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Abstract

The effects of the organic cosolvents methylformamide (MF), dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), and acetonitrile (AN) on the reversible inclusion of the natural
alkaloid palmatine (Pal) in cucurbit[7]uril (CB7) were investigated using fluorescence
spectroscopy, stopped-flow measurements, and isothermal titration calorimetry. Kinetic studies
revealed that cosolvents not only compete with Pal for CB7 binding but also modulate both the
formation and dissociation rates of Pal-CB7 complex. Cosolvent confinement in CB7 was
exothermic, with dimethylformamide showing the strongest affinity due to the favorable
entropic contribution to the driving force. Even small cosolvents fractions reduced the enthalpy
gain of Pal-CB7 formation, which was partly compensated by entropy increases in the presence
of methylformamide, acetonitrile, and dimethyl sulfoxide. Direct monitoring of the complex
dissociation demonstrated cosolvent-promoted acceleration of Pal release, driven by a greater
decrease in activation enthalpy than activation entropy. Dimethylformamide addition enhanced
the rate of Pal association with CB7, acetonitrile exerted negligible influence, whereas dimethyl
sulfoxide and methylformamide slowed the process. These results underscore the essential role
of cosolvent-induced perturbations in the hydrogen-bonded water network and solvation shell

in modulating both thermodynamics and kinetics of host—guest complexation.

Keywords: host-guest complex; activation parameters, solvent effect, water structure, binding
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1. Introduction

Organic cosolvents are widely used as solubilizing excipients in water-based
pharmaceutical formulations [1, 2] and for tuning the properties of aqueous polymer solutions
[3, 4]. They affect the stability and conformational dynamics of proteins [5], induce
morphological transformations in self-assembled polypeptides [6], and regulate the catalytic
activities of enzymes [7, 8]. A deoxyribozyme capable of RNA-cleaving only in the presence
of DMSO has been developed [9]. Cosolvent-driven chiral inversion has been achieved in self-
assembled peptides and one-dimensional coordination polymers [10, 11]. Even trace amounts
of organic solvents can direct and mediate dipeptide self-assembly in aqueous media [12].

Due to their inclusion complex formation, water-soluble macrocyclic compounds have
diverse applications in biomedical field [13], chemical sensing [14], catalysis [15], material
science [16], and separation technologies [17]. Their binding affinity and the properties of their
host-guest complexes can be effectively modulated by cosolvents. The combined use of
cosolvents and cyclodextrins (CDs), a family of cyclic oligosaccharides composed of
glucopyranose units, has been investigated to achieve an optimized synergistic effect [18-20].
Increasing the concentration of ethanol or dimethyl sulfoxide (DMSO) in aqueous solution
reduced the stability of CD complexes by decreasing the exothermicity of their formation [21,
22]. Combined molecular dynamics and NMR studies demonstrated the competitive inclusion
of propiconazole nitrate and DMSO in B-cyclodextrin, along with a decrease in guest binding
affinity with increasing DMSO volume fraction in water [23].

Despite the diverse potential applications of the pumpkin-shaped cucurbit[n]uril
cavitands [24, 25], little information is available on their inclusion complex formation in water—
cosolvent mixtures. NMR spectroscopic experiments with a few organic solvents showed 1:1
incorporation into cucurbit[7]uril (CB7) and provided the binding constants of the resulting

complexes [26]. The addition of 4 vol% ethanol to an aqueous solution of CB7-encapsulated
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palmatine or dehydrocorydaline resulted in a less than 10-fold reduction in the binding constant,
whereas akali chlorides produced a more pronounced effect [27]. Isothermal calorimetric
titrations revealed that the driving force of 2°,2’-difluoro-2’-deoxycytidine anticancer drug
confinement in CB7 was reduced with increasing ethanol mass fraction in aqueous formate
buffer because the decrease in enthalpy release was not compensated for the enhanced entropy
gain [28]. The presence of 4 vol% methanol weakened the rhodamine B binding in CB7 and 4-
sulfonatocalix[4]arene, but improved the complexation ability of B-cyclodextrin [29]. In
contrast, the addition of 20 vol% methanol did not significantly affect the stability of the oxime—
CB7 complexes in aqueous solutions, but the same amount of acetonitrile (AN) caused a
decrease in the binding constant by almost two orders of magnitude [30]. Masson and coworker
demonstrated that the addition of 40 vol% CD3CN to the solution of the 2:2 cucurbit[8]uril
(CB8) complexes of platinum(Il) terpyridyl acetylide derivatives in D>O triggered the release
of one CB8 macrocycle and the reorientation of the guests into a stacked head-to-head direction
in the remaining 2:1 complexes [31]. The change in solvent from water to dimethyl sulfoxide
(DMSO) caused cation-induced trimerization of the CB7 inclusion complexes [32]. A
remarkable solvent effect was also observed for the interaction mode between the diheptyl-4,4°-
bipyridinium dication and CB7. The aromatic rings of the guest were encapsulated in DMSO,
whereas the heptyl chain was included in the host cavity when water was used as a solvent [33].
Different moieties of N-substituted 4-benzoylpyridinium cations were embedded into CB7 in
water and DMSO, but the binding constants were less than one order of magnitude smaller in
the latter [34]. The one-electron oxidation of the (ferrocenylmethyl)trimethylammonium cation
enhanced its affinity for CB7 in AN and DMSO, but the opposite effect was observed in water
[35]. Dumbbell-shaped guests formed rotaxane-like complexes with CB7 through
thermodynamically more favorable and substantially faster processes in aqueous media than in

