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The complex formation of chlorhexidine digluconate (CHX-G;) with hydroxypropyl-B-cyclodextrin
(HPBCD) was studied using NMR spectroscopy. The results revealed that this surfactant agent shows
an monomer/aggregate equilibrium, which is dependent on the concentration of this drug. This equilib-
rium can be modified by the presence of HPBCD, which reduces the aggregation of the CHX-G, molecules.

An inclusion process of the CHX-G, aromatic residue within the cyclodextrin cavity was confirmed by 2D
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NMR spectroscopy

ROESY spectroscopy. 'H NMR titration studies of CHX-G, with HPBCD in D,0 confirmed the formation of
higher order complexes between CHX-G, and HPBCD. Moreover, the addition of HPRCD into CHX-G, solu-
tions forms insoluble aggregates. Such insoluble aggregates may result in the stacking of CHX-G, mole-
cules on the surface of the CHX-G,:HPBCD complexes.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Chlorhexidine (CHX, Fig. 1), 1,1’-hexamethylene-bis-5-(4-chlo-
rophenyl) biguanidide, is a wide spectrum antimicrobial agent that
is effective against both Gram-positive and Gram-negative bacte-
ria, yeast, and virus.'?

The presence of two symmetrically positioned basic chloro-
phenyl guanide groups attached to a lipophilic hexamethylene
chain aid in rapid absorption through the outer bacterial cell wall,
causing irreversible bacterial membrane injury, cytoplasmic leak-
age, and enzyme inhibition.? It is a common ingredient in various

formulations ranging from skin disinfectants in healthcare prod-
ucts to antiplaque agents in dentistry.*-®

Because the free base of CHX is essentially insoluble and only
exists at very low hydrogen ion concentrations (pH >12), CHX is
used as the salt form, commercially available as CHX diacetate
(CHX-Ac,), dihydrochloride (CHX-Cl,), or digluconate (CHX-G,).
Saturated solutions of CHX diacetate (CHX-Ac;) and dihydrochlo-
ride (CHX-Cl,) have concentrations of CHX of 2% and 0.2% (w/v),
respectively.” The digluconate salt is available at a much higher
concentration of 20% (w/v) and is used clinically as a diluted solu-
tion (2%).8
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Figure 1. Structure of the chlorhexidine digluconate.
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Figure 2. (A) 'H NMR spectra in D,0 at 25 °C for free CHX-G, (upper line) and different molar ratios of CHX-G, and HPBCD (a) 1:1, (b) 1:2, (c) 1:3, (d) 1:6 and (e) 1:9. (B)
Expansion of "H NMR spectra (4.1-3.3 ppm) in D,0 at 25 °C for free CHX-G, (red line) and different molar ratios of CHX-G, and HPBCD. (C) 'H NMR spectra in D,0 at 25 °C for
free CHX-G; (red line) and HPBCD.

It has been reported that CHX forms aggregates in solution sim- aggregation of CHX may involve the association of the phenyl
ilar to the self-association of planar dyes.® It was proposed that the group of one CHX with the hexamethylene chain of a second
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CHX and thereby forms a staggered chain,'® being the concentra-
tion for the onset of association at 7 and 11 mM for the diacetate
and digluconate solutions, respectively.’

Cyclodextrins (CDs) are toroidally shaped polysaccharides with
a highly hydrophobic central cavity that allows them to form inclu-
sion complexes with many organic substrates."! CDs are able to
form host-guest complexes with most surfactants with high bind-
ing constants by including surfactants into CD cavities.!?"1®
Because the outer surfaces of these cavities are hydrophilic, the
resultant surfactant/CD complexes disfavor forming aggregates
and are quite dissolvable in water. That is to say, CDs can remove
surfactant molecules from aggregates. For single surfactant sys-
tems, the removal of surfactant molecules will break or ‘weaken’
aggregates.!”'18

Of particular interest is the effect of CDs on the self-organiza-
tion process of surfactants in which the presence of these macrocy-
cles introduces a new equilibrium which competes with the
aggregation.

In this paper, we report on the complex formation of CHX-G,
with hydroxypropyl-p-cyclodextrin (HPBCD) using NMR tech-

Table 1
"H NMR chemical shifts of clhorhexidine digluconate (CHX-G,) in the presence or
absence of HPRCD

Hydrogen ScHx Adchx:tppep”

1:1 1:2 1:3 1:6 1:9
1 7.28 0.08 0.05 0.02 0.03 0.02
2 7.13 -0.09 -0.07 —-0.04 —0.03 —-0.04
3 2.99 0.01 —0.01 0.02 0.04 0.03
4 1.34 0.01 0.01 0.02 0.03 0.01
5 1.15 0.03 -0.06 —0.02 -0.03

- -
AJ = ScHx-G2 — OCHX-G2:HPBCD-

H#

niques including 'H NMR, diffusion, "H-'3C heteronuclear HSQC-
DEPT and nuclear Overhauser enhancement (NOE) analysis.

