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Using personal glucose meters and functional
DNA sensors to quantify a variety of
analytical targets
Yu Xiang and Yi Lu*
Portable, low-cost and quantitative detection of a broad range of targets at home and in the ﬁeld has the potential to
revolutionize medical diagnostics and environmental monitoring. Despite many years of research, very few such devices
are commercially available. Taking advantage of the wide availability and low cost of the pocket-sized personal glucose
meter—used worldwide by diabetes sufferers—we demonstrate a method to use such meters to quantify non-glucose
targets, ranging from a recreational drug (cocaine, 3.4 mM detection limit) to an important biological cofactor (adenosine,
18 mM detection limit), to a disease marker (interferon-gamma of tuberculosis, 2.6 nM detection limit) and a toxic metal
ion (uranium, 9.1 nM detection limit). The method is based on the target-induced release of invertase from a functionalDNA–invertase conjugate. The released invertase converts sucrose into glucose, which is detectable using the meter. The
approach should be easily applicable to the detection of many other targets through the use of suitable functional-DNA
partners (aptamers DNAzymes or aptazymes).

T

he development of portable sensors for rapid, on-site and
cost-effective detection of a broad range of targets has long
been sought, because such sensors have the potential to revolutionize scientiﬁc research, environmental monitoring and personal healthcare in urban areas in developed countries as well as
rural areas in developing countries1–10. Despite their great promise
and many years of investigation, only a limited number of sensors
are commercially available to the public at present. Perhaps the
most successful example of such a sensor is the personal glucose
meter (PGM)11,12, which is widely available in stores and has
either saved or improved the quality of lives of millions of diabetic
patients worldwide. However, it can only detect a single target,
blood glucose. In this Article, we report a novel methodology that
uses a commercially available PGM, but link it with functional
DNA sensors to detect and quantify a broad range of non-glucose
targets involved in diagnosis and environmental monitoring.
These targets range from recreational drugs such as cocaine to
important biological cofactors such as adenosine, as well as
disease markers (for example, interferon-g for tuberculosis) and
toxic metal ions (for example, uranium).
The wide success of PGMs is largely due to their portable ‘pocket’
size, low cost, reliable quantitative results and simple operation.
With their recent integration into mobile phones13 (for an
example of a glucose meter integrated with the Apple iPhone, see
http://ibgstar.com/web/ibgstar), PGMs are likely to ﬁnd an even
wider base of users. Although a number of other methods have
been developed to quantitatively detect targets of interest using
simple instruments, most such sensing devices have not been able
to match the PGM in its wide commercial availability to the
public. However, the PGM is still limited in that it can detect only
a single target, glucose.
A major challenge in using a PGM as a portable meter for targets
beyond glucose is to ﬁnd a method that links the detection of
glucose to that of other targets with a general method, while also
avoiding changing the design and manufacturing process of stateof-the-art PGMs, because more than 30 years of scientiﬁc research

