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Benzocaine (ethyl 4-aminobenzoate, 4) and its derivatives ethyl 2-aminobenzoate, 2, and ethyl
3-aminobenzoate, 3, were found to form association complexes with supramolecular structures of
micelles and cyclodextrins (CDs). The fluorescence emission of 2, 3 or 4 dissolved in the
pseudo-micellar phase or included into o-, -, or y-CD cavity increases dramatically with respect to that
observed in only water. High percentages of organic solvents like dioxane, acetonitrile, DMSO in the
aqueous solution lead to a similar effect. The stability constants of the complexes formed between these
drugs and cyclodextrins have been determined. In neutral or acid medium, a 1 : 1 stoichiometry for drug
: CD complexes have been found, whereas in alkaline medium 1: 2 stoichiometry was also detected in
some cases. Kinetic studies of both the nitrosation of the amine group and the alkaline hydrolysis of the
ester function was employed to infer the conformation of the complexes as well as to evaluate their
stability constants. Theoretical calculations to optimize the molecular structure of 2, 3 and 4 allow us to
propose possible geometries of the complexes that are in agreement with the experimental data.

Introduction

Benzocaine, ethyl 4-aminobenzoate (4), and its derivatives ethyl 2-
aminobenzoate (2) and ethyl 3-aminobenzoate (3) are interesting
ester-type local anesthetics (LA) used in pharmaceutical formula-
tions for external and mucous applications, with unique features
such as the lack of an amine group ionisable near physiological pH,
thus being uncharged substrates. Nevertheless, their parenteral
administration is restricted by their limited water solubility."?
Besides, it is generally believed that interaction of the anesthetic
molecules with membrane lipids or membrane proteins leads to
the inactivation of neuronal nerve transmission, a key feature
on anesthesia mechanism. Therefore, research with anesthetic
molecules has two main objectives: first, it is interesting to know
their behavior in the presence of membranes and membrane-
like environments, and, second, to look for new formulations
that control drug delivery in biological systems, prolonging the
anesthetic effect and reducing their toxicity or side effects.?

Many biological processes that occur at the surface of biological
membranes or within their hydrophobic moiety can be imitated
in vitro by using simple systems of supramolecular structures
(like micelles, cyclodextrins, polymer, DNA, etc.). Association
of LA to these structures provides a way to increase solubility,
stability and bioavailability of drugs.** In water above the critical
micelle concentration, cmc, self-aggregating surfactants form
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microstructures, such as micelles, that can be used as drug carriers
and in the study of the physicochemical properties of membrane-
associated drugs.*® In the same sense, the hydrophobic cavities of
cyclodextrins, in combination with their different size, are capable
of selectively incorporating organic guest or drug molecules
to form inclusion complexes in aqueous solution, which show
chemical and spectral properties greatly modified in comparison
to that observed in the bulk water phase.**?

In previous works we have studied the interactions of some local
anesthetics, including novocaine, tetracaine and procainamide,
with closed environments of micelles and cylodextrins under
different experimental conditions.***¢ The common characteristic
of these LA is that the amine group is in the para-position with
respect to the ester (or amide) group. We have found that the
most appropriate experimental conditions that yield the highest
interaction between the cyclodextrin and the LA correspond to
both neutral LA and cyclodextrin, that is, when the van der Waals
interactions and the hydrophobic effect that excludes the LA from
the bulk water phase reach the maximum level.**

The aim of this work is the analysis of the effect of both the
local anaesthetic geometry and intra- or inter-molecular hydrogen-
bonding interactions in the association of drug molecules to closed
environments. For that, we have performed a comparative study
of the three compounds shown in Scheme 1 in the membrane-
mimetic environment existing in micelles or in the cavity of
cyclodextrins. The interaction with micellar interfaces of both
cationic and anionic micelles has been analysed by fluorescence
emission, since it is known that the medium plays an important
role in determining the primary photoprocesses of fluorophores in
solution. The characterization of the inclusion complexes formed
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Scheme 1 Molecular structures of the local anesthetics.

between 2, 3, or 4 and o-, B-, or y-CD has been performed
from either fluorescence or reactivity studies. In acid medium,
i.e. in conditions of neutral CD host, the nitrosation of the amine
group was also investigated; whereas, in alkaline medium, i.e. in
conditions of anionic CD host, the hydrolysis of the ester group
was analysed, too. Different behaviour was observed in acid or
in alkaline medium. The results were interpreted on the basis of
different guest-host binding modes and supported by theoretical
guest-structure optimization

Experimental
Materials

The local anesthetics investigated in this work were of the
highest purity available (>99%) and were used without further
purification. Solvents of spectrophotometric grade were used as
received. Cyclodextrins and surfactants were purchased from
Sigma of the maximum purity and used as received. The other
reagents, acetic acid, sodium acetate, sodium nitrite, or sodium
hydroxide, were commercial products of the maximum purity. The
concentration of the aqueous solution of NaOH was determined
by titration against standards, whereas the acidity of aqueous
buffered solutions was obtained from pH measurements. The
reported [buffer] refers to the total buffer concentration.

Methods

The UV-vis spectra and kinetic experiments were recorded with a
double beam UV-vis spectrophotometer fitted with thermostatted
cell holder at 25 °C. Data acquisition of both UV-vis spectra
and kinetics were performed with software supported by the
manufacturer and converted to ASCII format for their analysis
with common packet programs. Kinetic measurements were
performed under pseudo-first order conditions with the local
anaesthetic as the limiting reagent; we applied the integration
method to record the absorbance-time (4-¢) data during at least
2.5 half-lives and fit the data to the first-order integrated rate
equation, 4, = A.. + (4, — A..) X exp(—k,t) by non-linear regression
analysis, to obtain the pseudo-first order rate constant, k,, and
A.. (the absorbance at infinite time) and (A4,~A4..) as optimizable
parameters. In every experiment perfectly first-order behaviour
was observed (r > 0.9999).

