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ABSTRACT: We carried out steady-state and stopped-flow photophysical measurements to determine the kinetics of a discrete
disassembly driven turn-on fluorescent system. On and off rates for both DimerDyel (DD1) assembly, and nicotine binding were
determined. Relative rates for these competing processes provide insight on how this system can be optimized for sensing applica-
tions. Kinetics studies in artificial saliva showed that moving to more complex media has minimal effects on the sensing ability of

the system.

In supramolecular sensing, the coupling of a molecular
recognition event to a fluorescent output can happen in many
ways." Analyte-triggered disaggregation is a broadly success-
ful approach for turn-on fluorescence sensing.®® Amphiphilic
dendrimers and polymers — easily functionalized and intrinsi-
cally suited to forming large aggregates — are often used for
disassembly-driven sensing.”'* Host-guest binding can also be
used to trigger the disassembly of molecular micelles, in order
to provide visible responses. Where a host-indicator complex
forms large, quenched micellar aggregates, the presence of a
guest-type analyte can cause disassembly and render the indi-
cator emissive.'* This approach is operational in complex bio-
logical and aqueous media, and has been used as a general ap-
proach for selectively sensing drugs,'*"'® and biologically rele-
vant analytes.'”"?

Mechanistic details about dynamic phenomena are germane
for the design of complex systems at equilibrium or out-of-
equilbrium.* 2?2 Studies for tandem assays based on host-guest
disassembly showed that disassembly must be faster than the
assayed reaction.”® The micellar or polymeric nature of many
disassembly-driven sensors complicates their mechanistic char-
acterization.?* In contrast, knowledge on how to control sequen-
tial and competitive pathways for stoichiometric disassembly

systems will provide the information required for the optimiza-
tion of such systems.

Scheme 1. Fluorescence turn-on of the HSP moiety of DD1
with the binding of nicotine guest.
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We have previously reported a series of calixarenes that ho-
modimerize in water.” Analogs that include an integrated fluo-
rescent component are called DimerDyes.?*?” The self-assem-
bly of DimerDyes stacks two dye copies in an antiparallel,
quenching arrangement. The addition of a good guest out-com-
petes homodimerization to form a host-guest complex, resulting
in a turn-on fluorescence response (Scheme 1). These disassem-
bly-driven systems are inherently resistant to interference from



competing co-solutes,”® making them well suited to many bio-
sensing tasks. As discrete assemblies, DimerDyes are uniquely
well suited to detailed mechanistic characterization.

The current study focuses on the competing binding equilib-
ria for the complexes of DimerDyel (DD1) with the guest nic-
otine. Nicotine is a biologically relevant model analyte*”* that
has multiple ionizable groups (pK.=3.1 (pyridine) and 8.0 (pyr-
rolidine)),*” allowing us to probe the effect of charge on multi-
ple binding equilibria. We first characterize the general assem-
bly and photophysical properties of the system using absorb-
ance and steady-state fluorescence. We then used stopped-flow
experiments in buffer and artificial saliva to establish the kinet-
ics of individual steps, and to reveal how complex media affect
the kinetics at the heart of this disassembly-driven sensor.’!

Dimerization of DD1 is affected by the protonation states of
the host. Sulfonatocalix[4]arenes have a single, unusually
acidic phenol with a pK, of 3.2, while the remaining three phe-
nols have pK, values >11.3.3>33 At pH 6.3 (one anionic phenol,
Scheme 1) and at pH 12.1 (>1 anionic phenol) DD1 exists as
the non-fluorescent dimeric DD1, (inset Figure 1a,b).?® At pH
2.2, some fluorescence is observed (Figure 1b), indicating the
presence of the fluorescent monomer DD1. This weakening of
the dimer is likely due to the pH being lower than the pX, of the
hydroxyl group on the lower rim of DD1.
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Figure 1. (a) Absorption and fluorescence (inset) spectra for 8.3 uM
DD1 in the absence (black) and presence (red) of 167 pM nicotine
at pH 6.3. (b) Fluorescence spectra for 8.3 pM DD1 in the absence
(black) and presence of 167 uM nicotine (red) at pH 2.2. Inset: Flu-
orescence spectra for 10 pM DD1 in the absence (black) and pres-
ence of 500 (red) and 2000 uM (blue) choline at pH 12.1.

