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ABSTRACT: One of the well-known strategies for anion sensing is an indicator (dye)
displacement assay. However, the disadvantage of the dye displacement assays is the low
sensitivity due to the excess of the dye used. To overcome this setback, we have developed
an “Intramolecular Indicator Displacement Assay (IIDA)”. The IIDAs comprise a receptor
and a spacer with an attached anionic chromophore in a single-molecule assembly. In the
resting state, the environment-sensitive anionic chromophore is bound by the receptor, while
the anionic substrate competes for binding into the receptor. The photophysical properties
of the dye exhibit change in fluorescence when displaced by anions, which results in cross-
reactive response. To illustrate the concept, we have prepared IID sensors 1 and 2. Here, the
characterization of sensors and microtiter arrays comprising the IIDA are reported. The
microtiter array including IID sensors 1 and 2 is capable of recognizing biological phosphates
in water. The utility of the IIDA approach is demonstrated on sensing of a phosphonate
herbicide glyphosate and other biologically important anions such as pyrophosphate in the
presence of interferent sodium chloride.

■ INTRODUCTION

Phosphates and phosphonates are important anions as they
constitute cellular electrolytes, take part in a wide variety of
metabolic processes, and are implicated in numerous diseases.1

Phosphonates are compounds that are frequently used as
drugs,2 as herbicides,3 as chelating agents,4 and in an
insalubrious role as chemical warfare agents.5 Despite their
importance, the development of sensors for phosphates and
particularly phosphonates seems to be a less attended niche. An
example of an important phosphonate anion is glyphosate (N-
(phosphonomethyl)glycine), a compound known as Roundup,
a herbicide widely used in agriculture.3 Glyphosate inhibits the
enzyme 5-enolpyruvylshikimate-3-phosphate synthase,6 thereby
interfering with the synthesis of aromatic amino acids, and
causes the plant’s death. Genetically modified crops (GMCs),
however, are resistant to glyphosate and unlike weeds survive
the glyphosate treatment. The use of large quantities of
glyphosate causes various problems including a gene species
shift from GMCs to weed.7 Alas, glyphosate has also adverse
effects on aquatic plant8 and animal species9 and acts as an
endocrine disruptor.10

The widespread use of glyphosate requires that methods for
the detection and quantitative determination are available. The
Environmental Protection Agency’s (EPA) reference dose for
glyphosate is 2 mg/kg/day.11 A maximum contaminant level in
drinking water is 0.7 ppm.12 Quantitative determination of
glyphosate generally relies on solid-phase extraction (SPE)
followed by GC-MS13 or LC-MS.14 An enzyme-linked

immunosorbent assay (ELISA) was also used.15 Such methods,
albeit reliable and accurate, are expensive, require trained
personnel and a knowledge of sample preparation, etc. Simple
methods that require only low-cost instruments are lacking.
For the above reasons, optical chemosensors based on

supramolecular interactions appear to be appealing alter-
natives.16 The most widely used approach to optical chemo-
sensors, both colorimetric and luminescence-based, is the
reporter−spacer−receptor (RSR) approach, in which the
fluorophore is either covalently attached to or is directly a
part of the receptor.17 The disadvantage of the RSR approach is
the need to synthesize the sensor, the attendant difficulties, and
cost. This problem is largely circumvented in the indicator−
displacement assays (IDAs).18 Here, the receptor is first
preincubated with the indicator dye forming a reversible
noncovalent complex. Then, a competitive analyte displaces the
indicator from the receptor, while the dye changes its optical
properties. The requirement for an IDA is that the indicator−
receptor affinity is lower compared to that of the analyte−
receptor complex and that the complexation equilibrium of the
dye is accompanied by a sufficient change in its optical
properties. The advantages of IDAs over the RSRs are (i) the
ease of the synthesis, (ii) the fact that numerous dyes may be
used for one type of receptor (albeit not at the same time) to
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form a library of indicator ensembles, and (iii) wider availability
of indicators.
There are, however, disadvantages to the IDA concept:

namely, the excess of the indicator dye is frequently required
due to a low dye−receptor affinity. This dye excess frequently
lowers the signal-to-noise ratio and sensitivity to low
concentration of analytes. Also, because the IDA receptors
must bind multiple dyes as well as an analyte they must display
a high degree of intrinsic cross-reactivity, which too may be a
disadvantage.18 That said, for highly effective sensor arrays
some, usually low, cross-reactivity is required so that the
receptors respond to more than one analyte.19 Hence, the
arrays with fewer sensor elements than targeted analytes must
be cross-reactive. However, to make a high-resolution array
effort worthwhile, the sensors should be sensitive to low
concentrations of analyte and operate in multianalyte environ-
ment.
The above disadvantages are circumvented in the Intra-

