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Abstract: We have previously developed a highly efficient fluorescence-based toxicant-detection
method that operates in complex environments to detect aromatic toxicants and toxicant metabolites
with high sensitivity and selectivity. This method relies on the ability of γ-cyclodextrin to act as a
supramolecular scaffold, and uses a variety of non-covalent interactions between the cyclodextrin,
toxicant, and fluorophore to enable efficient detection. Reported herein is an investigation of the
effect of various experimental parameters, including host concentration, temperature, pH, salt, and
solvent, on the observed energy-transfer efficiencies. These results advance our understanding of
γ-cyclodextrin-based association complexes and provide crucial information for the development of
fluorescence-based sensors using such complexation and the resultant fluorescence-based detection.
Keywords: cyclodextrin; energy transfer; optical spectroscopy; linear discriminant analysis;
fluorescence detection

1. Introduction
Cyclodextrins are supramolecular hosts that are used widely for a variety of applications,
including drug delivery [1–3], odor neutralization [4], supramolecular catalysis [5–7], and toxicant
detection [8,9]. Their hydrophobic interiors allow them to form inclusion complexes with hydrophobic
guests [10,11], while their hydrophilic exteriors impart aqueous solubility [12,13]. Previous work
by our group has demonstrated the use of cyclodextrin host–guest complexes for toxicant detection
applications through the promotion of cyclodextrin-based supramolecular complexes between a small
molecule toxicant and a high quantum yield organic fluorophore [14]. In such systems, the close
proximity of the toxicant and fluorophore facilitates fluorescence energy transfer, with excitation
of the toxicant resulting in energy transfer to and emission from the fluorophore [15]. In cases of
non-photophysically active analytes, cyclodextrin promotes interactions between the analyte and
the fluorophore, resulting in analyte-specific fluorescence modulation [16,17]. We have reported the
detection of numerous classes of analytes using these chemosensors, including polycyclic aromatic
hydrocarbons (PAHs) [18,19], polychlorinated biphenyls (PCBs) [20], pesticides [21], and aliphatic
alcohols [22], as well as the ability of such systems to operate in plasma [23], urine [24], and breast
milk [25].
Despite the fact that we have had significant success demonstrating that this cyclodextrin-based
system works, a systematic understanding of the parameters under which the system operates
is markedly less developed. This understanding requires information about the non-covalent
intermolecular forces that underlie such complexation, which are intimately dependent on the molecular
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2.1. Analyte Selection
Analytes selected include highly toxic polycyclic aromatic hydrocarbons (1–3), Analyte 4 was
chosen as a structurally similar derivative of analyte 3. Analyte 5 is a toxic and carcinogenic compound
commonly used in the textile industry. Analyte 6 was chosen as a structurally similar derivative of
analyte 5. Overall, this varied analyte selection ensures that the resultant chemosensors are able to
detect a variety of structural features, chemical variations, and analyte characteristics, highlighting the
broad applicability of the reported results.
2.2. Cyclodextrin Selection
Previous work in our group has focused on the use of commercially available cyclodextrins,
such as α-cyclodextrin, β-cyclodextrin, methyl-β-cyclodextrin, 2-hydroxypropyl-β-cyclodextrin,
and γ-cyclodextrin, as supramolecular scaffolds to promote energy transfer and fluorescence
modulation. For the research reported herein, γ-cyclodextrin was chosen as the supramolecular
host due to its large cavity size and ability to form ternary complexes.
2.3. General Procedure for Energy Transfer Experiments
In a quartz cuvette, 2.5 mL of a 10 mM cyclodextrin solution prepared in phosphate-buffered
saline (PBS) was combined with 20 µL of analytes 1–6 (1.0 mg/mL in THF). The solution was excited at
the analyte and fluorophore’s excitation wavelength (see electronic Supplementary Materials (ESI) for
more details). Then, 100 µL of fluorophores 7–9 were added and the solution was excited at the analyte
and fluorophore’s wavelength. The fluorescence emission spectra were integrated vs. wavenumber
on the X-axis, and the efficiency of the energy transfer was quantified as the ratio of the integrated
emission of the fluorophore via analyte excitation to the integrated emission of the fluorophore via
direct excitation:
Energy transfer efficiency = IDA /IA × 100%
(1)
where IDA is the integration of the fluorophore from analyte excitation and IA is the integrated
fluorophore emission from direct excitation.
Control ratio. Control experiments were conducted as follows: (a) the fluorophore was mixed
with γ-cyclodextrin and excited at the excitation wavelength of the analyte (but in the absence of any
analyte); and (b) the fluorophore and analyte were both mixed in γ-cyclodextrin and excited at the
analyte excitation wavelength. The fluorophore emission that resulted from excitation at the analyte
wavelength in the absence of the analyte was compared to the fluorophore emission from excitation at
the analyte wavelength in the presence of the analyte. The ratio of these two emissions, shown as the
“Control ratio,” was calculated according to Equation (2):
Control ratio = Ifluorophore-control /Ifluorophore-analyte