and engineering have been devoted to making PGMs that are easy to
use, with high performance and low cost. PGMs detect glucose by
measuring the redox reaction of either glucose oxidase or dehydrogenase. The detection of other targets is possible if these enzymes
can be replaced by those selective for other target analytes14. This
is difﬁcult, however, as enzymes selective for every possible target
may not be available and it may also require modiﬁcations of
the PGM. An additional challenge is that PGMs are designed
to monitor glucose in blood and have a dynamic range of
10–600 mg dl21 or 0.6–33 mM glucose12. As this is much
higher than the nanomolar or micromolar concentration ranges of
most targets relevant to medical diagnostics or environmental
monitoring, a highly efﬁcient signal ampliﬁcation procedure with
enhancement up to ×106 is thus required. In addition, for public
use, the ampliﬁcation must proceed without any laboratory-based
devices or PGM add-ons.
To meet these challenges, we propose the use of functionalDNA-conjugated invertase to link glucose detection to the detection
of other targets, and use the concentration of glucose to quantify the
other targets of interest present in the samples. Functional DNAs
include DNAzymes (also called deoxyribozymes, catalytic DNAs
or DNA enzymes), which act as catalysts15,16, aptamers (which selectively bind targets17) and aptazymes (which are a combination of the
two18). They are members of the functional nucleic acid family,
which also includes RNA-based ribozymes, aptamers and aptazymes. The functional nucleic acids are selected from libraries of
DNA or RNA with up to 1 × 1015 random sequences by means of
a process known as in vitro selection15,16 or the systematic evolution
of ligands by exponential enrichment (SELEX)17. The targets of
functional DNA/RNAs can range from metal ions and small
organic molecules to biomolecules, and even viruses or cells19,
making functional DNA/RNA a general platform for recognizing
a broad range of targets. Many functional DNA/RNA sensors
have been developed for a broad range of targets20–22, and use laboratory-based devices to generate signal outputs including ﬂuorescence23–27, colorimetry28–30, electrochemistry31–33 and magnetic
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Figure 1 | Schematic of method using a PGM to detect a wide range of targets beyond glucose. a, DNA–invertase conjugates are immobilized onto
magnetic beads (MBs) by DNA hybridization with a functional DNA that can speciﬁcally respond to the target of interest. b, Following addition of the target,
interaction between the functional DNA and its target perturbs the DNA hybridization and causes the release of DNA–invertase conjugates from MBs into
solution. c, After removal of MBs by a magnet, the DNA–invertase conjugates in solution can efﬁciently catalyse the hydrolysis of sucrose into glucose, which
is quantiﬁed by a glucose meter. Because the concentration of DNA–invertase conjugate released into solution is proportional to the concentration of target
present in the sample, the readout in the PGM can be used to quantify the target concentration. (More than one DNA strand is conjugated to each
invertase, but the scheme here shows only one DNA strand on each invertase for reasons of clarity.).

resonance34. Colorimetric sensors28–30, including dipstick tests35,
have been developed for qualitative or semi-quantitative detection
that requires no instrumentation, similar to the ubiquitous
enzyme-linked immunosorbent assay (ELISA) method widely
used in diagnostics. However, numerous targets of interest require
quantitative information, and laboratory-based devices are usually
needed to provide this information. PGMs would be ideal alternatives to laboratory-based devices in detecting and quantifying
these targets at home and in the ﬁeld, but a link between glucose
concentration and other target concentrations must be established
before PGMs can be used.
Invertase (b-fructofuranosidase) can provide this link. It is an
enzyme that catalyses the hydrolysis of sucrose into fructose and
glucose. Invertase can be used to link glucose to other target concentrations because sucrose is completely inert in a PGM, and the
major hydrolysed product of sucrose—glucose—is detectable by
698

the PGM. A direct relationship can therefore be established
between the concentrations of invertase and glucose. More importantly, because of its highly efﬁcient enzymatic turnover, even nanomolar levels of invertase are capable of converting a millimolar
concentration of sucrose into glucose under ambient conditions,
making it an ideal catalyst for the ampliﬁcation of ‘turn-on’
signals in the PGM.
The next challenge is to establish the relationship between target
concentration and invertase concentration. As illustrated in Fig. 1,
this challenge can be met by designing a mechanism of targetinduced release of DNA–invertase conjugate from functional
DNA sequences that are immobilized on magnetic beads (see
Supplementary Scheme S1 and Figs S1 and S2 for detailed synthesis
and characterization of the DNA–invertase conjugate36, as well as
experimental procedures for the preparations of sensors for
target detection).
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Figure 2 | Design and performance of cocaine and adenosine detections using a PGM. a, Cocaine-induced release of immobilized DNA–invertase
conjugates. b, Cocaine detection in buffer using the PGM. c, Cocaine detection in human serum and calf blood samples using the PGM. d, Adenosineinduced release of immobilized DNA–invertase conjugates. e, Adenosine detection using the PGM. f, Effects of active aptamers on the performance of the
PGM in detecting adenosine and cocaine in the presence of 1 mM targets; 2, with aptamer active site truncated; þ, with no truncation. All error bars were
obtained through the detection of three parallel samples.