molecular Indicator Displacement Assays (IIDAs). Figure 1

shows the operating principle proposed for the IIDA. The IID
sensor comprises a receptor and spacer with an attached
anionic chromophore (dye). In the resting state the environ-
ment-sensitive anionic dye is bound by the receptor, while the
anionic analyte competes for binding into the receptor. The
photophysical properties of the dye change when it is displaced
by the analyte anion. The sensors may be regenerated by
washing away the analyte to re-establish the dye−receptor
complex. The advantage of this sensor format is the receptor−
indicator 1:1 ratio, which endows the assay with high sensitivity
and an instant reversibility.
Herein we report the performance of the IIDAs based on

fluorescence signaling. As a benchmark, we demonstrate
sensing of phosphate-type anions (e.g., phosphate (Pi),
pyrophosphate (PPi), and AMP) and, as an example of a
phosphonate, environmentally important compound glypho-
sate. The IIDA sensors were used to establish a microarray,
which was then used in both qualitative and quantitative
recognition studies of anions. All analytes were studied in the
form of aqueous solutions and in the presence of excess NaCl
as a competing electrolyte.

■ RESULTS AND DISCUSSION
To illustrate the IID concept, the sensors 1 and 2 were
prepared. The sensor 1 features thiourea and amide groups as
anion recognition moieties and naphthyl carboxylate as an
anionic chromophore. In the case of 2, two naphthalimide
moieties are included to generate bright fluorescence. The

synthetic procedure is summarized in Scheme 1. The anionic
chromophore moiety was synthesized from methyl 3-hydroxy-

2-naphthoate. Methyl 3-hydroxy-2-naphthoate was reacted with
tert-butyl bromoacetate, which gave methyl 3-(2-tert-butoxy-2-
oxoethoxy)-2-naphthoate 3. Subsequently, the deprotection of
3 was carried out by trifluoroacetic acid. The 1,3,5-triamino-
methyl-2,4,6-triethylbenzene core 5, synthesized according to a
published procedure,20 was then reacted directly with
appropriate isothiocyanate (ArNCS) to yield dithiourea
derivatives 6 and 7. The amide coupling of dithiourea
derivatives 6 and 7 with 4 was performed using 1-ethyl-3-(3-
(dimethylamino)propyl) carbodiimide hydrochloride (EDC)
and was followed by the hydrolysis of the methyl ester in 8 and
9 to obtain the final IID sensors 1 and 2.
First, the structure 1 in the resting state was explored by

DFT calculations (DFT-B3LYP/6-31G+(d,p) in DMSO),
which indicated that the intramolecular hydrogen bond
between thiourea and amide NHs and naphthylcarboxylate is
likely to take place (Figure 2A). These results also suggest that
guest-induced release of the intramolecular carboxylate
fluorophore should occur in the presence of a competitive
analyte, which is also confirmed by a single crystal of 1 (Figure
2B). Surprisingly, the IID sensor 1 recognizes diacetone alcohol
generally present in acetone as a small impurity. As expected,
guest binding releases the naphthylcarboxylate from the
intramolecular hydrogen bond.
To confirm that the interaction between IID sensors and

anions occurs through hydrogen bonds, 1H NMR titrations of
both 1 and 2 with anions were conducted. Importantly, these
sensors are not deprotonated by anions such as fluoride,
acetate, and dihydrogen phosphate in DMSO-d6. Figure 3
shows 1H NMR spectra of 1 upon the addition of dihydrogen
phosphate. The thiourea NH (red circle) is dramatically shifted
downfield from 9.40 ppm to 12.82, 11.55, and 11.74 ppm for
fluoride, acetate, and dihydrogen phosphate, respectively.
Similarly, the other thiourea NH (blue square) displays a
downfield shift from 8.14 ppm to 9.25, 8.92, and 9.46 ppm for
fluoride, acetate, and dihydrogen phosphate. In addition, the
amide NH (green upside-down triangle) also shows a

Figure 1. Illustrated concept of the intramolecular indicator
displacement assay (IIDA).