(2)

where Ifluorophore-analyte is the integration of the fluorophore emission in the presence of the analyte; and
Ifluorophore-control is the integration of the fluorophore emission in the absence of the analyte. For ratios
of less than 0.95, “legitimate” energy transfer was occurring, as indicated by the fact that the presence
of the analyte led to higher fluorescence emission (and in turn, a ratio of less than 1.0); for ratios
of between 0.95–1.05, the observed fluorescence response was the result of exciting the fluorophore
at a wavelength where it has non-zero absorbance, as seen through the fact that the addition of the
analyte had virtually no effect on the observed energy transfer efficiency, indicating that the only
photophysically active species contributing to the emission was the fluorophore; and for ratios of
greater than 1.05, fluorescence quenching was occurring, as indicated by the fact that the presence of
the analyte led to a lower fluorescence emission (and in turn, a ratio of above 1.0).
Cyclodextrin solutions. For each experiment, different cyclodextrin solutions were prepared and
the energy transfer experiments were modified as follows:
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Concentration effects. Various concentrations of cyclodextrin were used to understand the effect
of the host concentration on cyclodextrin-promoted energy transfer. The following concentrations
of γ-cyclodextrin were prepared in phosphate buffered saline (PBS): 5 mM, 10 mM and 15 mM.
Energy-transfer experiments were conducted using the above procedures.
Temperature effects. A 10 mM γ-cyclodextrin solution was prepared in PBS. Energy-transfer
experiments were then conducted using the above procedures at the following temperatures:
5 ◦ C, 20 ◦ C, 35 ◦ C, 50 ◦ C, 65 ◦ C and 80 ◦ C. The temperature control system indicated when the
desired temperature was reached, and each sample was allowed to sit in the unit after the desired
temperature was reached for 5 min before the fluorescence emission spectrum was collected.
Energy-transfer experiments were conducted using the above procedures.
pH effects. 10 mM γ-cyclodextrin solutions were prepared using various concentrations of
aqueous HCl and NaOH at the following pH levels: 0, 3, 5, 8, 10, 12. Energy-transfer experiments
were conducted using the above procedures.
Salt effects. Sodium chloride and guanidinium hydrochloride were used to investigate the effect
of chaotropic and kosmotropic salts, respectively, on the cyclodextrin-promoted energy transfer.
1 M solutions of each salt were prepared in deionized water. A 10 mM γ-cyclodextrin solution was
then prepared using these salt solutions. A control experiment was also performed with a 10 mM
γ-cyclodextrin solution in deionized water in the absence of salt. Energy-transfer experiments
were then conducted using the above procedures.
Solvent effects. The effect of an ethanol co-solvent on cyclodextrin-promoted energy transfer was
investigated. A 10 mM γ-cyclodextrin solution was prepared in phosphate buffered saline (PBS).
For these experiments, 1.25 mL of γ-cyclodextrin and 1.25 mL of ethanol were used (1:1 v/v).
Energy-transfer experiments were then conducted using the above procedures.