DMSO [36].
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Despite the great potential of water—organic solvent binary mixtures in the design of
tailor-made functional CBn-based systems, no systematic studies have been performed to reveal
the molecular details of the cosolvent effect on the kinetics and thermodynamics of CBn
complex formation. To fill this knowledge gap, we systematically investigated the complex

formation of palmatine (Pal) natural alkaloid with CB7 (Scheme 1) in aqueous solutions

LijiN—CH;;J
—

N-CH,

oy
(@]

- -7

palmatine (Pal) cucurbit[7]uril (CB7)

Scheme 1 Chemical structures of the host and guest compounds

containing DMSO, AN, dimethyl formamide (DMF), or methyl formamide (MF). Pal was
selected as a model compound owing to its several advantageous properties: (a) it exhibits
strong fluorescence inside the nonpolar cavity of CB7 but has a negligible emission in water,
enabling the direct monitoring of inclusion complex formation; (b) it binds to CB7 with high
affinity, providing a broad range to assess cosolvent-induced reductions in binding constant; (¢)
it does not undergo in acid—base reactions that could complicate the evaluation of cosolvent
effects; (d) the high fluorescence quantum yield of its CB7 complex permits the use of very
dilute solutions, thereby slowing down the bimolecular processes; and (e) its ingress into and
egress from CB7 take place within a conveniently measurable timescale. The cosolvents were
selected based on their distinct effect on water structure. DMF strengthens the hydrogen bond
network of water [37]. At concentrations below 1.4 vol%, AN occupies the pre-existing cavities
of the water structure and reduces the number of water-water hydrogen bonds [38], while
DMSO [39] and MF [40] markedly disrupt the hydrogen-bond network of water. Our aim was

to assess whether such cosolvent-induced modifications of water structure play a decisive role
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in governing the kinetics of reversible formation of Pal-CB7 inclusion complex. We also
intended to investigate the effect of guest size. Calculations showed that the volume of the
cosolvent molecules gradually increases in the order AN < MF < DMSO < DMF. DMSO was
included among the selected cosolvents because of its widespread use in biological research

and its role as a cryoprotectant [41, 42].

2. Materials and methods
2.1. Reagents

Palmatine chloride (Pal, >98% Sigma-Aldrich) was purified by chromatography using a
silica gel (Merck) column and ethanol eluent. High-purity CB7 was provided by Dr. Anthony
I. Day (University of New South Wales, Canberra, Australia). 1-Adamantylamine
hydrochloride (Sigma-Aldrich), 5-chloro-2-adamantanone (98 %, TCI),
bis(cyclopentadienyl)cobalt(IIT) hexafluorophosphate (96 %, TCI), and organic solvents
(Merck) were used as received. Water was distilled twice from the dilute KMnO4 (VWR

International) solution.

2.2. Spectroscopic measurements

The absorption and corrected fluorescence spectra were recorded using a Cary60
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) and a Fluoromax-4
spectrofluorometer (Jobin-Yvon, Longjumeau, France), respectively. The binding constants for
1:1 complex formation (K) were calculated by analyzing the total CB7 concentration ([CB7]o)
dependence of the fluorescence intensity (/) at a specific wavelength using the following

equation [43]:

1
_ Too—Io [CB7], 1 [CB7], 1 % [cB7)]?

where [Pal]o is the total Pal concentration, /. and Iy represent the fluorescence intensities of the

fully complexed and free Pal. [Pal]o = 1 uM was typically used.
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Fluorescence quantum yields (@) were determined relative to that of quinine sulfate in a
0.5 M H>SO4 solution, for which a reference yield of @r= 0.546 was taken [44]. The samples
were excited at 360 nm, where the absorbances were 4 and Arr for the sample and reference
solutions, respectively. To avoid inner filter effect, the absorbance of the samples was adjusted
to approximately 0.1 at 360 nm. The ®r values were calculated based on the following

relationship [43]:

_ 1(1-10"%refy [ n \?
P = Pres Iref (1-10~4) (nf) @)

I and Ir are the integrals of the corrected fluorescence spectra, while » and n.r denote the
refractive indices of the sample and reference solutions, respectively. Table SI1 in the
Supplementary data lists the previously published refractive indices [38, 45-47] used for the
calculations. To obtain the / value of the fully complexed Pal, the measured fluorescence
intensity integrals were extrapolated to complete complexation using the Pal-CB7 binding
constants (Ki.1) obtained from separate experiments (vide infra).

Fluorescence lifetimes (zr) were measured by the time-correlated single-photon counting
method, as described previously [48]. A Picoquant diode laser (pulse duration ca. 70 ps,
wavelength 372 nm) excited the samples, and the temporal decay of the fluorescence intensity
was fitted using the nonlinear least-squares reconvolution method with the Picoquant FluoFit

software.

2.3. Stopped-flow kinetics

The formation and dissociation of the Pal-CB7 complex were studied using stopped-flow
method with a Fluoromax-4 spectrofluorometer equipped with an Applied Photophysics
RX2000 rapid mixing accessory and a pneumatic drive. The temperature control was

maintained with a Julabo F25-ED thermostat. The time resolution was set to 20 ms/channel.
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For each measurement, 10-20 kinetic traces were averaged, and the data were analyzed using
homemade programs written in MATLAB 7.9. To slow the rapid bimolecular host-guest
association to a timescale accessible to the stopped-flow technique, low concentrations of Pal
and CB7 (typically ~0.25 uM) were used in kinetic studies. Owing to the high sensitivity of the
fluorescence detection and the high fluorescence quantum yield of the Pal-CB7 complex,

excellent signal-to-noise ratios were achieved under these experimental conditions.