Cocaine aptamer-based sensor
Sensor performance. To test the ability of the PGM-based sensor to
detect a broad range of targets, we ﬁrst demonstrated the detection
of cocaine using a cocaine aptamer33,37. Cocaine is an addictive drug,
and its detection is important to prevent drug abuse in the
workplace and to deter international drug trafﬁcking. As shown in
Fig. 2a, the biotin–DNA is immobilized onto magnetic beads
(MBs) by means of streptavidin–biotin binding, and the DNA–
invertase conjugate synthesized by the maleimide-thiol reaction
hybridizes with the cocaine DNA aptamer (Coc-Apt). The targetspeciﬁc structure switching24,27 of the aptamer in the presence of
cocaine can cause the DNA–invertase conjugate to release and
amplify the signal in a PGM. Upon the addition of 1 mM cocaine
and subsequent removal of the MBs, the PGM indicated that the
resulting solution could yield nearly 20-fold more glucose from
sucrose than a sample containing no cocaine or containing other
compounds such as benzylecognine, methyl ecgonine, adenosine
and uridine. This result suggests that the sensor has a high
selectivity to cocaine (Fig. 2b). The concentration of glucose
detected by the PGM was proportional to the concentration of
cocaine in the sample until reaching a saturation at 1 mM

(Fig. 2b), because all the releasable DNA–invertase conjugates were
released at this high concentration of cocaine. A detection limit of
3.4 mM (1.0 mg ml21) in the detection range of 0–500 mM
cocaine was achieved based on a 3sb/slope, where sb is the
standard deviation of ﬁve blank samples. This sensitivity is of the
same order of magnitude as commercially available cocaine test kits
such as the Emit kit (0.3 mg ml21). More importantly, the present
glucose-meter-based method can provide quantitative results,
whereas most screen methods and commercial kits are semiquantitative tests based on colour observation, the accuracy of
which may be subject to variation for different people. To examine
the role of the cocaine aptamer in the performance of the sensor,
control experiments were carried out using a truncated cocaine
aptamer as linker. The concentration of glucose detected by the
PGM did not increase even in the presence of 1 mM cocaine (Fig. 2f).
Optimization and characterization of cocaine detection. Many
factors can affect the performance and results of the above cocaine
sensor system. The effects of incubation time with target
(Supplementary Fig. S3), reaction time with sucrose (Supplementary
Fig. S4), sucrose concentration (Supplementary Fig. S5), operation
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temperature (Supplementary Fig. S6), actual glucose concentration
versus glucose signal from the PGM (Supplementary Fig. S7), stability
of DNA–invertase-modiﬁed MBs upon storage (Supplementary
Fig. S8) and the use of different brands of glucose meters
(Supplementary Fig. S9) were all carefully investigated and optimized.
Detection in serum and blood. The sensor was also used to detect
cocaine in 20% (Supplementary Fig. S10), 50% and undiluted human
serum, and 50% and undiluted calf blood (Fig. 2c), and detection
limits of 4.6 mM (1.4 mg ml21), 6.9 mM (2.1 mg ml21), 9.3 mM
(2.8 mg ml21), 16 mM (4.9 mg ml21) and 24 mM (7.1 mg ml21)
were achieved, respectively. These detection limits are close to
those obtained in buffer, suggesting that the other components of
the serum or blood did not interfere signiﬁcantly with sensor
performance. The successful detection of cocaine in serum and
blood as demonstrated here may not be straightforward when
testing for cocaine clinically, because cocaine is metabolised into
other species in the circulation. However, the excellent selectivity
of our method for cocaine over its analogues in a complex sample
matrix makes it very promising in applications where non-blood
samples are used, such as in on-site and real-time screening of
suspicious substances for the presence of cocaine by customs or
law enforcement ofﬁcials, avoiding false-positive results. In
addition, our method (1.0 mg ml21 sensitivity) is more sensitive
than some currently used screen methods such as Scott’s test (up
to mg ml21 level sensitivity).
Effect of original glucose in the sample matrix. If there already
exists a detectable amount of glucose in the sample matrix, this
original glucose concentration has to be taken into account in the
accurate quantiﬁcation of cocaine by the glucose meter signal
from a PGM. Indeed, the detection of cocaine in serum and blood
shown above includes the original glucose concentration in the
glucose meter signal. For samples with known glucose
concentrations, cocaine concentration may be calculated directly
from the corresponding calibration curve. However, if the original
glucose concentration in a sample is unknown or could vary
(meaning that the calibration curve cannot be used directly), a
simple calibration step is required in which the sample matrix is
measured directly using the PGM before target detection. The
user can obtain the glucose concentration in the original sample
and store the number in the meter, and this value is then
subtracted from the glucose meter signal obtained when
performing the actual test. The result of cocaine detection in a
buffer containing 130 mg dl21 glucose after signal subtraction
was found to be very similar to that in the glucose-free
buffer (Supplementary Fig. S11). In addition, cocaine detection in
buffers containing different concentrations of original glucose
(0–300 mg dl21) gave similar trends and results after subtraction
of the original glucose concentrations (Supplementary Fig. S11).
Reducing the time for cocaine detection. When using more
concentrated MBs (8 mg ml21), the 15 min incubation time with
cocaine in the standard procedure could be reduced to as little as
5 min. For the reaction time with sucrose, because the DNA–
invertase-modiﬁed MBs were more concentrated, there were more
DNA–invertase conjugates released under the same conditions.
The reaction time with sucrose was successfully reduced from
15 min to 8 min. Therefore, the time required for one typical
cocaine test could be reduced to no more than 15 min
(Supplementary Fig. S12).
Simplifying cocaine detection using a syringe and ﬁlter
membrane approach. The above standard procedure for the
detection of cocaine may not be very user-friendly, because the
end user may ﬁnd the use of a magnet for the separation of MBs
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and the transfer of a small volume of liquid to be complicated. To
make the detection more user-friendly, we simpliﬁed the
procedure into a syringe and ﬁlter membrane based protocol. In a
typical test, the end user only needs to transfer the sample into
the modiﬁed MBs using a syringe, push the syringe through a
ﬁlter membrane, then carry out the test using a PGM
(Supplementary Figs S12 and S13). All these steps can be
performed within a period of 30 min, and the whole procedure is
easy to accomplish by a layman at home or in the ﬁeld.