2.4. Array-Generation Procedures
Array analysis was performed using SYSTAT 13 statistical computing software with the
following settings:
(a)
(b)
(c)
(d)

Classical discriminant analysis
Grouping variable: analytes
Predictors: γ-cyclodextrin/BODIPY, γ-cyclodextrin/Rhodamine 6G, γ-cyclodextrin/Coumarin 6
Long-range statistics: Mahal

3. Results and Discussion
3.1. Concentration-Dependent Energy-Transfer Experiments
The effect of the cyclodextrin concentration on the observed fluorescence energy transfer was
measured for analytes 1–6 in combination with fluorophore acceptors 7–9. If the formation of ternary
complexes between the cyclodextrin, analyte, and fluorophore is required for analyte-to-fluorophore
energy transfer, one would expect that the efficiency of the observed energy transfer would increase
with an increase in the concentration of the cyclodextrin, as ternary complex formation becomes
increasingly favorable. The fact that this phenomenon is not observed in this system for any
of the analyte—fluorophore combinations means that: (a) cyclodextrin is not required for the
key intermolecular interactions involved in analyte-to-fluorophore energy transfer; (b) the chosen
cyclodextrin concentrations are in a region where the energy transfer signal has already reached a
maximum value; or (c) more complicated intermolecular phenomena are occurring, including rim
association, partial guest inclusion, and/or higher order complexation.
For most combinations of analytes and fluorophores, the change in the cyclodextrin concentration
from 5 mM to 10 mM to 15 mM resulted in little to no change in the efficiency of the observed energy
transfer, suggesting that the cyclodextrin may be extraneous in promoting favorable intermolecular
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interactions (option a, above), likely as a result of cyclodextrin-free hydrophobic association [19,25].
Some exceptions to this trend include analytes 3 and 4 in combination with fluorophore 7, for which
an increase in the cyclodextrin concentration led to a decrease in the observed energy-transfer
efficiencies (Table 1, Figure 2). The decreased efficiencies for these analyte–fluorophore combinations
indicate more complicated intermolecular phenomena (option c, above), likely as a result of weaker
cyclodextrin–analyte complexation for analytes that are neither extremely hydrophobic (i.e., analytes 1
and 2) [36] nor capable of acting as strong hydrogen bond donors (i.e., analytes 5 and 6) [37].
This is further justified through consideration of electrostatic potential maps (see ESI for more
details), which were calculated for analytes 1–6 and fluorophores 7–9 in their energy minimized
conformations. There is a lower degree of complementarity for analytes 3 and 4 than with analytes 1
and 2 (electron-rich) with fluorophores (electron-neutral/electron-deficient surfaces), leading to less
interactions and decreased energy-transfer efficiencies.
Table 1. Selected energy-transfer results for concentration-dependent energy-transfer experiments
a
with fluorophore
Chemosensors
2017, 5, 34 7 as an acceptor. Control ratios are shown in parentheses .
5 of 15
(mM)
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Figure 2. A comparison of the fluorescence emission obtained using 1 mM (black line), 5 mM
Figure 2. A comparison of the fluorescence emission obtained using 1 mM (black line), 5 mM (red
(red line), 10 mM (blue line) and 15 mM (purple line) γ-cyclodextrin for (A) analyte 3; (B) analyte 4;
line), 10 mM (blue line) and 15 mM (purple line) γ-cyclodextrin for (A) analyte 3; (B) analyte 4; and
and (C) analyte 5 with fluorophore 7.
(C) analyte 5 with fluorophore 7.
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Results represent the average of four trials; energy-transfer efficiencies were calculated using
Equation (1); control ratios were calculated using Equation (2).
a