2.4 Isothermal titration calorimetry (ITC)

Isothermal calorimetric titrations were performed with a VP-ITC (GE Healthcare,
Chicago, IL, USA) instrument at 298 K. All solutions were degassed prior to titration. Proper
mixing was ensured by stirring at 307 rpm allowing 300 s intervals between successive
additions. Because calorimetry is inherently much less sensitive than fluorescence detection,
higher host and guest concentrations were required in the ITC experiments than in the other
measurements. The reactant concentrations, injected volumes, and injection durations were
adjusted to ensure optimal experimental conditions. First, the enthalpy gain associated with
cosolvent—-CB7 complexation was determined by stepwise injections of 40 uL. CB7 solution
(0.4 mM, injection duration 40 s) from a computer-controlled microsyringe into a 0.2 M
aqueous cosolvent solution. The integrated heat released per injection is a directly measured
quantity that does not depend on any assumptions regarding the stoichiometry and binding
constant of complexation. The measured enthalpy change was corrected for the heat released
upon the addition of the same volume of water and for the minor enthalpy change detected upon
injecting 40 uL CB7 solution (0.4 mM) into water. The corrected enthalpy change (AHcorRr)
was then extrapolated to the complete cosolvent—CB7 complex formation, taking into account

the bound fraction of CB7 (o), assuming 1:1 complexation, as follows:

1+Kcs[cosolvent]

€)

AHcoRrR
AHeg = ——— = AH
cs a CORR Kcs[cosolvent]
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where Kcs is the binding constant of cosolvent—CB7 complexation obtained from independent
ITC experiments described in the next paragraph (Kcs values are listed in Table 1). The AHcs
values were derived from the first six injections, where the contribution of multiple binding is
expected to be small. These AHcs values were then averaged to obtain the final results.

In the second step, the experimental parameters were optimized to ensure accurate
determination of the Kcs values. Aqueous CB7 solutions (0.55-0.72 mM) were titrated with
aqueous solutions of 21.4 mM DMF, 74.7 mM DMSO, 989 mM MEF, or 1000 mM AN. The
titrant concentrations were changed to account for the differing binding affinities of the
cosolvents. The dilution heat, determined by titrating the cosolvents into water under identical
conditions, was subtracted from the enthalpograms. The resulting data were then analyzed with
a single set of identical sites model, while keeping the corresponding AHcs values from the first
experimental series fixed. This procedure reduced the number of unknown parameters, yielding
more accurate Kcs values and binding stoichiometries (N). Here, N denotes the mean number
of guest molecules accommodated by the host macrocycle. The Gibbs free energy (4G¢s), and
entropy changes (4S¢s) upon cosolvent complexation with CB7 were calculated according to
the well-established thermodynamic relationships:

AGcs = —RT InK¢g 4)
AScs = AHes/T + Rln Kg (5)
where T'is the absolute temperature, and R is the universal gas constant.

When the thermodynamic parameters of Pal-CB7 complex formation were determined

in 0.2 M cosolvent aqueous solutions, the titrand and titrant solutions contained 33.0 - 43 uM

CB7 and ~420 uM Pal, respectively.

2.5 Calculation of molecular volumes and packing coefficients
The energy-minimized structures of the cosolvents were obtained using the RMI

semiempirical method implemented in HyperChem 8.0 (Hypercube, Inc.). The molecular
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volumes of the optimized geometries were subsequently calculated with the QSAR module of
the same program. For the inner cavity volume of CB7, a value of 242 A® was used, as
recommended by Nau and co-workers [49]. The packing coefficients (PC) of the cosolvents

were determined as the ratio of the guest molecular volume to the host cavity volume.

2.6 Data statistical analysis
Each experiment was repeated at least three times, and the reported errors correspond to

the standard deviations of the measured values.

3. Results

3.1. Study of organic cosolvent inclusion in CB7 by isothermal titration calorimetry (ITC)
NMR studies and molecular mechanics calculations have demonstrated the inclusion of organic
solvents in CB7 cavity, and 1:1 association has been proposed [26]. To elucidate the enthalpy

gain associated with the complexation (4Hcs), we performed isothermal titration calorimetry

Table 1 Molecular volumes and packing coefficients of cosolvents, along with the
stoichiometric and thermodynamic parameters of their CB7 complexes in water at 298 K,

derived from ITC data analyzed with the single set of identical sites binding model.