Adenosine aptamer-based sensor
To demonstrate the generality of the design, we also used an adenosine aptamer to detect adenosine38, an important biological cofactor
involved in many biological processes, such as those in the kidney
and urine39. Similar to the cocaine aptamer sensor described
above, the adenosine aptamer (Ade-Apt) was used as the linker
between the immobilized biotin–DNA and the DNA–invertase conjugate to produce an adenosine sensor (Fig. 2d). Unlike the cocaine
sensor, however, the DNA–invertase conjugate was obtained
through the reaction of an amine-reactive homobifunctional
linker, p-phenylene diisothiocyanate (PDITC), with the reactive
amine groups on invertase and DNA. This successful conjugation
demonstrates that our design method is compatible with different
conjugation methods. In the presence of 1 mM adenosine, the solution left over after the removal of MBs exhibited a more than
tenfold increase in glucose production from sucrose, as measured
by a PGM (Fig. 2e). A titration curve using samples with increasing
amounts of adenosine (0–1 mM) showed a corresponding
increase in the concentration of glucose detected by the PGM
(Fig. 2e). The detection limit was estimated to be 18 mM in the
detection range of 0–1,000 mM adenosine by the deﬁnition of
the 3sb/slope. This detection limit is higher than the typical adenosine levels in the kidney or urine39. The sensitivity may be improved
by using an RNA aptamer40 that has a stronger binding afﬁnity than
the DNA aptamer38. Under the same conditions, other nucleotides
such as uridine and cytidine did not produce enhanced readings of
glucose in the PGM, suggesting that this sensor has a high selectivity
for adenosine. The adenosine aptamer was essential for the performance of the sensor, because no PGM response was observed
if a truncated adenosine aptamer was used (Fig. 2f ).