Chemosensors 2017, 5, 34

6 of 15

emission that is relatively unaffected by the presence of the analyte. For the remainder of the studies,
we chose 10 mM cyclodextrin solutions based on previously reported results showing high performance
Chemosensors
2017, 5, 34
6 of 15
of
10 mM cyclodextrin
in promoting energy transfer [19–21,23].
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As expected, in every case the observed energy-transfer efficiencies were lower at 80 ◦ C than
33.9 ± 0.00
6.2 ± 0.00
33.6 ± 0.01
◦
5
at 5 C (intermediate temperatures
reported in the ESI). This is due to a decrease in the strength
(1.02 ± 0.00)
(1.09 ± 0.00)
(0.70 ± 0.03)
5 forces at elevated temperatures, which decreases the stability of the complex and
of intermolecular
27.2 ± 0.00
5.5 ± 0.00
15.5 ± 0.00
80
the resultant analyte-to-fluorophore
energy transfer. These results are in line with literature reports
(0.99 ± 0.01)
(1.00 ± 0.00)
(1.02 ± 0.01)
that indicate that host–guest inclusion complexes [42], including cyclodextrin-based complexes [43],
57.9 ± 0.00
14.3 ± 0.00
81.4 ± 0.02
are less stable at higher temperatures.
Nonetheless, the measurable fluorescence signals observed
5
(0.95 ± 0.00)
(2.09 ± 0.01)
(0.96 ± 0.00)
6
37.98 ± 0.01
7.3 ± 0.00
37.1 ± 0.01
80
(1.02 ± 0.00)
(2.83 ± 0.01)
(1.50 ± 0.00)
Analyte

Results represent the average of four trials; energy-transfer efficiencies were calculated using
Equation (1); control ratios were calculated using Equation (2).
a

As expected, in every case the observed energy-transfer efficiencies were lower at 80 °C than at
5 °C (intermediate temperatures reported in the ESI). This is due to a decrease in the strength of
intermolecular forces at elevated temperatures, which decreases the stability of the complex and the
resultant analyte-to-fluorophore energy transfer. These results are in line with literature reports that
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indicate that host–guest inclusion complexes [42], including cyclodextrin-based complexes [43], are
less stable at higher temperatures. Nonetheless, the measurable fluorescence signals observed at
80 80
°C◦ C
indicate
proximity-induced fluorescence-based
fluorescence-based
at
indicatethat
thatthe
thesystem
systemstill
still functions
functions to
to enable
enable proximity-induced
detection even
even at
detection
at elevated
elevated temperatures.
temperatures. Additionally,
Additionally, for
for most
most of
of the
the donor–acceptor
donor–acceptor combinations,
combinations,
control
ratios
confirm
that
the
observed
energy-transfer
efficiencies
are
a
result
of
legitimate
analytecontrol ratios confirm that the observed energy-transfer efficiencies are a result of legitimate
to-fluorophore energy transfer,
than
a result
of directly
the exciting
fluorophore
at the analyte’s
analyte-to-fluorophore
energy rather
transfer,
rather
than
a result exciting
of directly
the fluorophore
at
excitation
wavelength.
the
analyte’s
excitation wavelength.
Moreover, Figure
Figure 3A
3A indicates
indicates aa substantial
substantial change
change in
in the
emission
Moreover,
the benzo[a]pyrene
benzo[a]pyrene fluorescence
fluorescence emission
◦
◦
on going
going from
from 55 °C
to80
80 °C,
withhigher
higherexcimer
excimeremission
emissionobserved
observedatatthe
the
lower
temperature.
This
on
C to
C, with
lower
temperature.
This
is
is
in
line
with
literature
reports
that
indicate
higher
excimer
amounts
at
low
temperatures
[44–46],
in line with literature reports that indicate higher excimer amounts at low temperatures [44–46],
and is
is likely
likely due
due to
to increased
increased solution
solution viscosity
viscosity resulting
resulting in
in decreased
decreased molecular
molecular motion,
motion, as
as well
well as
as
and
an increase
increase in
in the
the favorability
favorability of
of excimer
excimer formation.
formation. In
5, with
with no
no reported
reported
an
In contrast,
contrast, analytes
analytes 33 and
and 5,
excimer
formation,
show
a
slight
decrease
in
the
fluorescence
emission
of
fluorophore
7
at 80
80 ◦°C
excimer formation, show a slight decrease in the fluorescence emission of fluorophore 7 at
C
◦
compared to
to the
the emission
emission at
at 55 °C,
but the
the spectral
spectral fine
fine structure
structure is
is largely
largely maintained.
maintained. Additional
Additional
compared
C, but
◦ C and
◦ C were
temperatures between
details); however,
no clear
clear
temperatures
between 55 °C
and 80
80 °C
were also
also tested
tested (see
(see ESI
ESI for
for more
more details);
however, no
trend
existed
with
slight
temperature
variations.
trend existed with slight temperature variations.
The knowledge
can
aidaid
substantially
in
The
knowledge gained
gainedfrom
fromthese
thesetemperature-dependent
temperature-dependentexperiments
experiments
can
substantially
the
rational
design
of
chemosensors,
by
confirming
the
ability
of
the
system
to
operate
within
a
broad
in the rational design of chemosensors, by confirming the ability of the system to operate within a
temperature
range. range.
While the
observed
energy-transfer
efficiencies
decrease
with increases
in the
broad
temperature
While
the observed
energy-transfer
efficiencies
decrease
with increases
solution
temperature,
sufficiently
favorablefavorable
intermolecular
interactions
exist to facilitate
in
the solution
temperature,
sufficiently
intermolecular
interactions
exist toanalyte-tofacilitate
fluorophore
energy
transfer
and
the
resultant
turn-on
fluorophore
emission.
Moreover,
linear
analyte-to-fluorophore energy transfer and the resultant turn-on fluorophore emission. Moreover,
discriminant
analysis
of theof fluorescence
response
signals
shows
the
linear
discriminant
analysis
the fluorescence
response
signals
shows100%
100%differentiation
differentiation in
in the
fluorescence
signals
at
both
low
and
high
temperatures
(Figure
4).
fluorescence signals at both low and high temperatures (Figure 4).