Cosolvent

MF DMSO AN DMF
Volume / A3 59 69 47 76
PC/ % 24 29 19 31
N 090+0.10 094+0.08 2.08+0.09 1.04 £0.05
Kcs/ M1 161 166 + 10 6£2 1070 £ 100
AGcs / kJ mol™! —-69+03 -12.7+0.2 —44+09 -17.3+£0.3
AHcs / kJ mol™! -178+£12 -185+13 -11.8+1.3 -13.6+1.3
AScs /T mol ' K -36+4 -20+4 —24+4 12+4

10
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(ITC) measurements, as detailed in the Materials and methods section. The results are presented
in Fig. S1 in the Supplementary data, and the mean values of the calculated AHcs are reported
in Table 1. Dilution of a 0.4 mM CB7 aqueous solution produced negligible heat effect. The
enthalpy change observed upon the addition of water to the 0.2 M aqueous cosolvent solution
was always smaller than the enthalpy decrease associated with cosolvent—CB7 complexation.
After the accurate determination of AHcs values, the reactant concentrations were

optimized for the determination of the binding constants (Kcs) and the mean number of
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Fig. 1. (A) Heat release upon sequential injections of 7 uL of 21.4 mM DMF solution into of

0.695 mM CB7 in water at 298 K (injection duration: 14 s). Red line shows the dilution heat
obtained by the injection of DMF solution into water. (B) The integrated heat released per
injection, after subtraction of the dilution heat of DMF (m), is plotted as a function of the
[DMF]/[CB7] molar ratio. The line represents the best fit obtained using the single set of

identical sites model.
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cosolvent molecules in CB7 (N). Fig. 1 displays a representative enthalpogram recorded during
the stepwise addition of 21.4 mM DMF aqueous solution to 0.695 mM CB7 in water at 298 K,
while the results of analogous ITC experiments with the other cosolvents are presented in Figs.
S2—S4. The binding constants (Kcs) and stoichiometric parameters (N) for the host-guest
complexations were obtained from the nonlinear least-squares fitting of the ITC data. Owing to
the strong correlation between AHcs and N, the AHcs parameter was fixed to the value obtained
from the independent experiments described above. For the DMF, DMSO, and MF cosolvents,
the data were well described by the 1:1 encapsulation model, as evidenced by N values close to
unity (Table 1). In contrast, the confinement of AN in CB7 yielded an N value of 2, consistent
with the small size and low packing coefficient (PC) of this cosolvent, indicating that two AN
molecules can be included in CB7. The single set of identical sites binding model used here
assumes that CB7 accommodates N molecules of AN with the same binding constant (Kcs) and
binding enthalpy AHcs. Alternative models that distinguish between the thermodynamic
parameters of 1:1 and 2:1 complexes were not applicable because they introduce too many
adjustable parameters for reliable fitting.

The results of ITC measurements summarized in Table 1 demonstrate that the weak
affinity of AN for CB7 originates primarily from the low exothermicity of their interaction,
whereas the effective binding of DMF to CB7 is driven largely by the substantial entropic
contribution to the driving force of association. Among the studied cosolvents, only DMF
encapsulation in CB7 is accompanied by an entropy gain. The determined Kcs values are
consistent, within experimental error, with those obtained from '"H NMR chemical shift
titrations for AN (11 £ 1 M), DMSO (140 + 20 M) and DMF (1000 + 80 M) [26] and
exhibit a parallel increase with the packing coefficients, defined as the ratio of the guest’s

molecular volume to the inner cavity volume of CB7 [50].

12
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3.2. Characterization of the Pal-CB7 complex in equivolume water—cosolvent mixtures

Pal can act as a fluorescent probe for its surroundings [51-53]. Taking advantage of this
ability, the photophysical characteristics of the Pal-CB7 complex were examined in 1:1 (v/v)
water—cosolvent mixtures to assess whether the microenvironment of the CB7-encapsulated Pal
changed upon cosolvent addition. The fluorescence lifetime of Pal-CB7 (7= 11.6 ns in water)

was only negligibly affected by the presence of cosolvents (Table 2). The fluorescence quantum

Table 2 Binding constants and photophysical parameters of Pal-CB7 complex in water and 1:1

(v/v) water—cosolvent mixtures

1:1 (v/v) water—cosolvent mixture

H,O?

MF DMSO AN DMF
Ki.i/10°M1 26000 £ 3000° 3.6+0.2 25+2 0.88+0.14 1.6+0.2
7t/ ns 11.7+0.3 12.1+0.3 12.1+0.3 11.9+0.3 11.5+0.3
D 0.26 £0.02 023+0.02 031+0.03 023+0.02 0.14+0.02
ke/ 107 57! 22+0.2 1.9+0.2 26+03 1.9+0.2 1.2+0.2
knr / 107 s71 6.3+0.3 64+0.3 57+0.3 6.5+0.3 7.5+0.3

2 in the absence of cosolvent, ° reference [54]

yields (@), determined using equation (2), varied slightly, mainly because of changes in the
radiative rate constants (kf). The rate constants for the radiative and nonradiative energy
dissipation processes were derived using the relationships &kt = @¢/7r and knr = (1-@x)/ 1,
respectively [43]. According to the Strickler—Berg equation [55], kr depends on the refractive
index of the medium, the integral over the first absorption band, and the mean fluorescence
frequency. The insignificant changes in 7r indicate that the cosolvents do not alter the
microenvironment experienced by Pal when encapsulated within the CB7 cavity.

The binding constant for Pal incorporation into CB7 was also determined in 1:1 (v/v)

water—cosolvent mixtures. Fig. S5 displays the variation of normalized fluorescence intensity

13
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of 1 uM Pal solutions with CB7 concentration. Fitting equation (1) to the experimental data
provided the binding constants summarized in Table 2. Among the tested cosolvents, Pal
exhibited the highest binding constant (K.1) in the water—-DMSO mixture, with an identical
value obtained in neat DMSO (Fig. S6 in the Supplementary data). In contrast, fluorescence
titration in neat MF (Fig. S7 in the Supplementary data) yielded a binding constant of (1.1 +
0.1)x10° M™!, which is approximately threefold lower than that measured in the 1:1 (v/v) water—
MF mixture. The low CB7 solubility thwarted the complexation in neat DMF and AN.