Steady-state fluorescence measurements were performed with
an Aminco-Bowman Series 2 spectrofluorometer at 25 °C. Emis-
sion intensity was detected at right angles by exciting optically thin
solutions (4 < 0.15 for a 10 mm path length) in the region 270-
350 nm. Excitation and emission slits were fixed at 4 and 2 (or 4)

nm, respectively. Data acquisition and analysis of fluorescence
spectra were performed with the Fluorescence Data Manager
Software supported by Aminco.

Time-resolved fluorescence measurements were performed us-
ing the time-correlated single photon counting technique with an
Edinburgh Instruments as described in the literature."’

Results and discussion
1. Studies in homogeneous and microheterogeneous media

Absorption and emission spectra of the three anesthetics have been
studied in solvents of various polarities and hydrogen bonding
capability. The absorption spectrum of 2, 3, or 4 in all solvents, or
in water under different acidity conditions, is characterized by two
bands; a larger wavelength band (LW) with a maximum around
300 nm and a shorter wavelength band (SW) at 220-240 nm.
Both SW and LW bands are ascribed to m—n* transition of the
benzenoid system and suffer small solvent shift. The protonation
of H,N group in, for instance, compound 2 (pK, ~ 2.19)"® causes
a strong decrease in the absorption intensity of the LW, as well as
a pronounced blue shift of the SW with respect to the neutral
form; Fig. la shows representative results. The effect of acids
observed with the other two isomers is much smaller; both the
absorption and emission wavelength maxima of 2 are largely red
shifted in every medium when compared to 3 or 4 because of the
intramolecular hydrogen bonding, Fig. 1b. The red shift increases
according to the sequence 4 < 3 < 2, which indicates that the
position of the substituent in the phenyl ring is the key factor
for the absorption and emission behavior, because of the different
electronic densities of the HOMO on each atom. The relevant data
are listed in Table 1.

All three compounds give only one broad structureless emission
band that shows normal Stokes shift in all solvents. The emitting
chromophore is the benzene ring, and emission occurs from the
(mt,m*)S, state. This fact indicates that the excited and emitting
species are the same. Nevertheless, the Stokes shifts observed for
2 are higher than that of 4 (Fig. 1b), due to the intramolecular
hydrogen bonding in the former, which stabilizes the excited state.

On the other hand, the larger dipole moment of the excited
state than that of the ground state provokes a larger Stokes
shift in polar and/or protic solvents, such as water or methanol,
than in apolar and/or aprotic solvents such as dioxane. Both
excitation and emission spectra of 2 recorded in various solvents
are displayed in Fig. 2a. While the fluorescence emission yield
in water of both 3 and 4 is practically negligible, the 2 isomer
shows a reasonable good fluorescence yield; however, it is strongly

532 | Photochem. Photobiol. Sci., 2011, 10, 531-542

This journal is © The Royal Society of Chemistry and Owner Societies 2011


http://dx.doi.org/10.1039/c0pp00286k

Published on 24 December 2010. Downloaded by University of Prince Edward Island on 23/10/2014 07:12:52.

View Article Online

Table 1 Spectroscopic properties of local anesthetics ethyl 2-aminobenzoate, 2; ethyl 3-aminobenzoate, 3, and ethyl 4-aminobenzoate or benzocaine, 4,

in different solvents

Absorption spectrum

Emission spectrum

LA Aqueous medium A /nm (loge) A,/nm (loge) Solvent & Ao /DM Aem /DM Stokes shift/cm™
2 neutral® 244 (3.89) 326 (3.62) dioxane 2.21 345 393 3540
mild acid® 243 (3.90) 326 (3.63) MeCN 35.94 341 395 4010
strong acid? 226 (4.06) 273 (3.07) DMSO 46.45 349 402 3780
MeOH 32.66 345 407 4420
water 78.30 339 422 5800
3 neutral® 242 312 (3.36) dioxane* — 320 406 6620
mild acid® shoulder 312 (3.33) MeCN¢ — 320 409 6800
strong acid? 226 (4.05) 312 (3.01) DMSO¢ — 343 418 5230
water — 320 460 9510
4 neutral® 219 ((4.09) 284 (4.24) dioxane 2.21 295 328 3410
mild acid® shoulder 284 (4.24) MeCN 35.94 295 331 3690
strong acid? 226 (4.18) 275 (3.48) DMSO 46.45 305 339 3290
MeOH 32.66 300 346 4430
water 78.30 305 356 4700

« Relative dielectric constant. ® Water. ¢ Buffer solution of acetic acid—acetate pH 4.65. ¢ HC1 0.04 M. ¢ >95% v/v.

Absorbance

Normalized fluorescence

A/ nm

A/nm

Fig.1 (a) Absorption spectra of 20.19 mM in (- - - ) neutral medium; (---) mild acid medium of acetic acid-acetate buffer, and in (—) strong acid medium
of HCI; (b) normalized fluorescence excitation (ex) and emission (em) spectra of (O) benzocaine and of (—) 2 in methanol. See Table 1 for excitation and

emission wavelength values.

enhanced in apolar solvents. Fig. 2b shows comparative results of
the fluorescence intensity variation against the solvent percentage
for compounds 2, 3, and 4 in dioxane, as a representative solvent.
These emitting molecules are sensitive to the hydrogen-bonding
character of the solvent. The fluorescence intensity of all them
increases in going from protic (e.g. water) to polar aprotic media
(e.g. dioxane) as clearly manifest the results of this figure, with
drastic effects in benzocaine and in the meta-amine isomer. Two
different ground-state conformers (I and II of Scheme 1) can
be possible for ethyl 2-aminobenzoate, whereas only conformer
I is possible in compounds 3 and 4. However, 2 displays only
one emission band and normal Stokes shift, which excluded
intramolecular proton transfer in the excited state. The contrary
was observed in, for instance, methyl salicylate fluorophore® due
to the stronger O---H--- O intramolecular hydrogen bond. The
existence of isomer II in ethyl 2-aminobenzoate contributes to the
high fluorescence yield observed in water in comparison to the
meta- and para-amine isomer.