Scheme 1. Synthesis of IID Sensors 1 and 2
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downfield shift upon addition of anions. Similar behavior was
observed upon addition of glyphosate (see Supporting
Information (SI)).
Next, the fluorescence properties of the IID sensors were

investigated. The fluorescence quantum yields of 1 and 2 in
aqueous DMSO solution (water:DMSO = 5:95, v/v) are 10.4%
and 6.0%, respectively. Quantitative estimation of the anion
sensing ability of sensors was obtained by fluorescence
titrations. In the case of 1, fluorescence quenching was
observed upon addition of anions (sensor 1 was excited at
the isosbestic point (λex = 320 nm)). An example of the
titrations is shown in Figure 4. The top panel (Figure 4A)
shows the titration of 1 with dihydrogen phosphate, which
results in a marked attenuation of the naphthalene carboxylate
fluorescence. This observation is explained as follows: In the
resting state, the fluorescent naphthyl carboxylate moiety is
fixed in position through intramolecular hydrogen bonding.
However, the fluorophore displacement occurring upon the
addition of guests dramatically increases the degree of freedom

of the naphthyl carboxylate moiety. As a consequence, the
excited state deactivation via rotation and vibration is increased
resulting in an attenuation of fluorescence, and a “turn-off”
signaling is observed. This is supported by a control experiment
using 3-methoxy-2-naphthoic acid (10), which alone does not
show efficient quenching upon addition of anions (see SI). The
association constants for sensors 1 and 2 are listed in Table 1.
Sensor 1 does not show significant optical response to chloride
and bromide but strongly binds fluoride, acetate, and phosphate
related anions including glyphosate. The corresponding
titration isotherms are shown in the SI. In general, the anion
binding follows 1:1 stoichiometry, which is supported by
electrospray ionization mass spectrometry (ESI MS) (see SI).
Only in the case of pyrophosphate the stoichiometry between 1

Figure 2. (A) DFT-B3LYP/6-31G+(d,p) calculation: energy mini-
mized structure of 1 in DMSO. (B) The X-ray diffraction structure of
the complex of 1 and diacetone alcohol. Thermal ellipsoids are scaled
to the 50% probability level. The carbon atoms are shown in dark gray,
the nitrogen atoms in light blue, the oxygen atoms in red, and the
sulfur atoms in yellow.

Figure 3. 1H NMR (500 MHz) titration of 1 (10 mM) upon the
addition of Pi as tetrabutylammonium salt in DMSO-d6.

Figure 4. (A) Fluorescence titration of 1 (5.0 × 10−5 M) upon the
addition of Pi as tetrabutylammonium salt in aqueous DMSO solution
(water:DMSO = 5:95, v/v). λex = 320 nm. [Pi] = 0−9.0 × 10−5 M. (B)
Fluorescence titration of 2 (1.0 × 10−5 M) by glyphosate (GlyP) as
tetrabutylammonium salt in aqueous DMSO solution (water:DMSO =
5:95, v/v). λex = 400 nm. [GlyP] = 0−2.4 × 10−4 M. (C) Fluorescence
titration of 2 (1.0 × 10−5 M) by PPi as tetrabutylammonium salt in
aqueous DMSO solution (water:DMSO = 5:95, v/v). λex = 400 nm.
[PPi] = 0−2.4 × 10−4 M.
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and pyrophosphate is 2:1, which is also confirmed by ESI MS.
This is presumably due to the charges residing at both ends of
the pyrophosphate anion.
The IID sensor 1 showed a “turn-off” signaling of the anion;

however, the “turn-on” fluorescence response is more attractive.
Thus, we have synthesized sensor 2 and investigated the
fluorescence response of 2 to anions. An example of one of the
fluorescence titration results is shown in Figure 4B and C.
Here, the fluorescence arising from the naphthalimide groups
of 2 is increased with the increase of anion concentration. This
is presumably due to the fact that the formation of the complex
with suitable guests is associated with increased rigidity of the
receptor and limited rotational/vibrational modes that would
otherwise cause nonradiative decay. Moreover, fluorescence
could be quenched by the formation of an excited charge-
transfer complex between the naphthalene and naphthalimide
moieties.21 Once a guest displaces the naphthalene from the
cavity the charge-transfer complex ceases to exist, inducing an
increase in fluorescence. For the titration isotherm correspond-
ing to the anion-induced fluorescence enhancement see the SI.
The corresponding titration isotherms suggest that the
response pattern depends on the type of analyte. The binding
constants in Table 1 indicate that the overall binding constants
of 2 are lower than those of 1. This behavior is presumably due
to the steric demand imposed by the naphthalimide fluorescent
labels in 2. Both IID sensors do not show appreciable affinity
for halides such as chloride and bromide, presumably because
these anions cannot displace the intramolecular naphthalene
carboxylate from the receptor. With regard to IID sensor 2, it
shows interesting selectivity for phosphate anions.
To gain insight into the magnitude of the intramolecular