(A)

(B)

Figure 4.
4. Array-based
analytes
2–62–6
with
fluorophores
7–97–9
in in
γFigure
Array-baseddetection
detectionofof(A)
(A)analytes
analytes1–6;
1–6;(B)(B)
analytes
with
fluorophores
cyclodextrin
solutions
at
5
°C
and
80
°C.
γ-cyclodextrin solutions at 5 ◦ C and 80 ◦ C.

Results from statistical arrays generated using analytes 1–6 with fluorophores 7–9 in Figure 4A
Results from statistical arrays generated using analytes 1–6 with fluorophores 7–9 in Figure 4A
show an interesting linear grouping of analytes. The observed grouping of analytes is likely due to
show an interesting linear grouping of analytes. The observed grouping of analytes is likely due to the
the large difference in response signals for analyte 1 at both 5 °C and 80 °C as compared to analytes
large difference in response signals for analyte 1 at both 5 ◦ C and 80 ◦ C as compared to analytes 2–6 at
2–6 at the same temperatures. When the anomalous analyte 1 is removed from the statistical array, a
the same temperatures. When the anomalous analyte 1 is removed from the statistical array, a greater
greater visual separation of analytes arises (Figure 4B). These results show well-separated response
visual separation of analytes arises (Figure 4B). These results show well-separated response signals
signals for structurally similar analytes (analytes 3 and 4 or analytes 5 and 6) as well as single analytes
for structurally similar analytes (analytes 3 and 4 or analytes 5 and 6) as well as single analytes
at different temperatures (5 °C analyte 2 and 80 °C analyte 2). These results indicate differences in
at different temperatures (5 ◦ C analyte 2 and 80 ◦ C analyte 2). These results indicate differences in
response signals arising from the different temperature cyclodextrin-analyte-fluorophore combinations,
which highlights the practical applicability of these chemosensors to be used for detection in a wide
range of temperatures.
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3.3. pH-Dependent Energy-Transfer Experiments
3.3. pH-Dependent Energy-Transfer Experiments
The pH of the solution affects the non-covalent interactions between the cyclodextrin, analyte,
The pH of the solution affects the non-covalent interactions between the cyclodextrin, analyte, and
and fluorophore and the resultant fluorescence energy transfer in a number of ways [47], including:
fluorophore and the resultant fluorescence energy transfer in a number of ways [47], including:
(a) protonation or deprotonation of the analyte, which affects its ability to form intermolecular
(a) protonation or deprotonation of the analyte, which affects its ability to form intermolecular
hydrogen bonds and/or bind in a hydrophobic cavity; (b) protonation or deprotonation of the
hydrogen bonds and/or bind in a hydrophobic cavity; (b) protonation or deprotonation of the
fluorophore, which will have similar effects; (c) protonation or deprotonation of the cyclodextrin host,
fluorophore, which will have similar effects; (c) protonation or deprotonation of the cyclodextrin host,
which can be ruled out under most circumstances based on the pKa of the hydroxyl groups [48–50];
which can be ruled out under most circumstances based on the pKa of the hydroxyl groups [48–50];
and (d) modification of the bulk solvent hydrophobicity due to the presence of excess ions, which is
and (d) modification of the bulk solvent hydrophobicity due to the presence of excess ions, which is a
a phenomenon that has been well-documented in the literature [51,52]. We investigated the efficiency
phenomenon that has been well-documented in the literature [51,52]. We investigated the efficiency
of the cyclodextrin-promoted energy transfer at pH 0, 3, 5, 8, 10 and 12, and the results of these
of the cyclodextrin-promoted energy transfer at pH 0, 3, 5, 8, 10 and 12, and the results of these
experiments are summarized in Table 3 and Figure 5.
experiments are summarized in Table 3 and Figure 5.