The time-resolved fluorescence of 2 was examined in neutral
aqueous medium. Analysis of the fluorescence decay'” shows good
fit to biexponential function affording the lifetimes 7, = 1.800 +
0.004 ns and 7, = 6.5 £ 0.1 ns with preexponential factors all
positive and the relative amplitude as o, = 33 x 107 (93%) and
o, =1 x 107 (7%). The two emitting species were attributed to I
and II conformers of 2. The form I predominates, but conformer
IT is more stable. Attempts to measure the lifetimes of 3 and 4
gave no reliable data due to the low quantum yield observed in
water.

The properties of the aqueous medium can also been drastically
modified in the presence of micelles that are generated by self-
aggregating surfactants to produce microheterogeneous media.
For the sake of simplicity, we used both anionic micelles of sodium
dodecyl sulfate (SDS) and cationic micelles of tetradecyltrimethy-
lammonium bromide (TTABr) in neutral aqueous medium (no
acid or base have been added). Addition of 0.025 M SDS or
0.030 M TTABEr very slightly affects the absorption spectrum of
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Fig. 2 Excitation and emission spectra of ethyl 2-aminobenzoate 42 uM in different solvents: (a) non-normalized spectra in (1) water, (2) dioxane, (3)
acetonitrile, (4) MeOH, (5) DMSO; (b) fluorescence emission intensities as a function of the percentage (v/v) of dioxane in the aqueous solution of
compounds 2, ethyl 2-aminobenzoate; 3, ethyl 3-aminobenzoate, and 4, ethyl 4-aminobenzoate.
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Fig. 3 Plot of fluorescence emission intensities as a function of (a) TTABr concentration and (b) SDS concentration for (V) ethyl 2-aminobenzoate, 2;
(@) benzocaine, 4, and (A) ethyl 3-aminobenzoate, 3. The inset shows the lowest two curves at full y-axis scale.

2, shifting both SW and LW to the red — 4 and 14 nm, respectively,
in TTABr, but only 2 and 4 nm, in SDS (Fig. S1 to S3, ESI{);
nevertheless, the fluorescence intensity increases strongly and the
wavelength emission maxima (A.,,) shift to shorter wavelength.

Whatever the surfactant, the emission intensity increases with
the surfactant concentration above the cmc (critical micelle
concentration). Representative data are displayed in Fig. 3.

The comparison between micellar media and homogeneous
media of water-solvent mixtures indicates that, while in micelles
the position of the emission maxima (i.e., A.,™*) remains invariable
as the surfactant concentration increases just above the cmc?
(e.g from 5 mM to 0.29 M in TTABr or from 9 mM to
0.27 M in SDS), a gradual blue shift of A.,,™ of more than
435 x 10° cm™ was observed in water—solvent mixtures (Table 2).
This fact reflects the drastic difference between homogeneous
and microheterogeneous media. Thus, while micellar systems can
be considered as composed of particles, usually much smaller
than the wavelength of light, that can be seen as hydrophobic
pockets with restricted or no access to water molecules, where the
fluorophore incorporated and senses a unique microenvironment,
in homogeneous media of water—solvent mixtures the nature of

the probe microenvironment is changing parallel to the solvent
composition.

Incorporation of LA into micelles can be treated as the
partitioning between two phases: the micelles, being visualized
as the micellar pseudo-phase, and the bulk water phase, ac-
cording to the equilibrium process LA, + Dn = LA, with K,
representing the binding constant of LA to micelles (Dn refers
to the micellized surfactant). The LA dissolved in the aqueous
micellar pseudo-phase displays similar absorption spectrum as
that observed in water; hence, the excitation wavelength neither
changes significantly; however, both excitation and emission
spectra were recorded in every case to find the optimal conditions.
By contrast, the fluorescence emission intensities in both water
and micellar phases, that is 7, and I,, respectively, would differ
significantly because, on fluorescence time scales, micelles can
be considered as rigid host systems carrying the solubilized
fluorophore molecules, where the lifetimes (7) and/or fluorescence
yields (@) are different, mainly due to the strong reduction of
solvent quenching. As benzocaine and its 2 and 3 isomers are freely
moving non-covalently-bound fluorophores, it is envisaged that
both parameters increase in the micellar pseudo-phase. Therefore,
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Table 2 Maximum wavelength of fluorescence emission and the corresponding intensities measured as a function of the dioxane percentage in the binary
aqueous mixtures and as a function of the surfactant concentration in the aqueous micellar medium, showing the progressive blue shift in homogeneous

media, but the sharp shift in micelles

Homogeneous solvent of dioxane/water
mixtures (ethyl 3-aminobenzoate, 3)

Microheterogeneous solvent: aqueous micellar
medium (ethyl 2-aminobenzoate, 2)

% Dioxane (v/v) Aem™ /M Ig/a.u. [SDS]/M Aen™>/NM I:/a.u.
0 457 0.038 0 421 0.446
16.7 453 0.142 7.47 x 107 421 0.541
333 445 0.530 9.33x 107 414 1.416
42.0 441 1.059 0.014 414 2.692
50.0 437 1.758 0.028 414 3.378
63.0 431 3.933 0.240 414 4.187
83.3 421 6.877
96.7 406 8.527 [TTABr]/M Aew™™/nM I:/a.u.
0.240 409 6.728

Table 3 Experimental conditions and fluorescence intensities measured in water, /,,, and optimized values in cationic micelles of TTABr and anionic
micelles of SDS, 7,,, along with the association constant of the local anesthetic (LA) to micelles, K,,, eqn (1)

LA (¢/uM) Aex/ Ao (NM) I,/a.u. I,/a.u. K, /dm’ mol™ O/ Py
TTABEr (tetradecyltrimethylammonium bromide, cmc 3.5 mM)*

2(13.5) 350/409 0.406 6.85£0.10 250+ 19 17
3(13.6) 340/434 0.0195 4.41£0.07 79£6 23
4(15.7) 300/343 0.1124 6.00+0.10 1039 53
SDS (sodium dodecylsulfate, cmc 7.5 mM)*

2(13.5) 350/413 0.420 4.31£0.07 140 £ 10 10

2 (13.5) buffer” 350/413 0.470 3.73£0.07 145+ 14 8
3(13.6) 326/443 0.028 0.622+£0.017 43+5 22
4(15.7) 300/347 0.143 0.797£0.010 75£5 6

“ Aqueous solution of acetic acid acetate 0.033 M pH 4.55

the enhancement of emission intensity as a function of [surfactant]
is due to different lifetimes of the fluorophore in water (7, o<
¢.[LA],), at 100% incorporation in micelles (1, o= ¢,[LA],), and
at intermediate micelle concentration, (I «< ¢,[LA], + ¢,[LA],).