Optimal DD1-guest binding occurs with positively charged
guests. Upon treatment with nicotine at pH 6.3 and 2.2, a red
shift in the absorption spectra and increase in emission intensi-
ties are observed (Figure 1, S1). This is expected to arise from
the disassembly of DD1, and formation of the DD1-nicotine
complex. The existence of some disassembled DD1 at pH 2.2
leads to detectable fluorescence in the absence of nicotine,
which signifies the presence of a mixture of species. At pH 12.1,
nicotine is uncharged; the minimal response of DD1 absorbance
and emission upon addition of nicotine (Figure S2) confirms
that a cationic guest is required for significant binding to

occur.” This is verified by treatment of DD1 with the quater-
nary ammonium ion choline at pH 12.1, for which a fluores-
cence response occurs (inset Fig, 1b). Sensing at various pH
values will be instrumental for the simultaneous sensing of mul-
tiple analytes that have differentially charged states at the dif-
ferent pHs.>**> However, for our kinetic studies we chose the
pH of 6.3 where we have the presence of only one well behaved
charge state of host and guest.

The DD1-nicotine system corresponds to a system of coupled
reactions requiring real-time measurement of its kinetics. The
association and dissociation processes cannot be determined
separately and the fastest unimolecular reaction determines the
time scale for the kinetics measurements.*® The broadening ob-
served in the '"H NMR spectra for DimerDye-guest systems,?*
27 including the current system (Figure S3), suggests that the
dynamics for these systems occur on the millisecond time-scale,
making stopped-flow the suitable technique for real-time ki-
netic measurements.*®

The kinetics for DD1, disassembly upon dilution was meas-
ured by the appearance of fluorescence from monomeric DD1
(Figure 2b). No photoisomerization of the DD1 chromophore
(HSP) occurred (Figure S4), consistent with the much slower
photoisomerization for HSP observed previously.’” At higher
DD1 concentrations, the reaction is faster because of a faster
rate for DD1 association to form DD1,. The kinetics follow a
monoexponential function from which an observed rate con-
stant (kobs) is determined. The linear dependence® (eq 1, see
derivation in the ST) between k2 and the total DD1 concentra-
tion (Figure 2¢) led to the determination of the association (k)
and the dissociation (k4) rate constants (Table 1). The ratio of k.
and k4 corresponds to the equilibrium constant for dimerization
(Kpp1) of (1.6 £ 0.9) x 10° M}, a value that is similar to Kpp:
determined from '"H NMR experiments in D,O (3.6 +0.8) x 10°
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Figure 2. (a) Schematics for the dimerization of DD1. (b) Kinetics
for the dilution of DD1 ([DD1]finai: blue —5 pM, red — 10 uM, black
— 50 uM) with phosphate buffer at pH 6.3. The traces are offset on
the y-scale for clarity. (c) Fit to equation 1 for the dependence of
k2, (7 independent experiments; errors correspond to standard de-
viations) on the DD1 concentration.



k2 = k2 + 8k,ky[DD1] (1)

obs

Table 1. Association and dissociation rate constants for the
dimerization of DD1 and the DD1-nicotine complex, and
equilibrium constants for DD1, (Kpp:) and DDI-Nic (K7;) in
buffer at pH 6.3 or in artificial saliva.”

DD1 DD1-nicotine
Buffer  Saliva Buffer Saliva
kJ10°M1st 23+£09  2+1
kal st 146 80+40
Kpp1/10* M1® 16+9 342
ki /106 M1 ! 0.23+0.01  0.10+0.02
kiy/s? 40+10 150+30
Ki/10*° M e 0.6+0.2 0.07+0.02
Ki/104°M1e 0.6%0.1 0.13+0.02

aFor error determinations see the Supporting Information. *Calcu-
lated from kinetic data, where K11 =kj; / ki;. ‘Obtained from the
binding isotherm.