No correlation was found between the inclusion propensity of the cosolvents in CB7
(Kcs, Table 1) and their impact on Pal-CB7 complexation (X1, Table 2). Pal showed the
weakest affinity to CB7 in the water—AN mixture (Table 2), despite the low propensity of AN
to be encapsulated by CB7. Furthermore, AN diminished the inclusion ability of Pal more
strongly than DMSO, even though DMSO had a larger Kcs value. These findings suggest that
cosolvents reduce the inclusion efficiency of Pal not only through direct competition for the

host cavity, but also via additional contributing factors.

3.3. Pal-CB7 complex formation in the presence of 0.2 M cosolvents

To minimize the influence of bulk solvent polarity change, Pal-CB7 complex formation was
also studied in dilute (0.2 M) cosolvent solutions, corresponding to ~1—1.5 vol% concentrations.
Under these conditions, the ITC experiments showed a decrease in K in the order AN > MF >
DMSO > DMF (Table 3), which contrasts sharply with the trend observed in 1:1 (v/v)
water-cosolvent mixtures (Table 2, DMSO > MF > DMF > AN). This discrepancy clearly
indicates that the cosolvent-induced modifications of the water structure govern the binding
propensity of Pal in CB7, as variations in cosolvent concentration perturb the hydrogen-bonded

network of water to different extents and in distinct manners.
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Table 3 Binding constants and thermodynamic parameters obtained from ITC measurements,
along with the kinetic parameters of the Pal-CB7 complex in water and in 0.2 M cosolvent

aqueous solutions at 298 K.

H,0° 0.2 M Cosolvent

MF DMSO AN DMF
N 0.92+0.08 0.96+0.08 0.98+0.08 0.92+0.08
K/ 105 M™! 260 + 30 13+1 75+13 2242  0.91+0.10
Kinkout /105 M1 270£30 142+09  8.1+0.8 22.6+0.9 b
AG /kJ mol! ~423+03 -349+02 -335+04 362402 -283+03
AH / kJ mol™! 3742 280+07 -237+05 -228+1.0 -31.6+09
AS /I mol'' K~! 9+4 2343 3342 45+ 4 11 +3
kou(slope) /M s 1.8+0.1 41402 9.0+0.4 55+1
AHE kI mol! 768+2.0 653+2.0 62.4+20 592420  52.1+2.0
AS* /T mol! K 2+1 —30+4 —35+4 40 +4 50+ 4
AGE, / kJ mol™! 762420 742+23  72.8+23 711423  67.0+23

out

2in the absence of cosolvent [54], b cannot be measured at 0.2 M concentration

To reveal how cosolvents alter the thermodynamics of Pal-CB7 complex formation,
isothermal titration calorimetry measurements were performed at 298 K. Both reactants were
dissolved in 0.2 M cosolvents aqueous solution. The amount of heat evolved after each addition
of Pal to the CB7 solution was corrected with the dilution heat obtained by Pal injection into
the solvent. Figs. S8-S11 in the Supplementary data present representative enthalpograms, and
the results of the nonlinear least-squares fits using the single set of identical sites model are

summarized in Table 3. The exothermicity of the complexation (4H) was markedly reduced by
the presence of each cosolvent. However, AH considerably varied among cosolvents, reflecting
their district effect on the solvent structure change. Interestingly, entropy loss upon Pal-CB7
formation was found only in the presence of DMF, which is known to strengthen the hydrogen
bond network of water [37]. In contrast, the other cosolvents used in the present studies

enhanced the entropy gain relative to that observed in neat water.

15
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3.4. Kinetics of Pal exit from CB7 in cosolvent—water mixtures

To elucidate the origin of the cosolvent effects on host—guest association, the dissociation
kinetics of the Pal-CB7 complex was investigated using stopped-flow fluorescence
measurements. Because only encapsulated Pal fluoresced intensely, changes in emission
directly tracked the Pal-CB7 concentration. The Pal egression rate constant was determined
separately, as described previously [56]. Rapid 1:1 mixing of an equimolar (~0.5 uM) Pal and
CB7 solution with 1-adamantylammonium (AH*, 10 uM) induced Pal release, with AH" swiftly
occupying the vacated CB7 cavity. Negligible AH"—CB7 dissociation on the experimental
timescale prevented the reformation of Pal-CB7. Thus, the observed fluorescence decay
exclusively reflected Pal-CB7 dissociation. The Supplementary data (Figs. S12-S15) provide
evidence for the high binding constant of AH*—CB7, even in the presence of a cosolvent,
resulting in negligible dissociation under our experimental conditions.