displacement effect, we performed a control experiment in
which the preincubated mixture of 1,1′,1″-[(2,4,6-triethylben-
zene-1,3,5-triyl)tris(methylene)]tris[3-(p-tolyl)thiourea] (11)
as an analogue receptor and 3-methoxy-2-naphthoic acid was
titrated by dihydrogen phosphate (see Figure S4, SI, for more
information). While we could observe a similar optical response
(quenching) to the fluorescence titration of 11 upon the
addition of Pi, the apparent binding constant (Ka = 8400 M−1)
is much lower (1·Pi, Ka > 106 M−1). This result suggests that
the sensitivity of the IIDA to anions is much higher than that of
the corresponding IDA system.
From the potential practical perspective it is important that

the IID sensor could be incorporated in a simple microarray for
anion sensing in pure water. The array was constructed utilizing
1 (Figure 5A, blue features) and 2 (yellow-green features).

Both compounds 1 and 2 were embedded in hydrophilic
polyurethane matrices known to swell in water while
internalizing the anions.22 The polymer/sensor solutions were
cast onto a microtiter plate (well radius: 500 ± 5 μm, depth:
250 ± 10 μm). The aqueous solutions of anions (200 nL) were
then added to each well containing a sensor. The anions used
for this purpose were fluoride, chloride, glycine (Gly), acetate,
dihydrogen phosphate, pyrophosphate, malonate (Mal), AMP,
ADP, ATP, and glyphosate (GlyP). We recorded the response
to analytes as the fluorescence intensity changes (for details see
SI). The array response was evaluated by utilizing the statistical
multivariate analysis method−linear discriminant analysis
(LDA).23 Using a leave-one-out cross-validation routine, LDA
can evaluate discriminatory power of the sensor array. Despite
the fact that the sensors respond to the presence of anions by
similar changes in fluorescence, the degree of the change in the
fluorescence intensity for each anion is unique and generates a
response pattern, which allows for the recognition of the
analytes (Figure 5A). Interestingly, the qualitative LDA result in
Figure 5B shows 100% correct classification for 11 analytes and
control using only two sensors. This confirms the spectacular
ability of IIDA sensors to recognize multiple analytes including
anions of biological (PPi, ATP, etc.) and societal importance
(glyphosate). In fact, the glyphosate cluster was separated from
the rest of the anions tested suggesting a different recognition
behavior from the rest of the anions. This is a positive outcome
as it enables a semiquantitative assay of glyphosate.
Toward this end we used the same array sensor to identify

various glyphosate concentrations. We attempted a semi-
quantitative IID assay (IIDA) for glyphosate in water and in
the absence or presence of electrolytes (e.g., 50 mM sodium
chloride). These results are shown in Figure 6. A clear
evolution of the clusters in dependence on the glyphosate
concentration can be observed trending from the lowest to the
highest concentration. This result suggested that a clear
dependence between the fluorescence intensity and glyphosate
concentration can be established within the concentration
range studied (0−169 ppm), a condition required for
quantitative regression based quantitative determination.

Table 1. Affinity Constants (Ka, M
−1)a Obtained from

Fluorescence Titration

anion sensor 1 sensor 2

F− >106 4800 ± 230
Cl− NDb NDb

Br− NDb NDb

AcO− >106 3400 ± 120
Pi >106 44000 ± 8800
PPi >106 17000 ± 1100
AMP 330000 ± 46000 16000 ± 3200
glyphosate 280000 ± 48000 15000 ± 830

aThe Ka values were calculated based on the change in fluorescence
intensity upon addition of each guest in aqueous DMSO solution
(water:DMSO = 5:95, v/v). bKa could not be calculated due to the
small response.