The association rate constant for DD1, formation suggests that
dimerization requires some rearrangement of the macrocycle to ac-
commodate the HSP moiety, since k, is smaller than the diffusion-
controlled limit (6 X 10° M™! s1)3? and smaller than the association
rate constant of a neutral radical with p-sulfonatocalix[4]arene.*
This moderate decrease of k, for DD 1, suggests that rearrangement
and loss of entropy are required for dimerization to occur. How-
ever, no significant restrictions exist. Such restrictions, when ob-
served for other macrocycles, like cyclodextrins and cucur-
bit[n]urils, lead to slow complexation that can take hours.*!** The
dissociation rate constant for DD1, disassembly is similar to that
for unimpeded guest dissociation from cucurbit[n]urils,**#” but
much slower than the dissociation of guests from cyclodextrins.*
This slow disassembly off-sets the low association rate constant
leading to an equilibrium constant that ensures that micromolar
concentrations of DD1 can be used for sensing applications.

The complexation kinetics of nicotine to DD1 do not follow
a first-order behaviour because the dynamics for DD1, and
DD1-nicotine occur on the same timescale (Figure 3). Global
analysis was used to simultaneously fit the whole data set to a
model that includes the formation of both complexes, where the
values for k&, and k4 for DD1, were fixed (see SI) leading to the
determination of the association (kj;) and dissociation (ki;)
rate constants for DD1 complexation to nicotine (Table 1). The
validity of the fitting model is evaluated from the randomness
of the residuals (Figure 3b). These residuals are random at low
nicotine concentrations, while the small deviations at the higher
nicotine concentrations suggest the presence of minor com-
plexes. These minor processes do not affect the accuracy of the
kinetic parameters as the K, values are the same when calcu-
lated from the kinetic data or from the binding isotherm ob-
tained for the system at equilibrium (Table 1, Figure S5).

Differences in the association and dissociation rate constants
for the complexation dynamics of DD1-nicotine and DD1; pro-
vide a guide for future optimization of nicotine sensing. Sensing
is not optimal because with the low K, for DD1-nicotine a high
nicotine concentration is required to achieve detectable re-
sponse. The low Ki; compared to Kpp; is a consequence of the
lower value of kf; compared to k, and the higher value of
ki, compared to kg, where the larger change for k{; has a larger

effect on Kj;. The best target for host modification will be to
increase the association rate constant ky; in order for nicotine
association to outcompete DD1 dimerization. Decreasing the
nicotine dissociation rate constant would also achieve a higher
K, value, but too slow a nicotine dissociation rate might inter-
fere when sensing for multiple targets is desirable.
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Figure 3. (a) Schematics for DD1 dimerization and nicotine binding
to DD1. (b) Kinetics for the mixing of DD1 (10 uM, pH 6.3) with
different concentrations of nicotine for one independent experi-
ment. Residuals obtained for the data from the global analysis of
21 kinetic traces from four independent experiments. From the bot-
tom to top: [nicotine]na = 94, 188, 375, 750 and 1500 pM.

The kinetics were also studied in artificial saliva*® at pH 6.8
to understand how a complex environment mimicking a biolog-
ical one affects the mechanism of the DD1 system. The binding
affinity of nicotine to DD1 is lower (Table 1) because of the
higher ionic strength of the medium, where the total cation con-
centration is higher than 50 mM. The kinetics for both equilibria
were qualitatively the same as in buffer (Figures S6-7). The &,
for DD1, dimerization remained the same, while the rate con-
stant for disassembly increased (Table 1). Cations are known to
bind to p-sulfonatocalix[4]arene*-** and have been shown to
modulate the kinetics for guest binding to a calix[6]arene in or-
ganic solvents.’! The higher k4 for DD1, disassembly suggests
that cations stabilize the monomeric DD1, while the unchanged
k. value indicates that dimerization is not inhibited by cation
binding to DD1, ensuring that the decrease of Kpp; is only mod-
est. The trends for the dynamics of DD1-nicotine were the same
as in buffer with a further decrease observed for k;; and a more
significant increase observed for ki;. From the mechanistic
point of view the relative rate constant for DD1, dimerization



and DD1-nicotine complexation did not change significantly,
showing that mechanistic kinetic studies in buffer provide rele-
vant information for the design of the next generation of disas-
sembly driven sensors.

In the context of systems chemistry, the two competing equi-
libria characterized in this paper are on the simpler end of the
complexity spectrum. And yet, the kinetic studies of this ‘sim-
ple’ system reveal striking complexity in the coupling of the
two equilibria, in their generation of optical outputs, and in their
strong dependence on pH and co-solutes. The quest for emer-
gent properties is one of the main motivations for doing systems
chemistry, and yet we often do not know how to tune those
properties. This study shows how kinetic information provides
means for the rational tuning of the responses of host-guest sys-
tems that could lead to the emergence of improved functions in
a family of supramolecular sensors.