Fig. 2 shows that even a small amount of cosolvent substantially altered the rate of Pal

release from CB7. The fluorescence decays were recorded after rapid mixing of equimolar Pal

1.01
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i (o] (o]
I 1 1

Intensity at 500 nm
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Fig. 2 Temporal decay of the fluorescence intensity in water (—), in the presence of 76 mM
AN (—), 84 mM MF (—), 84 mM DMSO (=), and 83 mM DMF (—) after mixing equimolar
Pal and CB7 solutions with AH" solution. Excitation occurred at 340 nm, [Pal] = [CB7] = 0.25

uM, and [AH"]=5uM att=0s.
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and CB7 solutions with AH" solution in the presence of various cosolvents. The initial
intensities (lo) decreased because a smaller fraction of Pal was complexed in that
cosolvent-containing solutions than in neat water owing to competitive binding. The addition
of the cosolvent also modified the exponential decay rates, indicating effects beyond simple
competition. Fitting the decays to a single-exponential function (I = I + Io exp(—kou) yielded
the rate constant for the Pal egression (kour) from the CB7 cavity. Similar experiments were
conducted in the presence of varying amounts of cosolvents (Figs. S16-S19 in the
Supplementary data). The rate constant ko increased linearly with the cosolvent concentration

(Fig. 3A), as described by the following equation:

kout = klo{d? + kyui(slope)[cosolvent] (6)

The intercept corresponds to the rate constant of Pal-CB7 dissociation in water (kLn), which

agrees well with the previously reported value of kL, = 0.20 + 0.04 s~ [54, 57]. The slopes
(kout(slopes)) increased markedly in the order of MF < DMSO < AN < DMF (Table 3). This is
an unexpected finding, as kou should remain independent of cosolvent concentration if only
competitive binding to CB7 takes place. The parallel cosolvent—CB7 complex formation
equilibrium does not affect the spontaneous unimolecular Pal release from CB7. Enhancement
of kou may arise from cosolvent-induced changes in the water structure, from a bimolecular
reaction of the cosolvent with Pal-CB7, or from the formation of a ternary Pal-CB7—cosolvent
complex.

To obtain a deeper understanding of the substantial increase in  kout,
temperature-dependent measurements were performed at a 0.2 M cosolvent concentration,
where Pal egression remained within the measurable range even for DMF at 298 K. The
aforementioned ko« measurements were repeated at various temperatures (7) in the presence of

different cosolvents and, for comparison, in pure water. The Arrhenius plots of these results are

presented in Figure 3B. The pre-exponential factor (4ou) and activation energy (Eou) of the
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Fig. 3 (A) Rate constants for the Pal exit from CB7 as a function of cosolvent concentration in

water at 298 K. (B) Arrhenius plots of the egression rate constants in water () and in 0.2 M

cosolvent aqueous solution; DMF (V), AN (m), DMSO (e), and MF (A).

cosolvent-promoted Pal exit from CB7 were obtained by nonlinear least-squares fitting of the
temperature dependence of kou with the Arrhenius equation

kout = Aowt eXp(—Eou/RT) (7)
where R is the universal gas constant. According to transition-state theory, the standard
enthalpy (AH:ut), entropy (AS:ut), and Gibb’s free energy (AG:ut) of activation were derived
as follows [54]:

AH¥ = E,,.—RT (8)

out —
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out n out KekBT ( )
AGoiut = AHc:)I:ut - TAS:ut (10)

where e is the base of the natural logarithm, kg represents the Boltzmann constant, h stands for

the Planck constant, and the transmission coefficient (x) was assumed to be unity. The

calculated activation parameters are summarized in Table 3. Both AH;lEut and ASjEut decreased

considerably upon the addition of 0.2 M cosolvent, following the order MF > DMSO > AN >

DMF.

3.5. Kinetics of Pal entry into CB7 in cosolvent—water mixtures

The fluorescence intensity (/) growth was monitored upon 1:1 mixing of equimolar Pal and
CB7 solutions containing identical cosolvent concentrations to follow the association kinetics.
As a representative example, Fig. 4A depicts the kinetic traces at different DMSO
concentrations. The corresponding results for the other cosolvents are presented in Figs. S20-
S22 in the Supplementary data). The initial growth in intensity decelerated upon gradual
addition of DMSO or MF, and the reduced plateau signals indicated that competitive binding
of the cosolvent to CB7 lowered the amount of Pal-CB7 in the equilibrium. To obtain the
apparent rate constants (kin), the numerical solutions of the differential equation describing the
reversible binding equilibrium were fitted to the experimental signals while keeping the

previously determined kou values constant:

dr _  dIPal=CB7)
dt dt

= a(k;,[Pal][CB7] — k,[Pal — CB7]) (11)

where ¢ denotes time, and o is a proportionality constant. The calculated ki, values decreased
with increasing DMSO or MF concentration (Fig. 4B), indicating that both the acceleration of
Pal-CB7 dissociation and the slowdown of its formation contribute to the reduced binding

affinity in the presence of these cosolvents. The results of analogous experiments showed that

DMF markedly enhanced kin, whereas AN had little effect.
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Figure 4 (A) Time-dependent increase in fluorescence intensity in the presence of 0, 7, 28, 56,
84, and 110 mM DMSO (from top to bottom) after mixing equimolar Pal and CB7 solutions.
Excitation occurred at 340 nm, [Pal] = [CB7] = 0.25 uM at t = 0 s. (B) Rate constants for Pal
entry into CB7 as a function of cosolvent concentration in water at 298 K. DMF ( V), AN (m),

DMSO (e), and MF (A).

