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Cyclodextrins facilitate non-covalent fluorescence energy
transfer from a variety of pesticides to high quantum-yield
fluorophores, resulting in a rapid, sensitive detection scheme for
these compounds with detection limits as low as two micromolar.
Such a facile detection tool has significant potential applications
in agriculture and public health research.

The sensitive, selective, and rapid detection of small-molecule
pesticides is an important research objective, with implications
for food and crop management,' public health,” and a variety of
other scientific disciplines.” Many small-molecule pesticides
have known or suspected toxic health effects, including a

variety of neurotoxic effects.* Currently used methods for

pesticide  detection include gas chromatography-mass
spectrometry ~ (GC-MS),”  liquid  chromatography-mass
spectrometry  (LC-MS),* and surface-enhanced Raman

spectroscopy (SERS).” Fluorescence-based detection systems,

including molecularly imprinted polymers,® gold

nanoparticles,” and fluorescent polymers'® have also been
developed, and in many cases lead to more sensitive detection
limits and faster response times.'' While many of the currently
used methods are highly sensitive for a particular class of
pesticides, they often lack general applicability across multiple
pesticide classes and across multiple environments (i.e. in soil,
unprocessed harvested crops, and commercial food products).
Moreover, accurate analysis using chromatographic based
methods is often time-consuming and costly, requiring multiple
extractions and separations to achieve optimal detection
efficiencies.'?

Previous research in our laboratory has focused on the
development of cyclodextrin-promoted non-covalent energy
transfer as a powerful tool for the sensitive and selective
detection of a variety of carcinogenic small-molecule

analytes.'” In these detection schemes, cyclodextrin promotes
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highly efficient energy transfer from a small molecule analyte
to a high quantum yield fluorophore, resulting in a bright turn-
on fluorescence signal in the presence of the target analyte
(Figure 1). This energy transfer scheme has been used
successfully in complex systems such as biological fluids'* and
crude oil collected in the aftermath of an oil spill.'* It has been
used in the development of array-based detection schemes,'¢

and as part of tandem extraction-detection-detoxification

environmental remediation schemes for environmental
remediation efforts.!”
light up dye
emission
energy fluorophore
transfer,
excitation
of donor

Fig. 1 Ilustration of y-cyclodextrin promoted energy transfer, wherein the analyte
acts as an energy donor to a high quantum yield fluorophore acceptor.

Previous work in our group has focused primarily on highly
fluorescent analytes such as polycyclic aromatic hydrocarbons
(PAHs) that are known to act as efficient photophysical energy
donors. However, even weakly photophysically active
compounds such as polychlorinated biphenyls, tamoxifen, and
diethylstilbestrol'®
promoted energy transfer. Aromatic pesticides,
1-7 (Figure 2),

photophysically active,'® and are likely to participate in the

participate efficiently in cyclodextrin-
including
compounds are known to be weakly
same sorts of donor-acceptor interactions as other weakly
photophysically active small molecule analytes. Reported
herein is the use of these pesticides as energy donors in
combination with high quantum yield fluorophore acceptors 8-
10, and the ability to use such energy transfer as the basis for
the highly sensitive detection of these pesticides in both
purified buffer solution and in commercially available,
unpurified apple juice.

The structures of all analytes and fluorophores are shown in
Figure 2, and include multiple pesticide classes such as
and 2),%

(compounds 3, 5, and 7),*! neonicotinoids (compound 4),* and

organochlorines (compounds 1 pyrethroids

carbamates (compound 6).>* The fluorophores chosen are either
commercially available or easily synthesized via literature-

J. Name., 2013, 00, 1-3 | 1



0
1
2
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

PRPRPOO~NOOUOPRAWDNPE

Pleasedoy.\;t

COMMUNICATION

reported procedures;** furthermore, their utility in energy
transfer schemes has already been established.”
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Figd. 2 Slmctures of pesticides (1-7) and ﬂuorophores (8-10) investigated in this
study.

For each energy transfer experiment, concentrated solutions of
the pesticide and fluorophore in tetrahydrofuran were mixed in
a phosphate buffered saline (PBS) solution containing 10 mM
v-cyclodextrin and buffered at pH 7.4, to create a solution that
contained 91% aqueous solvent (v/v). This solution
composition is designed to maximize hydrophobic association
between the small molecule aromatic guests and the
hydrophobic interior of the cyclodextrin cavity.”® Experiments
in apple juice were conducted by replacing the PBS solution
with a 1:1 (v/v) mixture of y-cyclodextrin in PBS and
commercially available apple juice, which used without any
purification.