The experimental values of Iz measured at each [surfactant]
and depicted in Fig. 3, show a sharp increase at low surfactant
concentration just above the cmc and levels off at high surfactant
concentration. Solid lines were drawn by applying eqn (1), where
[Dn] = [surfactant] — cmc represents the micellized surfactant
concentration. Using non-linear regression analysis, the best
fitting values of I, and K,, were determined and are listed in
Table 3, along with the experimental conditions. The ratio /,,/1,,
equals the ratio of the fluorescence quantum yield of the bound
(¢,) and free molecule (¢,,); the corresponding enhancement ratio
is listed also in Table 3.

_1,+1 K, [Dn]

14+ K, [Dn] M

F

Even though the fluorescence emission measured in water, /,,,

is quite different for 2, 3, and 4 compound (being [, 3 <K Iy

< I, following the ratio of 1:6:21 approximately), the values

measured in the micellar pseudophase, 7,,, follows the same trend

but, by contrast, reach quite close levels (the ratio is 1:1.4:1.6);

in other words, micelles enhance the fluorescence quantum yield
and the enhancement is higher in TTABr than in SDS micelles.

As neither compound can specifically interact with TTABr

micelles (for instance, by electrostatic of H-bonding forces), the

different 7,, values obtained at 100% incorporation of the drug
should reflect different locations inside the micelle, i.e. for the
same micelle hydrophobicity, the experimental differences must be
attributed to the fluorescence probe. In this respect, the 2 isomer
is more hydrophobic than the others two due to intramolecular
H-bonding. Therefore, this compound resides deeper inside the
micellar interface where it senses a less polar environment. The
higher value of K, measured for isomer 2 corroborates this
statement and is also supported by larger wavelength shift of the
LW absorption than that observed with 3 or 4 (Fig. S4, ESIY).
The peculiar geometry of 4 allows it to enter lengthwise among
the surfactant monomers in the micelle with a significant degree
of protrusion; which makes the aromatic ring sense an apolar
microenvironment. However, the isomer 3 must reside outside in
the micellar interface in order to avoid strong disruption of the
micelles due to the bulky geometry of this molecule; in fact, the
corresponding association constant takes the smallest value of the
three LA. Even though, in the case of 4 its molecular geometry
facilitates good association to micelles, the interactions (H-
bonding) with water molecules reduce incorporation to micelles;
the observed results are the balance of all these driving forces.
The situation observed with anionic micelles of SDS is quite
different for compound 2 in comparison to 3 and 4. The possibility
of H-bonding formation between the sulfate head groups (-O-—
SO;7) of the surfactant monomers and the amino group of the
fluorophore, forces compounds 3 and 4 to reside probably in
the micellar interface, outside the Stern-layer; on the contrary,
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Fig. 4 (a) Excitation and emission spectra of 4 as a function of a-CD concentration. Scans a and b were recorded in the absence of CD and the intensity
was amplified by a factor of 2; the next scans were recorded at [CD] equal to: (¢,d)0.75; (e,f)2.25; (g,h)6.0, and (i,/)30 mM. (b) Variation of the emission
intensity as a function of o-CD for (A) 2, 10.6 uM; (@) 3, 46.7 uM; and (V) 4, 9.2 uM. Conditions in Table 4.

the intramolecular H-bonding that is possible in compound 2,
allows this compound to incorporate more inside the micelle.
Nevertheless, if one observes the data in Table 2, the comparison
of the results measured in 0.24 M or either [SDS] or [TTABI],
indicates that, firstly, the emission intensity in SDS (7, = 4.2) is
quite lower than that measured at the same [TTABr] (/,,=6.7), and
secondly, the emission maxima in SDS (A.,, =414 nm) is red shifted
with respect to TTABr (A, = 409 nm). Both observations reflect
the more hydrophobic microenvironment sensed by 2 in TTABr
micelles than in SDS micelles. These results evidence the drastic
differences in homogeneous and microheterogeneous media, as
well as the importance of the molecular structure of the LA and
the nature of the interface in the magnitude of mutual interaction.

The time-resolved fluorescence of 2 was examined in aqueous
micellar medium of 0.025 M SDS and 0.030 M TTABEr, that is,
according to Fig. 3, in a region where the I reaches almost the
maximum value. Global deconvolution analysis of the two time
profiles afforded a good fit (y* < 1.1) on the basis of a biexponential
function with lifetimes 7, = 2.28 = 0.08 ns (5.7%) and 7, =9.01
0.015 ns (94.3%) in SDS micelles and 7, = 1.4 £ 0.1 ns (1.3%) and
7, = 10.20 £ 0.01 ns (98.7%) in TTABr micelles. The comparison
with the results obtained in water indicates that the longer-lived
component in the emission, which is the most affected by the
presence of micelles and attributed to the II-form of 2, is the main
species in micellar media.