EXPERIMENTAL SECTION

Materials. DD1 was synthesized and purified following the
reported protocols and the purity was verified by UPLC-MS
(Figure S8).%° Guest compounds (S)-(-)-nicotine (99%) and
choline chloride (>98%) did not show any fluorescent impuri-
ties. The artificial saliva materials were: methyl 4-hydroxyben-
zonate, sodium carboxymethyl cellulose, potassium chloride,
calcium chloride, potassium dihydrogen phosphate, and magne-
sium chloride. Dibasic sodium phosphate, monobasic sodium
phosphate, potassium hydroxide, sodium hydroxide and hydro-
chloric acid were used without further purification.

Sample preparation. All solutions, with the exception of the
ones for '"H NMR experiments, were prepared using deionized
water (Barnstead NANOpure deionizing systems, >17.8 MQ
cm). The pH values were confirmed using a Cole Parmer Mi-
crocomputer pH-Vision pH meter. For 'H NMR experiments,
the solutions were prepared using NaH,PO,/Na,HPO, (50 mM,
pD 6.3) in D,O. For all other studies, phosphate buffer (10 mM,
pH 6.3) was prepared using NaH,PO4/Na,HPOj, in deionized
water. The pH was adjusted with 1 M NaOH/HCI. HCl solu-
tions of pH 2.2 and NaOH solutions of pH 12.1 were prepared
from a 4.0 N HCI stock solution and solid NaOH, respectively.
Artificial saliva (pH 6.8) was prepared following the reported
protocol.*® The concentrations of the artificial saliva compo-
nents are: [methyl 4-hydroxybenzonate] = 13 mM, [sodium car-
boxymethyl cellulose] = 38 mM, [KCl] = 8.4 mM, [CaCly] =
1.5 mM, [KH,PO,] = 2.4 mM and [MgCl,] = 0.6 mM. The pH
was adjusted using 1 M KOH and the solution was then filtered.
Solutions of DD1 and nicotine were made in the phosphate
buffer (10 mM, pH 6.3), hydrochloric acid (10 mM, pH 2.2),
NaOH (10 mM, pH 12.1) and artificial saliva (pH 6.8) solutions.
A stock solution of choline chloride was made in NaOH (10
mM, pH 12.1). These stocks were further diluted with the cor-
responding buffer, acid, base, or saliva solution to afford the
concentrations specified in the UV-Vis absorption, steady-state
fluorescence and stopped-flow experiments. During stopped-
flow experiments the concentrations of the solutions are halved
due to equal volume mixing of the two solutions placed in each
syringe before the measurement. For binding isotherm measure-
ments, the nicotine solution contained the same concentration
of DD1 as the DD1solution into which nicotine was titrated
into, so that dilution of DD1 did not occur during the experi-
ment.

Equipment. The 'H NMR spectra were recorded on a Bruker
Avance Neo 500 MHz spectrometer at 24°C. The UV-Vis

absorption spectra were recorded on a Varian Cary 100 spectro-
photometer. Fluorescence emission spectra were collected us-
ing a PTI QM40 fluorimeter. In the case of the DD1-nicotine
system, the steady-state fluorescence emission was collected
from 400-700 nm at an excitation wavelength of 375 nm. The
excitation and emission monochromator bandwidths were set to
2 nm for all these measurements. For the binding isotherm ex-
periments at pH 6.3, the emission spectra were collected be-
tween 400 and 700 nm at an excitation wavelength of 384 nm.

An Applied Photophysics SX20 stopped-flow spectrometer,
with a Hg-Xe vapour lamp as the excitation source, was used to
measure the homodimerization and binding dynamics in phos-
phate buffer and artificial saliva. Two solutions were mixed
within ~ 1 ms in a 1:1 ratio. For the homodimerization and bind-
ing dynamics studies in the presence of phosphate buffer or ar-
tificial saliva, the samples were excited at 400 and 405 nm re-
spectively, with an excitation monochromator slit width of 2
mm that corresponds to a bandwidth of 9.3 nm. The emission
from the sample was collected using a 515 nm cut-off filter. The
sample temperatures were maintained at 20°C using a water

bath.
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