Figure
Figure5.5.AAcomparison
comparisonofofthe
thefluorescence
fluorescenceemission
emissionininγ-cyclodextrin
γ-cyclodextrinatatpH
pH00(black
(blackline)
line)and
andpH
pH88
(redline),
line),and
andpH
pH12
12(blue
(blueline)
line)with
with(A)
(A)analyte
analyte5;5;and
and(B)
(B)analyte
analyte66with
withfluorophore
fluorophore7.7.Insets
Insetsshow
show
(red
thezoomed-in
zoomed-inspectral
spectralregion
regionfrom
from470–800
470–800nm.
nm.
the
Table
Selectresults
resultsofofenergy-transfer
energy-transferexperiments
experimentswith
withcompound
compound77(control
(controlratios
ratiosshown
showninin
Table 3.
3. Select
parentheses)
parentheses)a.a .

Analyte

Analyte

5

6

a

5

6

pH Energy Transfer % (Control Ratio)
pH
Energy Transfer % (Control Ratio)
0
35.4 ± 0.00 (1.09 ± 0.00)
0
35.4 ± 0.00 (1.09 ± 0.00)
33
39.7 ± 0.00
(1.19 ± 0.01)
39.7 ± 0.00 (1.19 ± 0.01)
55
38.4 ± 0.00
± 0.00)
38.4(1.18
± 0.00
(1.18 ± 0.00)
42.4(0.26
± 0.00
(0.26 ± 0.01)
88
42.4 ± 0.00
± 0.01)
40.1(1.08
± 0.00
(1.08 ± 0.01)
1010
40.1 ± 0.00
± 0.01)
12
36.3 ± 0.01 (1.10 ± 0.03)
12
36.3 ± 0.01 (1.10 ± 0.03)
56.1(0.70
± 0.00
(0.70 ± 0.00)
00
56.1 ± 0.00
± 0.00)
3
60.0 ± 0.00 (0.64 ± 0.01)
35
60.0 ± 0.00
(0.64 ± 0.01)
73.3 ± 0.01 (0.54 ± 0.00)
58
73.3 ± 0.01
± 0.00)
80.9(0.54
± 0.02
(0.13 ± 0.00)
79.4(0.13
± 0.01
(0.53 ± 0.00)
810
80.9 ± 0.02
± 0.00)
12
71.9
±
0.01
(0.58 ± 0.01)
10
79.4 ± 0.01 (0.53 ± 0.00)
four
were calculated using
12 trials; energy-transfer
71.9 ± 0.01 efficiencies
(0.58 ± 0.01)

Results represent the average of
control ratios were calculated using Equation (2).