The efficiency of energy transfer from the pesticide to the
fluorophore was defined according to Equation 1:

% Energy transfer = Ipa/Ia x 100% (Eq. 1)
Where Ipa is the integrated emission of the fluorophore via
analyte excitation, and I, is the integrated emission of the
fluorophore via direct excitation.”” As a control experiment, the
10 mM vy-cyclodextrin solution was replaced with a 0 mM
solution, to elucidate the role of y-cyclodextrin in promoting the
desired pesticide-to-fluorophore energy transfer. Selected
results of these experiments are highlighted in Table 1.

Table 1. Selected energy transfer efficiencies from analytes 1-7 to fluorophore 8 in a
phosphate-buffered saline solution®

Analyte Fluorophore 10 mM y-CD 0 mM y-CD

1 8 8.2 8.7
2 8 9.2 8.7
3 8 222 17.7
4 8 433 27.5
5 8 54.9 25.4
6 8 b b

7 8 48.7 39.6

* All results represent the average of at least 3 trials

" No real energy transfer peak was observed

These results divide the pesticides into two main classes: for
compounds 1 and 2, the y-cyclodextrin solution had a limited
effect on the observed energy transfer efficiencies with
essentially the same results observed in the absence and
presence of y-cyclodextrin, whereas for the majority of the

2| J. Name., 2012, 00, 1-3

IV stmargins

Journal Name

pesticides, the energy transfer in the presence of y-cyclodextrin
was higher than that observed in the cyclodextrin-free solution.
(Figures 3 and 4).
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Fig. 3 Illustration of cyclodextrin-promoted energy transfer to fluorophore 8 from
analytes (A) 1; (B) 5,7and (C) 7. The black line represents analyte excitation and
the red line represents direct fluorophore excitation.

Normalized emission

400 500 600 700
Wavelength (nm)

Fig. 4 Illustration of cyclodextrin promoted energ{ transfer from analyte 3 to
fluorophores 8 (black line), 9 (red line) and 10 (blue line).

The differential behavior of pesticides 1 and 2 can be explained
by their electrostatic potential surfaces (Figure 5), which
indicate that the electron-rich face of the molecule (shown in
blue) is buried in the interior pocket of the analytes and is not
accessible for forming intermolecular contacts with the
electron-deficient BODIPY fluorophore. This in turn leads to a
limited degree of energy transfer from these pesticide donors,
which is relatively unaffected by the addition of the
cyclodextrin host structure. The other pesticides, in contrast,
display more accessible electron-rich aromatic surfaces for
electronically complementary electrostatic interactions with the
non-covalently bound fluorophore acceptor.

& o 5%
Rirds

Fig. 5 Electrostatic potential surfaces of analytes 1-7. Computations were
performed using Spartan’s semi-empirical PM3 level calculations.

Moreover, most of the increased energy transfer efficiencies to
fluorophore 8 in the presence of cyclodextrin are a result of the
fact that the fluorophore emission via direct excitation (/, term
in Equation 1) is markedly increased in the cyclodextrin-free
solutions; this increase in I,, in turn, is responsible for the
overall decreased energy transfer efficiencies (a ratio of Ipa/ls)
observed in the 0 mM y-CD solutions (Table 2).

This increased fluorophore emission in the absence of
cyclodextrin is in contrast to what is typically observed for

This journal is © The Royal Society of Chemistry 20xx
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host-guest systems, which generally demonstrate increased
fluorescence intensity with higher concentration of the
supramolecular host.?® Possible reasons for the anomalous
behavior of fluorophore 8 in these systems include
cyclodextrin-mediated aggregation of the fluorophore that
decreases the overall fluorescence emission® and/or hydrogen
bonding between the fluorophore and the cyclodextrin that
disrupts the core fluorophore architecture.’® Current efforts are
focused on investigating these explanations in more detail.

Table 2. Changes in Ips and [, values between 10 mM y-cyclodextrin and 0 mM y-
cyclodextrin buffered solutions®

COMMUNICATION

as the same fluorescence emission peak from indirect excitation
was observed in the presence and absence of the analyte (see
ESI for more details).