Interferon-gamma aptamer-based sensor
In addition to detecting the small molecules cocaine and adenosine,
we also tested our method for its ability to detect a protein macromolecule, interferon-gamma (IFN-g), using an IFN-g aptamer41–43.
IFN-g is a cytokine released by the human immune system, and
abnormal levels of IFN-g are related to many infectious disease
and pathogen-directed responses of the human body44. Currently,
the IFN-g release assay is used to diagnose tuberculosis45, which
is an infectious disease estimated to be latent in one-third of the
world’s population, with 10% of those who are latently infected
possibly becoming actively infected during their lifetime. The
design of the present IFN-g sensor is similar to the cocaine and adenosine sensors shown above, but with an additional A12 linker
between the biotin–DNA and the IFN-g binding moiety of the
aptamer (IFN-g Apt) (Fig. 3a). This modiﬁcation prevents the
biotin–DNA from interfering with the binding between the large
IFN-g protein and the aptamer. In buffer solution, increasing
amounts of glucose were detected by the PGM as the IFN-g concentration in the solution increased in the range of 0–400 nM, reaching a 15-fold signal enhancement in the presence of 200 nM IFN-g.
IFN-g concentrations as low as 2.6 nM (44 ng ml21) could be
detected (Fig. 3b). This detection limit is similar to the binding afﬁnity of the aptamer43, suggesting that the design has preserved the
activity of the aptamer. In contrast, the addition of human serum
albumin as a negative control to the sensor system resulted in a
NATURE CHEMISTRY | VOL 3 | SEPTEMBER 2011 | www.nature.com/naturechemistry
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Figure 3 | Design and performance of IFN-g and UO2 21 detections using a PGM. a, IFN-g-mediated release of immobilized DNA–invertase conjugates.
b, IFN-g detection in buffer using the PGM. c, IFN-g detection in 20% human serum samples using the PGM. d, UO2 2þ-mediated release of immobilized
DNA–invertase conjugates. e, UO2 2þ detection using the PGM. f, Selectivity of UO2 2þ detection using the PGM: (1) 50 nM UO2 2þ; (2) 1 mM UO2 2þ; (3)
1 mM Pb2þ; (4) 1 mM Cd2þ; (5) 100 mM Ca2þ/Mg2þ; (6) 1 mM Zn2þ/Cu2þ; (7) 1 mM Co2þ/Ni2þ; (8) 1 mM VOþ; (9) 1 mM Th4þ; (10) no metal ion. All error
bars were obtained through the detection of three parallel samples.

negligibly low reading from the PGM under the same conditions,
indicating the high selectivity of the sensor. Furthermore, detection
of IFN-g in 20% human serum by the sensor was also investigated to
show the sensor performance in a complex sample matrix containing numerous serum proteins (Fig. 3c). Interestingly, the PGM
signal saturated at a lower IFN-g concentration in 20% serum
than in buffer. This phenomenon might be due to the fact that (i)
the DNA–invertase conjugate is more easily released once the
IFN-g binds, because the DNA hybridization could be weaker in
the diluted serum solution according to the Tm study
(Supplementary Fig. S15), and (ii) the serum in the buffer could
block the non-speciﬁc binding sites of the MBs, thus avoiding
some IFN-g non-speciﬁcally binding to the MBs with no DNA–
invertase released (Supplementary Fig. S15). Nevertheless, the
detection limit of 3.4 nM (58 ng ml21) is similar to that obtained
in buffer. Because T-cells from human blood can secret IFN-g at
levels as high as several hundreds of ng ml21 after stimulation46,47,
the sensitivity of the PGM-based method here should be sufﬁcient
for the IFN-g release assay of T-cells. Because of the important
role of IFN-g in human immunity and the greater ease of diagnosing relevant diseases such as tuberculosis using PGMs, the sensor
design in this work using a PGM without any other instrumentation

can ﬁnd potential applications in point-of-care diagnostics or household quantiﬁcation of IFN-g as a disease marker for tuberculosis.