2. Experimental
2.1. Materials

Chlorhexidine digluconate (20%, w/v) was obtained from Para-
farm® (Cérdoba, Argentina). HP-p-CD (MW = 1325-1400; degree
of molar substitution, 7.0) was a gift from Ferromet S.A. (agent of
Roquette in Argentina). For NMR experiments Chlorhexidine dig-
luconate was initially frozen and then dried over night under high
vacuum. It was then reconstituted with D,0 to yield a series of
concentrations.

2.2. Nuclear magnetic resonance spectroscopy

NMR experiments were recorded on Bruker Avance II 400 spec-
trometer, operating at 400.16 MHz and equipped with a Broad
Band Inverse probe (BBI) and a Variable Temperature Unit (VTU).
In all experiments the probe temperature was maintained at
25 °C and standard 5 mm NMR tubes were used. 'H NMR experi-
ments were obtained by the use of the sequence commercially
available on Bruker spectrometer. 'H NMR spectra were achieved
using the WATERGATE technique for suppression of the residual
water signal.

The HSQC-DEPT spectra were recorded with 2D H-1/X
correlation via double inept transfer, using sensitivity improve-
ment phase sensitive using Echo/Antiecho-TPPI gradient selection,
with decoupling during acquisition using trim pulses in inept
transfer with multiplicity editing during selection step using
shaped pulses for all 180 degree pulses on F,—channel with gradi-
ents in back-inept. Size of FID TD(F,)=2048 TD(F;)= 256,
p1="7.90 useg.
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Figure 3. HSQC-DEPT 2D NMR spectrum of HPBCD.
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The two-dimensional Rotating frame Overhauser experiments
(2D ROESY) spectra (mixing time 250 ms) were acquired using
standard experiments from the spectrometer library. Diffusion-
ordered spectroscopy (DOSY) experiments were performed using
the simulated echo with a bipolar gradient pulse pair sequence,
modified with an introduction of a presaturation pulse for solvent
signal suppression (STEBPGP1S).

TH NMR titrations were made in D,O with a constant CHX-G,
concentration (6 mM) and by progressively increasing the amount
of HP-B-CD (0-96 mM) or using a set of solutions containing the
same concentration of HPRBCD (12 mM) and different concentra-
tions of CHX-G, (19.5-250 mM).

The stoichiometry of the complex was obtained using the con-
tinuous variation method of Job.!® TH NMR spectra were obtained
for a series of CHX-G,:HPBCD mixtures in which the total initial
concentration of the two species was kept constant (6 mM) but

HZ(CHX) 11 e

H2(G) H45(G) e (G)
H3 (G)
H3 (CHX)
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the mol fraction of each component was varied from 0 to 1. Using
this method, the value for Aé reaches a maximum at the stoichi-
ometric point.

3. Results and discussion

Inclusion of a guest molecule into the hydrophobic cavity of a
cyclodextrin molecule generally modifies the environment of the
protons of the guest moiety which is included and of the host cav-
ity. Therefore, "H NMR can provide direct information on the com-
plex structure from the comparison of the proton chemical shifts
observed for the guest/host mixture with those found for the indi-
vidual species.

Because of the symmetric nature of the molecule of CHX (Fig. 1),
there are only five unique peaks in the reported proton spectrum of
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Figure 4. HSQC-DEPT 2D NMR spectrum of CHX-G,.
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Figure 5. HSQC-DEPT 2D NMR spectrum of CHX-G,:HPBCD system.
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CHX. Two peaks near 7 ppm arise from the four protons on the
para-chlorophenyl group and the three remaining peaks at about
2.8, 1.3, and 1.1 ppm from the 12 protons on the symmetric hex-
amethylene chain in the center of the molecule. The protons asso-
ciated with the biguanidine group exchange with the D,0 and are
not observed.?°

TH NMR experiments were performed to evaluate the changes
in the chemical shifts (Ad) among pure CHX-G, with its inclusion
complexes with HPBCD. Figure 2 shows the spectral changes of
the CHX-G, protons with the addition of HPBCD.