2. Studies in aqueous cyclodextrin solutions

A third common way to alter the structure of water solvent is
the addition of cyclodextrins. In aqueous solutions, the non-
polar cyclodextrin cavity is occupied by water molecules, which
can be readily replaced by appropriate guest molecules of lower
polarity than water. The driving forces leading to the inclusion
complexation of cyclodextrins were thought to include electro-
static, van der Waals, hydrophobic effect and hydrogen-bonding
interactions.” Upon inclusion into the CD cavity, the chemical and
spectral properties of the guest can be affected. The hydrophobic

microenvironment of the CD cavity enhances the fluorescence?2*
and decreases the reactivity of the included guest,” except when
the reaction was CD mediated.*

The absorption spectrum of 2, 3 or 4, recorded in the presence
of cyclodextrins (Fig. S1 to S3, ESIf), shows small red shift in
Amax (<4 nm) and no significant absorbance changes for a reliable
evaluation of their interaction with the CD cavity. By contrast,
the emission spectra show strong variation in the presence of
cyclodextrins; in the same manner, the reactivity of the amine
group towards nitrosation or the hydrolysis of the ester function
is notably affected in aqueous cyclodextrin solutions.

2.1 Fluorescence measurements. The fluorescence intensity
in water of the local anesthetics of Scheme 1 increases gradually
upon addition of either a-, B-, or y-CD, due to the enhanced
dissolution of the guest into the hydrophobic CD cavity, which
indicates the formation of inclusion complexes. The excitation
and emission spectra of 4 recorded as a function of o-CD
concentration are shown in Fig. 4a. Similar spectra were obtained
in any other possible combination of 2, 3, and 4 and o-~, B-, or
v-CD. Fig. 4b and 5 display representative plots (of nine possible
combinations) of emission intensity, I, against [CD].

Under experimental conditions of neutral CD, these plots
describe saturation curves at high CD concentration. This fact
suggests the formation of 1:1 inclusion complexes. In this sense,
the stoichiometry of the benzocaine, 4, and B-CD complex was
determined by Job-plot analysis?” as being 1:1.2 However, the
most general means for assessing stoichiometry is the constancy
of stability constants as the host concentration is varied, that is, the
success of an assumed stoichiometry model in accounting for the
data. This procedure is followed in the quantitative treatment of
the following experimental data. Then, assuming the formation of
1:1 inclusion complex between the LA and CD according to eqn
(2), and taking into account that [CD], > [LA], (i.e. the total CD
concentration is much higher than that of the LA), along with the
mass balance on host [CD], = [CD].. and guest [LA], = [LA,] +
[LA-CD], and the stability constant K, it can be easy to arrive
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Table 4 Experimental conditions and fluorescence intensities measured

in water, /,,, and optimized values in cyclodextins, /., along with the stability

constant of the 1: 1 inclusion complex formed between local anesthetic (LA) and cyclodextrins, K}, (eqn (2) and (3))

LA ([LA]) Cyclodextrin Aex/ Ao (NM) I,/a.u. I./a.u. K, /dm?® mol™! 0./ 9,
2 (10.6 uM) o-CD 342/410 0.604 +0.030 4.2+0.1 50+3 7
B-CD 343/410 0.723 £0.050 6.6+0.1 184+ 7 9
v-CD 343/417 0.580+ 0.035 53105 73 £15 9
3 (46 uM) a-CD 322/418 0.024 1.96+0.08 48+5 82
B-CD 3257427 0.021 1.22+0.03 185+ 9 58
v-CD 326/439 0.036 0.770 £0.015 21.0+0.07 21
4(9.2 uM) a-CD 295/341 0.043 3.09 £0.04 194+9 72
B-CD 300/345 0.048 0.529 £0.005 780 £ 30 11
v-CD 300/345 0.048 0.257 £0.004 60.0+1 5.3
4 (27 uM) B-CD 302/346 0.113 1.46 +0.02 740 £ 30 13
4 (5to 14 mM) B-CD Phase solubility measurements 549 +42
0.4+
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Fig.5 (a) Variation of emission of fluorescence intensity as a function of
2, 10.6 uM. The excitation and emission wavelength are reported in Table
UM, as a function of y-CD concentration.

at eqn (3) to express the fluorescence intensity of the guest as a
function of cyclodextrin concentration. In this equation, /,, and
I, refer to the emission intensity in water and at 100% complexed
with CD, respectively.

LA, +CD K1 acp 2

Fluorescence measurements applied to the determination of
stability constants are based on the proportionality of fluorescence
intensity to fluorophore concentration, where the proportionality
constant includes the quantum yield and the molar absorptivity,
&,- Both parameters, but mainly the quantum yield, take different
values for the free (¢,) and included (¢.) guest, i.e., I, = 8,[LA],
and I, = 6.[LA-CDJ;, with &, = &,,¢;.

. lw1 +1.K,,[CD] )
+K,,[CD]

The non-linear regression analysis of the experimental data by
means of eqn (3), affords the optimized values of the unknown
parameters I, and K, that are collected in Table 4, along with the
ratio ¢./ ¢, that shows the effect of CD on the emission quantum
yield.

[y-CD1/1072 M

B-CD concentration for 4 (¥) 9.2 uM and () 27 uM; (@) 3, 46.7 uM and (A)
4; (b) Increase of the emission of fluorescence at 439 nm (A., 326 nm) of 3, 46

The guest 2 complexed with whatever CD is very protected
from water molecules; in fact, /. values are comparable to those
obtained in solvents or in cationic micelles of TTABr. On the other
hand, the complexes formed with B-CD are more stable than that
formed with a-, or y-CD, probably due to both the tight fitting of
2 to the CD cavity and to the gain in energy when high energetic
water molecules inside the B-CD are replaced by the hydrophobic
guest.

Benzocaine and the guest 3 hardly show fluorescence in water
as a consequence of the very fast radiationless decay, thus no
intramolecular hydrogen-bonding is possible; but, the presence
of CDs enhances strongly the fluorescence emission. The highest
effect was observed in o-CD solutions and following the trend:
I .co) > Iy > Ic-cn) With increasing factors of 80:50: 18 for
the case of 3and of 70: 13 : 5 for the case of 4. These results reflect
that the fluorophore moiety of 3 and 4 remains very exposed to
water molecules; the effect is very marked in benzocaine, which, in
spite of forming the most stable complexes with whatever CD, the
I, values are very low in comparison to that obtained in solvents
or, for instance, in cationic micelles.