Figure 5. (A) Digital photo (arbitrary colors) of a microarray chip
carrying the polymer-embedded IID sensors 1 (blue features) and 2
(yellow-green). Panel B: Graphical output of the linear discriminant
analysis (LDA) shows clusters of 11 analytes and control.
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In order to be able to determine the concentration of
glyphosate in aqueous samples, we performed regression
analysis for glyphosate utilizing the support vector machine
(SVM) algorithm.24 Toward that end, we divided the acquired
data set into two parts, one for calibration and model
development and the second to be used as unknown samples
for cross-validation. Thus, one concentration out of seven (15%
of the whole data set) was analyzed as an unknown
concentration using the developed model that describes the
behavior of the data. This was repeated (one-by-one) for all the
concentrations. Overall, the two-sensor array yielded an
accurate quantitative regression analysis of the glyphosate
concentrations in 50 mM sodium chloride (Figure 7). Figure 7
also shows the correctly quantified unknown sample (red
circle). Furthermore, the limit of detection (LOD)25 of
glyphosate is 0.2 ppm, which is significantly lower than the
maximum contaminant level for drinking water (0.7 ppm). To
the best of our knowledge, this is the first supramolecular
chemosensor for glyphosate.
Needless to say, the sensing process using 1 and 2 as well as

the microarrays is entirely reversible, and the microarray chips
are reusable.

■ CONCLUSIONS
In summary, we have devised sensors for anions utilizing the
Intramolecular Indicator Displacement concept and demon-
strated it on an assay for phosphate anions. The IID sensors

show an interesting ability to differentiate among anions based
on a minute change in fluorescence. The qualitative analysis
using polymer chip-based microarray enabled recognition (with
100% correct classification) of 12 analytes using an assay
comprising only two IID sensors. Interestingly, IID sensors
show strong affinity toward the herbicide glyphosate.
Glyphosate is recognized in water and in the presence of an
excess (50 mM) of chloride interferent. Semiquantitative and
quantitative assays for glyphosate enable us to determine
glyphosate concentrations with a limit of detection of 0.2 ppm,
which is significantly lower than the maximum contaminant
level for drinking water (0.7 ppm). Because the approach is
general and components are tunable for other analytes of
interest, we believe that the IIDA concept will pave the way to
new sensors and applications including applications in
environmental sensing. Our preliminary results suggest that
further modifications of the periphery of the sensors and the
use of different intramolecular dyes would yield more efficient
systems.
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Miljanic,́ O. Š. Chem. Sci. 2012, 3, 559−563. (o) Liu, Y.; Minami, T.;
Nishiyabu, R.; Wang, Z.; Anzenbacher, P., Jr. J. Am. Chem. Soc. 2013,
135, 7705−7712. (p) Chang, K.-C.; Minami, T.; Koutnik, P.;
Savechenkov, P. Y.; Liu, Y.; Anzenbacher, P., Jr. J. Am. Chem. Soc.
2014, 136, 1520−1525. (q) Suslick, B. A.; Feng, L.; Suslick, K. S. Anal.
Chem. 2010, 82, 2067−2073. (r) Ema, T.; Okuda, K.; Watanabe, S.;
Yamasaki, T.; Minami, T.; Esipenko, N. A.; Anzenbacher, P., Jr. Org.
Lett. 2014, 16, 1302−1305.
(20) (a) Stack, T. D. P.; Hou, Z.; Raymond, K. N. J. Am. Chem. Soc.
1993, 115, 6466−6467. (b) Wallace, K. J.; Hanes, R.; Anslyn, E. V.;
Morey, J.; Kilway, K. V.; Siegel, J. Synthesis 2005, 2080−2083.
(21) (a) Zych, A. J.; Iverson, B. L. J. Am. Chem. Soc. 2000, 122,
8898−8899. (b) Talukdar, P.; Bollot, G.; Mareda, J.; Sakai, N.; Matile,
S. J. Am. Chem. Soc. 2005, 127, 6528−6529. (c) Mukhopadhyay, P.;
Iwashita, Y.; Shirakawa, M.; Kawano, S.-i.; Fujita, N.; Shinkai, S. Angew.
Chem., Int. Ed. 2006, 45, 1592−1595.
(22) Anzenbacher, P., Jr.; Liu, Y.; Palacios, M. A.; Minami, T.; Wang,
Z.; Nishiyabu, R. Chem.−Eur. J. 2013, 19, 8497−8506.
(23) Brereton, R. G. Applied Chemometrics for Scientists; Wiley:
Chichester, 2007.
(24) Hamel, L. H. Knowledge Discovery with Support Vector Machines;
Wiley: Hoboken, NJ, 2009.
(25) Miller, J. N.; Miller, J. C. Statistics and Chemometrics for
Analytical Chemistry, 5th ed.; Pearson Education: Essex, 2005.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja504535q | J. Am. Chem. Soc. 2014, 136, 11396−1140111401

http://www.epa.gov/safewater/pdfs/factsheets/soc/tech/glyphosa.pdf
http://www.epa.gov/safewater/pdfs/factsheets/soc/tech/glyphosa.pdf