Uranium DNAzyme-based sensor
Finally, we extended our methodology from aptamers to
DNAzymes for the on-site detection of toxic metal ions such as
uranium (UO22þ) (ref. 48), a radioactive heavy metal ion that is
hazardous to both humans and the environment. To ensure the efﬁcient release of the DNA–invertase conjugate from MBs for a
DNAzyme-based sensor, the UO22þ sensor differed from the
designs of aptamer sensors mentioned above. The biotin–DNA
was immobilized on MBs, and the DNA–invertase conjugates
were connected by the substrate (39S) of the UO22þ-dependent
DNAzyme (39E) via 12-base-pair hybridization (Fig. 3d). Further
hybridization of 39E to 39S could not cause the cleavage of 39S
and subsequent release of the DNA–invertase conjugate unless
UO22þ was present. As expected, adding up to 1 mM UO22þ
resulted in an approximately fourfold increase in glucose production over a blank without UO22þ. As the concentration of
UO22þ was increased from 0 to 1 mM in the samples, more
glucose was detected by the PGM (Fig. 3e). A detection limit of
9.1 nM (2.4 mg l21) in the detection range of 0–200 nM UO22þ
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was achieved, which is approximately tenfold lower than the US
Environmental Protection Agency (EPA) regulated level
(30 mg l21) for drinking water, suggesting that the method could
be used for UO22þ detection in drinking water using a PGM at
home or in the ﬁeld. The sensor also exhibited excellent selectivity
to UO22þ over other metal ions (Fig. 3f ). This result demonstrates
that the speciﬁcity of the original 39E DNAzyme is preserved in
the sensor design48.
In summary, this study has demonstrated a novel method in
which a commercially available PGM is linked with functional
DNA sensors to achieve portable, low-cost and quantitative detection of many targets beyond glucose, including cocaine (3.4 mM
detection limit (DL) and 0–500 mM detection range (DR)),
adenosine (18 mM DL and 0–1,000 mM DR), interferon-g
(2.6 nM DL and 0–400 nM DR) and uranium (9.1 nM DL and
0–200 nM DR). The approach is based on the target-induced
release of DNA–invertase conjugate from a functional DNA
duplex immobilized on MBs, and subsequent conversion of PGMinert sucrose into PGM-detectable glucose. Target-induced release
was achieved either by structure switching of aptamers or substrate
cleavage by DNAzymes. As more functional DNAs and RNAs are
available or can be obtained through in vitro selection or SELEX
to bind a broad range of targets, the method developed here can
be used to quantify many other targets that functional DNAs and
RNAs can recognize. In addition, it can be anticipated that
nucleic acid detections and immunoassays of many targets should
be achievable by means of a similar mechanism. The detection of
non-glucose targets in this work was also simpliﬁed to a protocol
that the general public could use without any professional knowledge. Although, in its current state, the method is not as simple as
glucose detection using glucose meters, it can be further simpliﬁed
and automated through more professional engineering, just as
glucose meters have developed from complicated devices into
pocket-sized meters over 30 years of progress. Given the wide availability of PGMs and the ability of functional DNAs to recognize
many targets, the method demonstrated here has the potential to
change environmental monitoring and medical diagnostics for the
public at home and in the ﬁeld.

Methods
The materials, methods for preparing DNA–invertase conjugate, additional
characterization data, and detailed methods for sensor preparation and target
detection are described in the Supplementary Information. Brieﬂy, the
DNA–invertase conjugates were prepared by using either sulfosuccinimidyl-4-(Nmaleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC) or p-phenylene
diisothiocyanate (PDITC) as the linker between the DNA and invertase, and were
further characterized by both native and sodium dodecyl sulfate polyacrylamide gel
electrophoresis (4–20% gradient). The MBs used for target detection were
prepared by immobilization of the biotin-modiﬁed DNAs onto the streptavidincoated MBs and subsequent addition of the functional DNAs and DNA–invertase
conjugates. Target detection was conducted by adding the sample solution to the
MBs prepared as above, separating the MBs using a magnet, mixing the remaining
solution with sucrose, and then measuring the ﬁnal solution using a commercially
available PGM.
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