For the sake of comparison, Table 4 also includes the stability
constant of the inclusion complex formed between 4 and f-
CD determined from solubility measurements.?® The datum
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Fig. 6 Plot of k, against cyclodextrin concentration obtained in the nitrosation of (a) ethyl 2-aminobenzoate, 2, in the presence of o-CD followed the
increase in absorbance at (O,®) 270 nm or the decrease in absorbance at (A,A) 336 nm: open points represent total cyclodextrin concentration; solid
points represent free cyclodextrin concentration; (b) benzocaine in the presence of B-CD at [nitrite] = 2.9 mM, [buffer] = 0.078 M, pH 4.50, (A) k, against
total [B-CD]; (@) &, against free [B-CD]; dashed line, fitting to eqn (4) with the assumption k. = 0.

(K. = 549 M™) is significantly lower than that obtained in this
work. The sensibility of fluorescence determinations is notably
higher and the required amount of guest is considerably lower,
which leads to more accurate results.

The time-resolved fluorescence of 2 was measured in 30 mM
o-CD and 7.0 mM B-CD. In both cases, a bi-exponential decay
with lifetimes 7, = 2.29 £ 0.03 ns (18.6%) and 7, = 8.43 £ 0.02 ns
(81.4%) in 0-CD and 7, = 2.02 £ 0.04 ns (8.9%) and 7, = 9.26
1 0.01 ns (90.1%) in B-CD were observed. Against, the longer
lifetime, which corresponds to the emitting conformer II, is the
main species in the presence of cyclodextrins and that which is
included into the CD cavity.

2.2 Reactivity measurements. In order to postulate a more
exact picture of the conformation of inclusion complexes, we
studied the effect of cyclodextrins on the reactivity of the guest
towards the nitrosation of the amine group in mild acid medium
and the alkaline hydrolysis of the ester group. The results could
inform us of the position of these reactive groups in the CD
complexes.

Nitrosation in acid medium. The influence of CDs on the
nitrosation of the primary amine group of benzocaine, 4, and of
ethyl 2-aminobenzoate, 2, has been analyzed in aqueous buffered
medium of acetic acid-acetate ([buffer] = 0.075 M) at pH ~ 4.50.
The nitrosation of ethyl 3-aminobenzoate, 3, resulted complicated
by products phase separation (strong turbidity).

The reaction spectra of 2, recorded from 240 to 400 nm at
[2] = 1.5 x 10* M and [nitrite] = 2.9 x 10~ M, shows two broad
bands centered at 327 and 270 nm. The former decreases with time
meanwhile the absorption maximum shifts to 311 nm, whereas the
later increases with time; the spectral changes describe two well-
defined isosbestic points at 311 and 251 nm (Fig. S5, ESI¥). The
reaction was followed at both 336 (decrease in absorbance, Ae ~
3300 mol™ dm® cm™) and 270 nm (increase in absorbance, A¢ ~
7300 mol™”' dm® cm™). Under the same experimental conditions,
the observed rate constant takes the same value independent of
the wavelength used to follow the reaction, which indicates both
changes correspond to the same reaction process.

The reaction spectra of 4, recorded also between 240 and 400 nm
at [4] =9 x 10 M and [nitrite] = 2.9 x 10~ M, show a broad
band centered at 283 nm that decreases with time and shifts the
absorption maximum to 263 nm, by drawing also two well-defined
isosbestic points at 318 and 271 nm (Fig. S5, ESIT). We have chose
A =290 nm (Ag ~ 14000 mol™" dm* cm™) to follow the reaction.

The observed rate constant, k,, obtained for either 2 or 4 de-
creases as the cyclodextrin concentration increases. Representative
plots of k, versus [CD] are given in Fig. 6. Taking into account that
the nitrosating agents XNO (formed from the HNO, according
to the equilibrium reactions HNO, + X~ + H* = X-NO, K|,
or 2HNO, = N,0;, K, = 3 x 107 M at 25 °C?®) are highly
hydrophilic species, the complexation process leads to the reactant
separation; in other words, the LA included into the CD cavity
is protected from the attack of XNO in water, with XNO being
H,NO*, AcNO or N,O;. The degree of encapsulation of H,N
group will determine the possible attack of the nitrosating agent.

The overall reaction mechanism is that of Scheme 2, in which
we consider different reactivities for free (k,) and complexed (k.)
guest, the concentration of both are related by the equilibrium
constant, K., with LA representing to either 2 or 4. The mass
balance of [LA], = [LA] + [LA-CD] ([LA] « [CD]) leads to eqn
(4), where k,, = k,[XNO] and k. = k,[XNO].

_k, + kK [CD]

4
° 14+ K, [CD] @
K.
LA + CD LA-CD
+ +
XNO XNO
Products

Scheme 2 Equilibrium and reaction steps in nitrosation.

The k, vs. [CD] profiles obtained in the nitrosation of 2 fit
perfectly to eqn (4) if k. = 0, i.e. the complex formed between 2
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Table 5 Experimental conditions and results obtained in the nitrosation of 2 and 4 in aqueous buffered solutions of acetic acid-acetate, [buffer] =
0.075 M of pH 4.50, in the presence of cyclodextrins. See Scheme 2 and eqn (4) for the interpretation of rate constants

LA (¢/M) Cyclodextin [nitrite]/M A/nm (Ae/M™" cm™) ky /1073 57! k./1073 s7! K./M™! K.*/M™!

2(1.5x10™) o-CD 29x1073 270 (7300) 1.06 ~0 40.80 £ 0.95¢ 21.0£0.5
o-CD 29x107 336 (3200) 1.05 ~0 42.5+1.0¢ 229+0.7
B-CD 3.5x107 270 (7300) 1.57 ~0 182 +2¢ 131+£2

4(0.9x10% o-CD 29x107 290 (14000) 1.42 (0.35£0.03) 160 £+ 10* 61+3
B-CD 3.5x107 290 (14000) 1.78 (0.41£0.02) 684 +20° 370+ 20
v-CD 3.5%x 107 290 (14000) 1.85 (0.34 £0.05) 65+ 6° 455+3.0

“The value of K; used to calculate the free cyclodextrin concentration was ISM™.* K, =5M". <K, =4 M.

and a- or B-CD is unreactive. The amine group must be completely
protected from the attack of the nitrosating agent. By contrast, the
k, vs. [CD] profiles obtained in the nitrosation of 4 fit to eqn (4)
with significant values of k., the rate constant for the nitrosation
of the complex. The dashed line in Fig. 6 was drawn by assuming
k. = 0. The determined values of both k. and K., along with the
experimental conditions, are collected in Table 5.

