Driven by the
need for hundreds of millions of people with diabetes worldwide, the
BGM has since evolved from the photometry-based detection used in
the 70s to the current electrochemical-based detection using specific
oxidoreductase reactions. The multistep process has been reduced to
simply applying a blood droplet onto a strip; the time has reduced
from ~2 min to a mere ~5 s; the volume required to conduct a test has
reduced from 25 μL to as little as 0.3 μL; the physical size of the system
has shrunk significantly; and the semi-quantitative device has become
an accurate quantitative system (Heller and Feldman, 2008; Hones
et al., 2008). The production cost for the glucose test strips has been
lowered by screen printing, while other advanced techniques, such as
laser ablation, have also been used for accurately controlling the dimen-
sions of the electrodes (Hones et al., 2008). As a result of decades of re-
search, development, engineering and marketing efforts, the current
BGM is a low-cost, portable and accurate device.

Most of the today's BGMs rely on glucose oxidase (GOx) and glucose
dehydrogenase (GDH) to generate the glucose-specific electrochemical
signal (e.g., electrons). The two enzymes differ in their redox potentials
(GOx at −48 mV versus SHE at pH 7.2 and GDH at 10.5 mV verse SHE
at pH 7.0), stability, turnover rates, their affinity and selectivity for
glucose (Sato et al., 2001; Kulys et al., 2006; Heller and Feldman, 2008;
Yoo and Lee, 2010). Compared with GDH, GOx has a relatively higher
selectivity for glucose, and can withstand greater extremes of pH, ionic
strength, and temperature. However, the rate of glucose oxidation cata-
lyzed by GOx is slower (5000 s−1), compared to the rate of 11,800 s−1

catalyzed by GDH (Heller and Feldman, 2008). In addition, the GOx reac-
tion requires dissolved oxygen as a substrate and thus the lack of oxygen
can inhibit enzymatic activity. On the other hand, GHD reaction is oxygen
independent, but it is not as glucose specific as GOx (Ferri et al., 2011).
Two members of the GDH family (NAD-GDH and FAD-GDH) have been
shown to possess both the glucose specificity of GOx and the oxygen in-
dependence of GDH (Boguslavsky et al., 1995; Tsujimura et al., 2006) and
hence will be more likely to be widely used in the future.

After the glucose is oxidized, a mediator, such as ferrocene deriv-
atives, hexacyanoferrate, and quinones, is commonly used to trans-
fer the signal from the enzyme to the working electrode. The
resulting current can be detected either coulometrically, where
the total charge at a fixed time is measured (Heller and Feldman,

Table 1
Mediators used in commercial glucose test strips.

Brand Mediator Enzyme Potential (vs. Ag/AgCl) Bimolecular rate constanta Reference

One Touch Ultra Ferricyanide GOx/GDH 300 mV 13.6 M−1 s−1 Lee et al. (2005),
Uematsu et al. (2012)

Arkray Ruthenium hexamine GDH −200 mV (vs. SCE) 80 M−1 s−1 Morris et al. (1992)
FreeStyle Os2+/3+ complex GDH −160 mV N. A. Heller and Feldman (2010)
Precision Xtra Phenanthroline quinoneb GDH 200 mV N. A. Cardosi and Liu (2012)
Precision QID Ferrocenec GOx 600 mV 4.3 × 105 M−1 s−1 Cunningham (2016)

N. A.: Not available.
a Electron transfer rate between the mediator and the respective enzyme.
b 1,10-Phenanthroline quinone.
c 1,1′-Dimethyl-3-(2-amino-1-hydroxyethyl) ferrocene.
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