By comparing the '"H NMR spectra of the inclusion complexes,
at molar ration 1:1, 1:2, 1:3, 1:6, and 1:9 of CHX-G,:HPBCD,
to the pure CHX-G, spectrum ( Fig. 2), modifications in the

R. Onnainty et al./ Carbohydrate Research 346 (2011) 1037-1046

chemical shifts of the all CHX-G, protons can be clearly seen.
(Table 1).

It is interesting to note significant changes of the chemical shifts
of the para-chlorophenyl group signals, the decrease in their reso-
lution, and coalescence phenomena. These protons together with
the signals of protons of the hexamethylene chain in the posi-
tion-5 were more affected.

An unambiguous resonance assignment of the CHX-G,, HPBCD,
and CHX-G,:HPBCD complex resonance protons was required to
ascertain which one of the protons of CHX-G, and HPBCD are in-
volved in the complexation. Thus, several 'H-'>C HSQC-DEPT
experiments were carried out in order for us to be able to fully as-
sign the spectra. Owing to the observation of superimposed signals

Delta Chemical Shift obs. (ppm)

0.12

HPBCD (M)

—+—H1_-H2-—0H3—aH4—oH5

Figure 7. Change in the proton chemical shift values of CHX-G,, in D50 at 25 °C, as a function of the HPBCD concentration.
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Figure 8. 'H NMR spectra in DMSO-dg at 25 °C of the precipitate, obtained by filtration, formed in the mixture between CHX-G, and HPBCD.
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in the HPBCD 'H spectrum, a 'H-'3C HSQC-DEPT measurement
was obtained, Figure 3, in order to provide a tentative assignment.
As commercial HPBCD contains a mixture of hydroxypropyl B-CD
derivatives with different substitution degrees, a special character-
istic of this spectrum is the presence of signals spread over a range
of & values. 'TH-'3C HSQC-DEPT played an instrumental role in this,
because it has pulse sequences to place the CH;, coupling systems
into opposite phase from that of CH and CHs coupling systems. This
differentiates all the protons attached to C-6 from those attached
to C-5. In Figure 3, all correlation peaks in green are related to
the H-6 resonances that correlate with C-6 resonances. This spec-
trum is in good agreement to that reported previously by Schon-
beck et al.?! The CHX resonance proton signals were shown to be
well resolved from those of the HPBCD resonance protons signals.
However, all the resonances of the gluconate protons of CHX-G,
appeared superimposed with some protons signals of the HPBCD (
Fig. 2). Therefore, we performed the 'H-'3C HSQC-DEPT spectra of
CHX-G, (Fig. 4) and CHX-G,:HPBCD system (Fig. 5), in the same
conditions as those used for the ROESY spectrum.

An accepted criterion for the detection by 'H NMR of the forma-
tion of inclusion complexes in cyclodextrins is the NOE between
the protons of the guest and the host internal cyclodextrin protons
H-3 and H-5. The 2D ROESY experiments allowed observation of
the spatial proximity at the 5 A maximal limit. The formation of
inclusion complexes between CHX-G, and HPBCD was confirmed
by ROESY experiments, which show NOEs between H-1 and H-2
protons of the para-chlorophenyl group of CHX-G, with the inter-
nal cyclodextrin protons H-3 and H-5 situated inside the cavity
(Fig. 6). Resonance signals of protons H-3 and H-5 of HPBCD are
located around 3.93 and 3.78 ppm, respectively (Fig. 2C). Fig. 2B
shows the chemical shift variations of H-3 and H-5 protons of
HPBCD (Fig. 2C) with [host]:[guest] mole ratio variations. These
data demonstrate the penetration of CHX-G, into the HPBCD
cavity.

In order to gain better insight into the nature of the inclusion
complexes between HPBCD and CHX-G, we performed 'H NMR
titration experiments. A 6 mM solution of CHX-G, was titrated
with increasing amounts of HPBCD, and the chemical shifts of
CHX-G,, protons were monitored by 'H NMR (Fig. 7).

Titration curves obtained were unusual, which are consistent
with perturbation of CHX-G, protons by contribution of more than
two species present at equilibrium. From a theoretical point of
view, if we consider that CHX-G, only exists in the unimeric form
in water (i.e., the work concentration is lower than the critical
aggregate concentration), the HPBCD can form various inclusion

0.3 1
0.2 1

0.1 1

complexes with CHX-G, with one or two hydrophobic binding
sites, in this case, multiple equilibria may exist for the formation
of inclusion complexes between HPBCD and CHX. Taking into ac-
count that the CHX-G, concentration in the HPBCD solutions used
was less than its cac (critical aggregation concentration) and there-
fore, the self-association of CHX is negligible, we can suggest the
formation of complexes of higher stoichiometries between HPRCD
and CHX-G,. Denadai et al.?2 reported the formation of a highly or-
dered supramolecular complex between CHX and BCD, which a 1:4
CHX:BCD stoichiometry.