4. Discussion

Our results demonstrates that even ~1 vol% organic cosolvents can strongly modulate the
thermodynamics and kinetics of reversible host-guest binding. The correlation between the
enthalpy and entropy values of complexation was very poor. Although all cosolvents studied
showed enthalpy-driven interactions with CB7, the strongest driving force was observed for
DMEF, which is attributed to the substantial entropy gain associated with its complexation (Table

1). At concentrations below 40 vol%, DMF is incorporated into the hydrogen bond network of
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water by forming hydrogen bonds stronger than those between water molecules themselves [37,
58]. A previous study revealed that, on average, 1.9 water molecules remain in CB7 after the
confinement of DMF [59]. The DMF packing coefficient of 31% (Table 1) also indicates that
DMF fits only loosely within the CB7 cavity. Consequently, its transfer from the hydrogen-
bonded solvent network to the macrocycle interior leads to enhanced configurational freedom.
Furthermore, the partial expulsion of the high-energy water molecules from the hydrophobic
core of the host also contributes to the substantial entropy gain in the formation of the DMF-
CB7 complex. In contrast, the other cosolvents do not reinforce the water structure. Therefore,
their transfer from the bulk solution into CB7 leads to an entropy loss that diminishes their
binding affinity. The Kcs values listed in Table 1 should be considered as apparent binding
constants, as they were determined under varying cosolvent concentrations, where the observed
equilibria reflect not only incorporation into CB7 but also concomitant alterations in the solvent
structure. A parallel increase was observed (Tablel) between the Kcs values and the packing
coefficients (PC) introduced by Rebek and Mecozzi for molecular capsules [50]. The low
affinity of the cosolvent to CB7 is consistent with previous findings indicating that optimal
immersion occurs when the PC is within the range of 0.55+0.09 [50], whereas substantially
smaller values are associated with weakened encapsulation propensity [49, 60]. Although steric
compatibility is not the sole factor influencing the strength of guest-CB7 association [61, 62],
the PC values suggest that two AN molecules can be accommodated within the CB7, while the
inclusion of only a single DMF, DMSO or MF is likely, in agreement with the calorimetric
titration results. Molecular dynamics calculations confirmed the 1:1 binding of DMF and
DMSO at the equatorial region of CB7 and the retention of residual water within the cavity
[63]. NMR spectra verified the deep insertion of the cosolvents into this cavitand; however, 1:1
complexation was assumed for all guests [26], in contrast to our ITC results demonstrating the

incorporation of two AN molecules into CB7.
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Previous density functional theory (DFT) calculations showed that Pal is only partially
included within the CB7 cavity, as the alkaloid is considerably longer than the height of the
host. The isoquinoline moiety is encapsulated, with its heterocyclic nitrogen positioned near
one of the carbonyl-laced portals of the macrocycle [54]. In 0.2 M DMF aqueous solution, Pal—
CB7 complex formation was accompanied by an unfavorable entropy change (A4S, Table 3).
This behavior arises because the configurational restriction imposed by the host—guest
association cannot be overbalanced by the entropy benefit stemming from solvent removal from
CB7 and the solvate shells of the reactants, as the released molecules readily integrate into the
bulk hydrogen bond network. In contrast, the other cosolvents promoted entropy gain. In the
presence of DMSO or MF, which disrupts the hydrogen-bonded structure of water [39, 40], the
liberated solvent molecules cannot be incorporated into an extended hydrogen bond network.
As a result, Pal-CB7 complex formation in these cosolvent-containing solutions was
accompanied by a significant entropy increase. In the dilute AN solution used here, the water
structure was only slightly perturbed [38]. Consequently, the substantial increase in AS (Table
3) is primarily due to the release of solvent molecules from both the CB7 cavity and the
solvation sphere of Pal. Density functional theory (DFT) calculations have revealed that
quinolinium cations interact more strongly with AN than with water [64]. A similar preferential
solvation effect is likely operative for Pal, a structurally related isoquinolinium alkaloid.
Consequently, the liberation of AN molecules from the solvation shell of Pal contributes
significantly to the observed entropy gain (AS).

The inclusion of Pal in CB7 is less exothermic in cosolvent-containing solutions than in
water (Table 3), where the pronounced enthalpy gain mainly stems from the displacement of
high-energy water molecules from the hydrophobic core of CB7 [59, 65, 66]. Cosolvents
diminish the number of water molecules bound to the cavity, thereby lowering the enthalpy gain

upon Pal encapsulation. For example, after the inclusion of DMSO or DMF, on average, only
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two water molecules remain in CB7 [59]. In addition, the energy required to release cosolvents
from CB7 (—A4H(g in Table 1) further decreases the overall enthalpy benefit related to Pal-CB7
formation (4H). The most negative AH was observed in the presence of DMF, as these cosolvent
molecules are incorporated into the extended hydrogen-bonded network of bulk solvent after
its release from CB7. This energetically favorable process makes AH more negative compared
to cosolvents that cannot be integrated into the water-structure.

Cosolvents reduce the temperature dependence of the Pal-CB7 binding constant
compared to that in pure water as can be inferred from the AH and AS values summarized in
Table 3. For example, increasing the temperature from 298 K to 303 K results in a 14.1, 14.6,
17.0, 19.0, and 21.8 % decrease in the Pal-CB7 binding constant in 0.2 M AN, DMSO, MF,
DMF aqueous solutions, and in pure water, respectively

The cosolvent effects observed for Pal-CB7 complexation differ fundamentally from
those reported for other host—guest systems. Alcohols influenced fluasterone encapsulation in
2-hydroxypropyl-p-cyclodextrin (HPBCD) through competitive binding to both the host and
the fluasterone—-HPBCD complex [67]. In triglycine—18-crown-6 binding, DMSO enhanced
both the binding constant and the exothermicity of complexation, while simultaneously
inducing a strongly endothermic change in host solvation [68]. When the more weakly solvated
[2.2.2]cryptand was employed as the host, DMSO below 0.2 mole fraction (10.98 M) produced
a smaller increase in binding constant while leaving the enthalpy gain of the complexation
essentially unchanged [69]. The binding affinity of benzoate anion to HPBCD was only slightly
reduced at 0.1 mole fraction (5.49 M) DMSO, owing to the minor enthalpy change of
complexation [21]. The addition of 5 vol% (0.70 M) DMSO resulted in a marked entropy loss
for tetraecthylammonium cation inclusion in the tetrahedral [M4Le]'?>~ metal-ligand nanocages

[70]. These diverse differences demonstrate that cosolvent effects on the enthalpy—entropy
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balance of host—guest association are highly system-specific, with Pal-CB7 complexation being
perturbed by far lower cosolvent concentrations than in previously reported systems.