Equation (1);

Results represent the average of four trials; energy-transfer efficiencies were calculated using
Equation (1); control ratios were calculated using Equation (2).
a

For analytes 5 and 6, with one and two free NH2 groups, respectively, the pH-dependent
For
analytes
5 and 6, withefficiencies
one and two
free
2 groups, respectively, the pH-dependent trends
trends in
the energy-transfer
can
beNH
explained
by the protonation/deprotonation of the
inanalytes
the energy-transfer
efficiencies
can
be
explained
by
the protonation/deprotonation
of the analytes
(option a, above). Both analytes show maxima
in energy-transfer efficiencies
at pHs 8
(option
a,
above).
Both
analytes
show
maxima
in
energy-transfer
efficiencies
at
pHs
8
and 10, which
and 10, which correspond to the pHs at which the NH group is neutral (neither protonated
nor
2

deprotonated) [53,54]. The neutral NH2 group is better equipped to participate in intermolecular
hydrogen bonding and intermolecular hydrophobic association compared to its protonated and
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deprotonated charged analogues, which are the predominant species at lower and higher pH values,
respectively. Moreover, in these cases the residual analyte emission is also significantly stronger at
pH 8 compared to pHs 0 and 12 (Figure 5A,B), which indicates that the solution at extreme pH values
may be experiencing generally suppressed fluorescence as a result of the high ion content that leads to
non-radiative decay pathways.
In general, the fact that strong energy transfer signals are observed within such a broad pH
range highlights the general applicability of this system for working in both extremely acidic and
extremely basic solutions. In combination with this general applicability is a high level of selectivity
in differentiating all responses at all pH values with 100% selectivity (see ESI for more details).
The generality and selectivity reported herein have significant applicability in the development of
practical chemosensor systems.
3.4. Salt-Dependent Energy-Transfer Experiments
Salts are known to influence inclusion complexation by a variety of pathways, including through
the disruption of intermolecular hydrogen bonding, the formation of association complexes with
hydrophobic and/or charged analytes, and the facilitation of ternary complex formation [55–57].
Their presence also affects hydrophobic association, with salts such as sodium chloride increasing
hydrophobic binding [58], and salts such as guanidinium hydrochloride (GuHCl) decreasing the
hydrophobic interactions [59]. Fluorescence energy transfer in these cyclodextrin systems was
measured at various salt concentrations (1 M guanidium hydrochloride and 1 M sodium chloride
for all analytes and 0.1 M and 2 M concentrations for select analytes) to determine the robustness
of the system to operate under conditions known to disrupt important intermolecular interactions.
The results are summarized in Table 4, with selected examples shown in Figure 6.
Table 4. Results of energy-transfer experiments in the presence of salt additives with compound 7
(control ratios are shown in parentheses) a .
Analyte

0.1 M NaCl

1 M NaCl

2 M NaCl

0.1 M GuHCl

1 M GuHCl

2 M GuHCl

2

71.3 ± 0.00
(0.47 ± 0.00)

69.8 ± 0.03
(0.49 ± 0.00)

69.6 ± 0.01
(0.55 ± 0.01)

75.6 ± 0.00
(0.49 ± 0.00)

67.1 ± 0.01
(0.49 ± 0.01)

66.3 ± 0.01
(0.51 ± 0.01)

4

40.5 ± 0.00
(0.92 ± 0.01)

51.4 ± 0.01
(0.78 ± 0.01)

84.3 ± 0.08
(0.49 ± 0.04)

40.1 ± 0.01
(0.90 0.01)

41.4 ± 0.01
(0.89 ± 0.02)

50.2 ± 0.08
(0.71 ± 0.10)

5

37.6 ± 0.01
(1.03 ± 0.01)

40.0 ± 0.00
(1.14 ± 0.00)

43.3 ± 0.01
(1.01 ± 0.01)

38.1 ± 0.00
(1.03 0.00)

37.7 ± 0.00
(1.07 ± 0.01)

33.6 ± 0.00
(1.02 ± 0.00)

a

Results represent the average of four trials; energy-transfer efficiencies were calculated using Equation (1);
control ratios were calculated using Equation (2).