Table 4. Selected energy transfer efficiencies from analytes 1-7 to fluorophore 10 in a
phosphate-buffered saline solution®

Analyte Fluorophore Alp® YN
1 8 1.05 0.99
2 8 0.96 1.01
3 8 0.87 1.09
4 8 1.14 1.79
5 8 0.59 1.27
6 8 1.06 1.60
7 8 1.01 1.24

Analyte Fluorophore 10 mM y-CD 0 mM y-CD
1 10 4.0 4.0
2 10 5.0 42
3 10 9.2 8.9
4 10 53 5.5
5 10 8.7 11.9
6 10 11.2 13.6
7 10 8.9 16.1

* All results represent the average of at least 3 trials

* All results represent the average of at least 3 trials

Y Alps = integrated fluorophore emission from analyte excitation in 0 mM y-
cyclodextrin solution divided by the integrated fluorophore emission from analyte
excitation in a 10 mM y-cyclodextrin solution

¢ Al = integrated fluorophore emission from direct fluorophore excitation in 0
mM y-cyclodextrin solution divided by the integrated fluorophore emission from
direct excitation in a 10 mM y-cyclodextrin solution

Interestingly, fluorophore acceptors 9 and 10 demonstrated
different behavior compared to fluorophore 8 (Table 3). For the
case of fluorophore 9, most energy transfer efficiencies were
higher in the absence of y-cyclodextrin than in the 10 mM y-
cyclodextrin solution, which may reflect the fact that the
fluorophore itself has strong cyclodextrin-free association and
energy transfer with the pesticide acceptors due to its well-

31

known hydrophobic character;” this energy transfer is then

disrupted by the introduction of the cyclodextrin host.

Table 3. Selected energy transfer efficiencies from analytes 1-7 to fluorophore 9 in a
phosphate-buffered saline solution®

Analyte Fluorophore 10 mM y-CD 0 mM y-CD
1 9 b b
2 9 b b
3 9 56.5 46.4
4 9 53.6 82.6
5 9 51.6 65.4
6 9 b b
7 9 44.8 76.6

Efforts to extend the practicality of this detection system led to
an evaluation of cyclodextrin-promoted energy transfer for
pesticide detection in commercially available apple juice
(Figure 6). The detection of pesticides in food and beverages
such as apple juice is important for monitoring consumer
consumption of and exposure to these pesticides.*® For most of
the pesticide-fluorophore combinations investigated herein,
extremely noisy fluorescence spectra (possibly due to the
presence of particulate matter) precluded us from effectively
determining the efficiency of pesticide-to-fluorophore energy
transfer. However, pesticides 1 and 2 demonstrated moderate
energy transfer efficiencies even in such a complex
environment (Table 5). Limits of detection (LODs) and limits
of quantification (LOQs) for these combinations were
calculated following literature-reported procedures,” and the
results summarized in Table 5 are in line with or better than
many currently utilized pesticide detection methods.>
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Fig. 6 Examfles of cyclodextrin-promoted ener&y transfer in apple juice between
A% analyte 1 — ﬂunro%hnre 8; (Bg analyte 2 — fluorophore 8; and (é) analyte 2 —

uorophore 10. The black line represents analyte excitation and the red line
represents direct fluorophore excitation.

Table 5. Selected energy transfer efficiencies from analytes 1 and 2 to fluorophores 8-10
in a 10 mM y-cyclodextrin in apple juice solution®

* All results represent the average of at least 3 trials

® No real energy transfer peak was observed

Fluorophore 10 demonstrated essentially no difference in
energy transfer efficiencies in the presence or absence of y-
cyclodextrin (Table 4), even though fluorophore 10 has been
reported to bind in the y-cyclodextrin cavity with a K, = 302 M~
132 In this case, control experiments suggest that what looks
like an energy transfer peak is simply a result of exciting the
fluorophore at a wavelength where it has non-zero absorption,

This journal is © The Royal Society of Chemistry 20xx

Analyte  Fluorophore  Energy Transfer ~LOD (uM)*  LOQ (uM)"
1 8 25.0 14.2 50.4
1 10 4.8 6.4 11.5
2 8 24.3 2.1 45.1
2 10 4.9 5.5 6.8

* All results represent the average of at least 3 trials

" LODs and LOQs were calculated according to literature procedures.

In conclusion, reported herein is the rapid and sensitive
detection of aromatic pesticides via cyclodextrin-promoted
energy transfer to high quantum yield fluorophores, which was

J. Name., 2013, 00, 1-3 | 3
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particularly successful using fluorophore 8 as an energy
acceptor for pesticides 1-5 and 7. This detection method has a
number of advantages compared to previously reported
detection methods, including high sensitivity, rapid response
time, and applicability across multiple classes of pesticides.
Applications of this detection strategy in more complex systems
and in the development of a practical detection device is
currently under investigation, and results of these and other
experiments will be reported in due course.
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