The optimized values of K. are significantly lower than that
obtained from fluorescence measurements in pure water (compare
data in Tables 4 and column 8 of Table 5). Obviously, K. values
must be independent of the method used to evaluate them.
Nevertheless, there is an important difference in the experimental
conditions of nitrosation experiments that refer to the presence of
acetic acid and acetate ions ([buffer]=0.075 M). Both components
of the buffer form inclusion complexes with CDs;** then, the K,
values obtained in the fitting of &, against total CD concentration
are, in fact, K.* (apparent values modified by the competition of
the buffer for the CD cavity). By representing HAc or Ac™ by I,
then I + CD = I.CD, K;, the mass balance on [I], = [I] + [I-CD]
and on [CD], = [CD] + [I-CD] leads to eqn (5) to determine the
free cyclodextrin concentration, [CD].

[CD]* +[CD] o — ) 3)

1
(1), +- ~[CD],

1

Solving this quadratic equation for each initial [CD],, one
determines the corresponding free cyclodextrin concentration. For
that, we assumed the K, reported in Table 5.*° The plot of k, vs.
free [CD] is also shown in Fig. 6. The corresponding fit to eqn
(4) yields the values of K, reported in Table 5. As can be seen,
the comparison with those obtained from fluorescence (Table 4) is
now in very good agreement.

However, the most important observation of nitrosation results
is that the inclusion complex of 4 reacts with the nitrosating agent
at reaction rates 4-fold lower than that of uncomplexed compound,
whereas those of 2 do not. This fact indicates that in the inclusion
complexes of benzocaine, the amine group remains exposed to
water, a result that confirms the fluorescence I, values, which are
much lower than those read in solvents or in cationic micelles. By
contrast, in the inclusion compounds of 2 the amine group is not
exposed to water molecules.

Hydrolysis in alkaline medium. The alkaline hydrolysis of the
ester function of 2, 3, or 4 compound was studied in aqueous
solutions of cyclodextrins at high and fixed [OH], to ensure
the ionization of secondary OH-group of cyclodextrins (pK, =

12.33; 12.20, and 12.08 respectively to o, B-, and y-cyclodextrin
at 25 °C)* and also to obtain adequate reaction rates. Therefore,
under these experimental conditions, the cylodextrins are nega-
tively charged.

The LW absorption band displayed in the spectra of 2, 3, or
4 (with maxima at 327, 311, and 285 nm, respectively; Table 1)
decreases with time in alkaline medium meanwhile shifts to shorter
wavelength and fixed, at the end of the reaction, at 309, 302 and
265 nm, respectively, by describing, in each case, two isosbestic
points centered, for instance, at 270 and 232 nm in the benzocaine
hydrolysis (Fig. S6 and S7, ESIf). Therefore, a clean reaction
occurs to give, as the reaction products, 2-, 3-, or 4-aminobenzoate
and ethanol, respectively to the hydrolysis of 2, 3, or 4.

The reaction kinetic was studied by recording the decrease in
absorbance as a function of time at 350 (loge = 3.30), 330 (loge =
3.0), and 300 nm (loge = 4.0), respectively to 2, 3, or 4. The
compound 3 hydrolyses nearly 10-fold faster than the other two,
due to the inductive effect of the amine group in either ortho or para
positions of the benzoic moiety reduces the electrophilic character
of the carbonyl group by resonance effects.

Addition of cyclodextrins to the reaction medium results in
a progressive reduction of pseudo-first order rate constant. The
k, vs. [CD] profiles describe saturation curves. Fig. 7 shows
representative results. Considering the same CD, the inhibition
effect is stronger for benzocaine than for the other two LA,
which show similar reduction effect; considering the same LA and
different molecular receptor, a concentration of -CD near 4-fold
lower than that of o~ or y-CD yields similar inhibition effect.

The k, vs. [CD] profiles can be fitted to the overall eqn (6),
derived from Scheme 3, with some modifications depending on
the LA being considered. In this equation, k, and k. represent
the pseudo-first order rate constants for the hydrolysis of free
and complexed LA; K’;; and K|, are the stability constants of
the inclusion complexes for 1:1 and 1:2 stoichiometries, formed
between the LA and ionized cyclodextrin, and [CD™] represent the
stoichiometric ionized CD. The non-linear regression analysis of
the experimental data by means of eqn (6) leads to the results of
Table 6.

k, +kK/[CD]

kn = ! — / -2 (6)
14+ K,[CD ]+ K| ,K,[CD]

Inclusion complexes of 2 appear unproductive, irrespective of
the cyclodextrin being considered, i.e. k. ~ 0 in every case, and
with o~ and y-CD the best fit was obtained if both 1:1 and 1:2
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Fig. 7 (a) Influence of B-CD on the basic hydrolysis of (A) 2, [OH] =
0.078 M, (@) 3[OH]=0.048 M, right y-axis, and (V) 4, [OH]=0.083 M,
and variation of k, against [y-CD] obtained in the alkaline hydrolysis of
(b) 4 at [OH] = 0.075 M; the dashed line shows the calculated points if
k. = 0 (unproductive complex), and (c) 2 at [OH"] = 0.095 M; lines show
the fits to eqn (6) when k. = 0 (—); when K, = 0 but k. is negative, k. =
(1.4 £ 0.2)x10™* s, which has no sense (---); and when k. and K, are
zero (---). The results reported in Table 6 correspond to the solid lines.

complexes are considered, in other words both K’;, and K, are
significant. However, different models have been essayed for this
particular case, including the formation of only 1 : 1 unproductive

CD-LA-CD
K>
CD™
11 N
LA + CD LA CD™
+ OH,, + OH,,
kw kc
Products

Scheme 3 Equilibrium and reaction steps in alkaline hydrolysis.