As expected, a majority of the analyte–fluorophore combinations showed changes in the observed
energy transfer efficiencies with changes in the salt composition. In general, sodium chloride
solutions demonstrated energy-transfer efficiencies that were slightly higher, indicating an increase
in favorable hydrophobic interactions, whereas guanidinium hydrochloride-containing solutions
demonstrated energy-transfer efficiencies that were slightly lower. Benzo[a]pyrene 1 and the oxidized
analogue 2 (Figures 6A and 7A) both demonstrated an increase in the excimer emission in the presence
of guanidium hydrochloride compared to the emission in the presence of sodium chloride and
the emission in pure distilled water. These compounds have large hydrophobic surfaces that are
particularly susceptible to the “salting out effect”, in which the addition of certain salts decreases
the solubility of the analytes and induces aggregation. This aggregation, in turn, results in a marked
increase in the excimer emission (Figures 6 and 7).
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interface
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the
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of the
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Table 5. Results of select energy-transfer experiments in the absence and presence of ethanol and THF
Table 5. Results of select energy-transfer experiments in the absence and presence of ethanol and THF
co-solvents with compound 7 (control ratios are shown in parentheses) aa.
co-solvents with compound 7 (control ratios are shown in parentheses) .

Analyte
Analyte
11
33
66

GCD
GCD
+ Ethanol
GCD
+ THF
GCD
GCD
+ Ethanol
GCD
+ THF
1056.7
± 0.10
(0.03
± 0.00)
± 0.00
(1.51
± 0.01)
± 0.00
(1.23
± 0.02)
1056.7
± 0.10
(0.03
± 0.00) 12.712.7
± 0.00
(1.51
± 0.01)15.815.8
± 0.00
(1.23
± 0.02)
± 0.02
(0.74
± 0.03) 2.5 ±2.5
± 0.00
(7.70
± 0.04) 5.105.10
± 0.00
(3.73
± 0.07)
40.840.8
± 0.02
(0.74
± 0.03)
0.00
(7.70
± 0.04)
± 0.00
(3.73
± 0.07)
± 0.00
(0.57
± 0.01) 5.6 ±5.6
± 0.00
(3.37
± 0.01) 7.847.84
± 0.00
(2.63
± 0.03)
69.469.4
± 0.00
(0.57
± 0.01)
0.00
(3.37
± 0.01)
± 0.00
(2.63
± 0.03)

a

thethe
average
of four
energy-transfer
efficiencies
were calculated
Equation
(1);
a Results
Resultsrepresent
represent
average
of trials;
four trials;
energy-transfer
efficiencies
were using
calculated
using
control ratios were calculated using Equation (2).

Equation (1); control ratios were calculated using Equation (2).

Results in
in Table
Table 55 indicate
indicate that
that the
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energy-transfer efficiencies
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were markedly
markedly diminished
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Results
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and
THF
compared
to
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results
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co-solvents’
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a
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increase in
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solvent-containing
solutions.
These
results
can
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the calculated
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ratiosininthe
theorganic
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solvent-containing
solutions.
These
results
be
explained
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a
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in
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aqueous
composition
of
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solvent,
which
in
turn
leads
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can be explained by a decrease in the aqueous composition of the solvent, which in turn leads to aa
decreasein
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thehydrophobic
hydrophobicdriving
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cyclodextrin
complex
formation,
which
is maximized
decrease
force
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complex
formation,
which
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in a
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a
strongly
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solvent
to
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the
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of
non-polar
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guests.
strongly hydrophilic aqueous solvent to favor the inclusion of non-polar aromatic guests. Additionally,
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4. Conclusions
The ability to modify the performance of chemosensors through the variation of experimental
parameters, and the knowledge of what experimental parameter variations are tolerated by
the chemosensor system, are both extremely important in the rational design, development,
and optimization of chemosensors. Previous work in our group reported the development of
cyclodextrin-based chemosensors for toxicant detection applications, but included very little
information about the system tolerance to significant experimental fluctuations. Reported herein are the
results of our investigations into precisely this objective, in which we show that the cyclodextrin-based
chemosensors continue to function even at extremes of temperature, pH, and salt concentrations.
These results provide crucial information for the development of fluorescence-based chemosensors
using cyclodextrin-based systems to promote fluorescence energy transfer and/or fluorescence
modulation. Current research in our laboratory is focused on the use of this knowledge for the
development and deployment of practical toxicant-detection systems based on these chemosensors.
Results of these and other investigations will be reported in due course.
Supplementary Materials: The following are available online at www.mdpi.com/2227-9040/5/4/34/s1,
Supplementary information contains synthesis of compound 7, details of energy-transfer experiments, and
summary tables and summary figures for all experiments.
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