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ABSTRACT

An indicator-displacement assay was used to study the kinetics of reactions that produce tartrate. The same assay was also found to be
useful in developing tartrate test strips, by coating filter paper with the same receptor and indicator.

Indicator-displacement assays (IDAs) have been used widely
in analytical sciences to detect various analytes. In an IDA,
an indicator is first allowed to bind to a host. Then, an analyte
is introduced into the system causing the displacement of
the indicator from the host, which in turn modulates an
optical signal.1 The IDA offers many advantages over
traditional sensing routines.2 First, it gives a color change
for a guest or host lacking a chromophore. Second, the
method does not require the indicator to be covalently
attached to the host. Third, because there are no covalent
bonds between the host and the indicator, one can use many
different indicators with the same host, and fourth, the assay
works well in both organic and aqueous media. Early work
using this method was successful in measuring DNA helicase
activity,3 characterizing binding of RecA protein to double-
stranded DNA,4 sensing of phosphate,5 halides,6 and histi-

dine,7 and the detection of cocaine.8 Our group has developed
a series of chemosensors that utilize an IDA to determine
analytes such as gallic acid,9 aspartate,10 inorganic phos-
phate,11 nitrate,12 citrate,2 glucose-6-phosphate,2 inositol-
1,4,5-triphosphate,2 2,3-bisphospho glycerate,13 heparin,14 and
tartrate.15

Given the utility and advantages of an IDA in sensing
sciences, we set out to extend the method to tracking reaction
kinetics and creating test strips for “naked eye detection”.
Our goal was to show that an IDA can be used in these
analyses by studying the kinetics of reactions that produce
diastereomeric tartrates, and to qualitatively detect tartrates
on test strips. Herein, we report kinetic studies of the
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hydroxylation of maleic acid and fumaric acid in water to
create tartrate, as well as the hydrolysis ofD-dimethyl tartrate.
We further show that an IDA is easily adapted to test strips.

The design of host1 has been reported.9 Previous studies
showed that boronic acids form reversible bonds with 1,2-
diols andR-hydroxy carboxylate,16 and guanidinium groups
bind carboxylates through H-bonds or charge-pairing interac-
tions.17,18 Further, on the basis of our previous studies, we
knew that upon addition of1 to a solution of2 (0.05 mM,
25% water in methanol (v/v), 20 mM HEPES, pH 7.4) the
λmax of the indicator shifts from 441 nm to that of the
indicator-host complex. Addition of3 to the solution of the
1:2 complex causes theλmax to shift back to 441 nm. The
binding constants between1 and2 and between1 andd,l-3
are known to beKHI ) 6.1× 104 M-1 andKHT ) 1.4× 105

M-1, respectively.9,19

To follow the kinetics of tartrate formation, one must relate
the free indicator concentration to tartrate concentration. In
an IDA, the change of absorbance of the indicator is not
directly proportional to tartrate formation because of the
equilibria in eq 1, where H is the host, I is the indicator, and
T is tartrate. We solved for the relationship between indicator
concentration and tartrate concentration (eq 2). [HI] and [I]
can be related to absorbance changes via eqs3 and 4, where
HI is host-indicator complex, HT is the host-tartrate
complex, [H]0 is the total concentration of the host, [I]0 is
the total concentration of the indicator,AI is the absorbance
of free indicator,A is measured absorbance, andAHI is
absorbance of the host-indicator complex. Last, [T] is used
in eq 5 to create the standard first order kinetics plot, where
[S]0 is the total concentration of the reactant,t is time, and
k is the reaction rate constant.

We applied the mathematic derivation above to study the
kinetics of the dihydroxylation of maleic acid and fumaric
acid in water, and the hydrolysis ofD-dimethyl tartrate
(Scheme 1). In the hydroxylation of maleic acid and fumaric

acid, 2 equiv of NaOH were used to bring the pH of the
solution near 7 so that when adding an aliquot (2µL) of the
reaction mixture to the solution of the1:2 complex in buffer
the overall pH of the solution would not be perturbed.
Typically, the reaction kinetics were followed by adding 2
µL of the reaction mixture into 1 mL of a solution of the
1:2 complex (0.25 mM1, 0.05 mM2, 25% water in methanol
(v/v), 20 mM HEPES, pH 7.4) at each time interval, and
the absorbance was measured. For each interval of time, a
fresh 1 mL of the solution of the1:2 complex was used
because for this particular reaction, the OsO4 would dihy-
droxylate the indicator after several minutes. The UV-vis
spectra and plots of kinetics are shown in Figure 1. Least-
squares fitting of the data to eq 5 gives rate constants for
the dihydroxylation of maleic acid and fumaric acid catalyzed
by osmium tetraoxide in water as 3× 10-4 h-1 and 6×
10-4 min-1 respectively. The rate constant for the hydrolysis
of D-dimethyl tartrate was 3× 10-4 h-1.

Besides applying the IDA to reaction kinetics, we also
developed a tartrate test strip that produced colors with
different intensities upon applying different tartrate concen-
trations. The test strip was prepared by adding 1-2 mL of
buffer (20 mM HEPES, 25% water in methanol (v/v), pH
7.4) to a 3 cm× 1 cm filter paper (Fisher, Q8, cat. no. 09-
790F). After drying in air, 1 mL of the1:2 complex (0.2
mM 1, 0.2 mM 2) was allowed to coat the paper, which
was placed on a watch glass. The solution was absorbed by
the paper, and the paper was dried in air. Using capillary
tubes, four different solutions of tartaric acids (1, 0.5, 0.1,
and 0.01 M at pH 7.2) were spotted on the paper. The spots
turned dark blue and the intensity of the color decreased as
the concentration of tartrate decreased (Figure 2).

To exclude the possibility of residual metal in the paper
matrix, which may influence the color change, a control test
strip was made by pretreating the paper with a solution of
20 mM EDTA and washing with the same buffer, and the
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Scheme 1. Formation of Tartratea

a Conditions: (a, b) 0.5 M, NaOH (2 equiv), NaClO3 (1.6 equiv),
water, 4% w/w OsO4 in water (0.4% mol equiv), 50°C; (c) 0.2 M,
water, pH 2, 100°C.
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procedure above was repeated. The same color change was
observed. When using the same coating conditions with the
addition of buffer or water, no color change was observed.
Also, a test strip coated with the indicator alone (0.2 mM,
20 mM HEPES, 25% water in methanol (v/v), pH 7.4) tested
with the same tartrate solutions produced no color change.
These results suggest that the IDA is suitable for making
test strips for visual detection of specific chemicals that have
no chromophore of their own.

In conclusion, we have found two new applications for
indicator-displacement assays. It is now possible to study
reaction kinetics, and we specifically followed reactions that
create tartrate. Further, the first test strip based upon an IDA
was reported. The results of this research open a window of
opportunity for the future of IDAs. This very simple method

could be used to follow the kinetics of simple reactions and
detect other natural or synthetic products using colorimetric
test strips.
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Figure 1. UV-vis spectrum for the IDA and kinetic plot for the
analysis of the dihydroxylation of maleic acid.

Figure 2. Test strips tested with 1.0, 0.5, 0.1, and 0.01 M tartrate
at pH 7.2.
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