Fig. 5 illustrates the contribution of the enthalpy change of Pal-CB7 dissociation to the

E:
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activation enthalpy of this process (AH_ .) in water and in 0.2 M aqueous cosolvent solutions.
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Fig. 5 Energy level diagrams for Pal complexation with CB7 in water and in 0.2 M cosolvent

aqueous solution. Dotted lines represent the energy levels of the transition states.

There was no correlation between these two quantities. All cosolvents reduced Angt compared
to water, irrespective of their influence on AH. The partial release of Pal from CB7 along the
pathway to the transition state increases the hydrophobic surface exposed to the solvent, around
which the hydrogen bond network becomes energetically suboptimal. This hydrophobic
hydration is strongly endothermic in neat water, but organic cosolvents mitigate the energetic

frustration of the water molecules surrounding the hydrophobic part of the activated complex,

E:

out- As shown in Table 3, the marked decline in AH;l:ut is responsible for the

leading to lower AH,
accelerated dissociation of the Pal-CB7 complex in cosolvent-containing media. However, this

effect is partially offset by the concomitant decrease in activation entropy (AS(fut). In neat water,

Pal egression exhibits a negligible AS i

out (Table 3), as the growing configurational freedom on

approaching the transition state counterbalances the entropy loss caused by the simultaneous
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ordering of water in the hydrate shell. In contrast, the addition of cosolvent results in strongly

¥

negative AS;, values, indicating a more ordered transition state than in neat water. The strongest

0
effect was found in the presence of DMF, which readily binds to the hydrogen bond network
surrounding the activated complex. In contrast, the other cosolvents show looser coordination
in the transition state, yielding less unfavorable Aijm values.

The determined kinetic parameter for Pal ingression into CB7, kin, is an apparent rate
constant, as it is influenced by the decrease in the free CB7 concentration resulting from
cosolvent—CB?7 interaction. This effect cannot be separated because the measurable binding
constant of this complexation (Kcg) is an overall quantity. The cosolvent concentration
dependent intrinsic binding constant cannot be determined. Nevertheless, ki, is useful for
assessing the influence of the cosolvents on the overall rate of Pal-CB7 complex formation. At
298 K, the kin/kou values agreed with the binding constants (K) obtained from independent
experiments (Table 3). The considerable increase in kin upon addition of DMF (Fig. 4B) is in
accordance with the smallest enthalpy barrier (AH? , + AH) observed for the Pal association with
CB7 in this solvent mixture (Fig. 5). In the presence of the other cosolvents, this enthalpy barrier
is similar to that in neat water. The minor changes in ki, stem from the combined influences of
the enthalpic variation and the structural ordering of the activated complex.

The influence of cosolvents on the egression rate constant of the CB7-bound Pal (kou) is
similar to that reported for guest release triggered by metal cations [71, 72]. Nevertheless, the
linear increase in k..« with cosolvent concentration argues against ternary Pal-CB7—cosolvent
complex formation, as involvement of such a complex would cause ko. to approach a plateau
[71]. The bimolecular expulsion of Pal from the CB7 cavity by cosolvent would be consistent
with the linear rise of k.. With cosolvent concentration, but the stopped-flow data collected
under different initial conditions could not be adequately rationalized when this reaction step

was incorporated into the kinetic model. Only the combined effects of cosolvent-induced
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variation of the solvent structure and cosolvent—CB7 complex formation can account for all

experimental observations.

5. Conclusions

Our results highlight the pivotal role of cosolvent-induced changes in water-structure and
solvation shell in governing both the binding affinity and the kinetics of reversible guest
inclusion within the CB7 cavity. Dissociation rate measurements revealed that cosolvents not
only compete for CB7 binding but also accelerate guest release by reducing the activation
parameters of complex dissociation. The water-structure-enhancing DMF substantially
enhanced the rate of Pal-CB7 complex formation, whereas water-structure-disrupting
cosolvents decelerated the process. Cosolvent addition weakened the Pal-CB7 binding affinity
by diminishing the enthalpy gain of complexation, with DMF additionally causing unfavorable
entropic contribution. Cosolvent confinement in CB7 was consistently exothermic, but only
DMF encapsulation was coupled with an entropy increase, resulting in the highest binding
constant among the produced cosolvent—CB7 complexes. The elucidated distinct effects
provide deeper mechanistic insight into the relationship between cosolvent properties and their
influence on host—guest complexation, enabling the prediction of cosolvent-mediated changes
in kinetic and thermodynamic behavior. This knowledge is crucial for the rational design of
macrocycle-based self-assembled systems and for tailoring supramolecular interactions in

applications such as drug delivery, molecular sensing, and functional molecular devices.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
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