(k. = 0) or productive (k. # 0) complexes; as [2] = 0.5 mM is much
lower than that of - and y-CD, we ruled out the possibility of two
molecules of 2 inside the CD cavity. As can be seen in Fig. 7(c), the
best fit of the model to the experimental points was obtained when
unproductive complexes of both 1:1 and 1:2 stoichiometries are
considered.

The apparently different behaviour observed with B-CD is the
consequence of the smaller concentration interval used, i.e. the
maximum [B-CD] is nearly 5-fold lower than that used with a-
or y-CD, due to the lower solubility of B-CD. On the contrary,
good agreement between the measured k, at each [CD] and the
calculated values from eqn (6) is obtained in the case of the
hydrolysis of 3 and 4 if one considers the formation of only
1:1 inclusion complexes, that is, K, is negligible. The complexes
formed between 4 and y-CD showed to undergo hydrolysis at
approximately half-the rate measured in water.

In alkaline conditions, the CDs have the secondary —~OH group
ionized, i.e., they are anionic hosts. Then, the hydration of the
wider rim is more important in alkaline medium than in neutral
or acid medium (neutral host); this fact difficult the inclusion
of hydrophobic guests. In spite of that, the complex stability
constants reported in Table 6 reach values close to that measured
in neutral (Table 4) or acid medium (Table 5). These results can
be understood if the local anesthetic inclusion mode is oriented
tail-first (T-F) in alkaline medium, but head-first (H-F) in neutral
or acid media, Scheme 4. The T-F inclusion mode, stabilized by
strong H-bonding between the —-NH, group of LA and the alkoxide
group, —O~, of CD, leaves the ester function inside the CD cavity,
completely protected from the nucleophilic attack of HO". In
addition, if this conformation is assumed for the binding mode of
compound 2, the hydrophobic ethyl group would remain exposed
to water; therefore, a second CD molecule protecting this moiety
would explain the formation of complex of 1:2 stoichiometry,
which would be specially stable in the case of a-CD, whose narrow
cavity difficult the guest protection. On the other hand, the H-
F inclusion mode, stabilized by H-bonding between the ester-
group of the LA and the —-OH group of CD, leaves the amine
group protected from the nitrosating agent, XNO. The molecular
geometry of benzocaine gives ‘loose fit’ inclusion complexes
with different degree of encapsulation, mainly in the case of
v-CD host, which can be exposed to the reagents in the bulk
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Table 6 Experimental conditions and results obtained in the alkaline hydrolysis of 2, 3, and 4 in the presence of cyclodextrins; &, and k. are the
pseudo-first order rate constants for the hydrolysis of the free and complexed LA, respectively, and K;," and K, represent the stability constants on

inclusion complexes of 1: 1 and 1:2 (LA : CD) stoichiometry, see eqn (6)

LA (¢/M) Cyclodextrin® [OH /M k,/107% 57! k./107 ¢! K’ /M K,/ M™!
2(5.3%x107%) o-CD (0-40) mM 0.075 3.43 — 49+2 78£3
B-CD (0-9) mM 0.075 3.50 — 114+2 —
v-CD (0-40) mM 0.095 4.16 — 34+2 133
3(5.6 x 10%) a-CD (0-40) mM 0.040 12.8 — 34.0+0.8 —
B-CD (0-9) mM 0.045 14.1 — 123+£2 —
v-CD (0-40) mM 0.040 12.7 — 41.8+0.8 —
49 % 107°) o-CD (0-40) mM 0.075 2.23 — 86£3 —
B-CD (0-9) mM 0.075 2.23 — 420+ 8 —
v-CD (0-15) mM 0.075 2.23 0.94£0.05 140+ 10 —
¢ Cyclodextrin type and concentration interval used.
a-CD -€--57A -3
B-CD -----78A o 3
y-CD 1€ ----- 95 A ----3 A H;C
A CH, E \THZ H3C\
' i 0398 CH,
E e i 0 ooszs | 2
: 0- -H\ L 0408 A0, 0
e NH  85A :
73 A 61A
' H
Y o4 : N
v /NH v H

1-CD ---83 A3
B-CD -G8 A->
a-CD «-47A-3

—~CH,

HO
H-F inclusion mode

HO/CHZ

T-F inclusion mode

Scheme 4 Dimensions and sizes of the optimized structures of host and guest and the proposed geometries of inclusion complexes: head-first in neutral

medium and tail-first in alkaline medium.

aqueous phase. The HyperChem software package was used for
the geometrical optimization of the molecular structures of local
anesthetics that are displayed in Scheme 4 and compared to that of
cyclodextrins.

Conclusions

The results presented here indicate that ethyl 2-aminobenzoate,
ethyl 3-aminobenzoate, and ethyl 4-aminobenzoate bind to

micelles — formed by either cationic or anionic surfactants — and
to o, B-, and y-cyclodextrin showing different location sites or
geometries of the inclusion complexes.

The hydrophobic local anesthetic molecules, such as ethyl 2-
aminobenzoate, together with the absence of specific interactions
with interfaces (e.g. electrostatic or hydrogen bonding), allow
local anesthetics to penetrate more efficiently across hydrophobic
interfaces and, by extension, across biological membranes, which
redound in high anesthetic effect.
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The dominant interactions — van der Waals interactions and
the hydrophobic effect — observed in the complexation of local
anesthetics bearing a tertiary amine moiety, such as novocaine or
tetracaine, are drastically changed when specific interactions with
CD are allowed. The strong hydrogen bonding between the H,N
group of LA and the alkoxide —O~ group of CD not only give high
stable inclusion complexes, but also a change in the binding mode
of the LA and even in the stoichiometry of the complex. Therefore,
the complexation with cyclodextrins enhances the stability of LA,
which are protected from reagents in the bulk water phase.
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