Increasing difficulty was encountered during collection of the
data points due to the appearance of precipitate in the NMR tubes.
Taking into account that both CHX-G, and HPBCD are indepen-
dently soluble in the molality ranges explored, the solid phase ob-
served could not otherwise be composed of a complex precipitate.
An explanation of this phenomenon may be the existence of
attractive interaction between CHX-G,:HPBCD complexes and free
CHX-G, molecules leading to the formation of mixed CHX-G, and
cyclodextrin complexes aggregates, the water solubility of which
may be much lower than those of the separate species. According
to this hypothesis, the crystal formed should be composed of a
mixture of CHX-G,:HPBCD complexes with free CHX-G, molecules.
The presence of these components in the isolated precipitate was
confirmed by 'H NMR observation upon dissolution of the isolated
precipitate by centrifugation in DMSO-dg (Fig. 8).

Job’s diagrams based on the induced chemical shifts of CHX-G,
in 'H NMR were plotted (Fig. 9). The obtained results were contra-
dictory. The plots constructed for protons H-1, H-2 and H-3 of
CHX-G,, on the 'H resonance signals were ambiguous because the
maxima observed in the Job plots were in range of 0.3-0.7 and thus
are difficult to interpret. The plot having a maximum at 0.5 sug-
gested the existence of a 1:1 complex, whereas the other maxi-
mums at 0.33 and 0.67 guest/(host + guest) ratio correspond to
1:2 and 2:1 host-guest stoichiometries, respectively, and suggest
that there is not only one uniform complex present in the aqueous
solution. A possible rationale for this unexpected behavior could be
the presence of multiple equilibria in solution. We suggest the
coexistence in solution of 1:1, 1:2 and 2:1 CHX-G,:HPBCD
complexes.

CHX is a symmetric polydiguanide molecule. It is amphiphilic in
nature, due to the hydrophilic aromatic rings and urea chain, and
the hydrophobic chain in the center of the molecule. Free energy
in aqueous media may be minimized when the hydrophobic por-
tion is away from water, while the chlorophenol rings are in the
vicinity of water. Therefore, its most stable arrangement should

—o—H1 —=—H2 —4—H3

0.2 0.4
-0.1

AS0bs*[CHX-G2]

-0.2 4

-0.3 A

-0.4

0.6 0.8 1 1.2

r=[CHX-G2]/([CHX-G2]+[HPBCD]

Figure 9. Continuous variation plots (Job’s plot) for the CHX-G,:HPBCD system.
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the ends of the same CHX find each other through trans-gauche
isomerism of the hexamethylene linker, this energy might be suf-
ficient to hold the CHX in a bent configuration. The 2D ROESY spec-
trum of CHX-G, in D,O ( Fig. 10) supports in favor of this
configuration due to correlations between the protons of the hex-
amethylene chain in the position-3 and positions-4 and -5, respec-
tively were observed.

On the other hand, CHX is known to self-associate in aqueous
solution with the formation of dimers or higher aggregates. Zeng
et al.!° suggested that the aggregation of CHX may involve associ-

ation of the phenyl group of one CHX with the hexamethylene
chain of a second CHX and thereby form of a staggered chain.
However, 2D ROESY NMR spectra (Fig. 10) obtained from samples
of different CHX-G, concentrations did not shown intermolecular
cross-peak between protons of the phenyl group of one CHX with
the protons of the hexamethylene chain of a second CHX. On the
contrary, some cross-peaks between the protons of position-3
and position-4 and -5 of the hexamethylene group of CHX were
observed. However, it is interesting to note that the intensities
of these cross-peaks are decreased as a function of the CHX-G,

a

[\.n v V A
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m(c:{ HCHX) JL ‘\\ Lﬂﬁ"ﬁ dE H4(CHX) HS(CHK)
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Figure 10. 2D ROESY spectrum of CHX-G, in D,0 at 25 °C at (a) 19.5 mM, (b) 82.5 mM and (c) 200 mM.
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concentration. This may be due to the changes on the conformation
of these molecules at different concentrations as a consequence
of molecular aggregation leading to the formation of differently
packed supramolecular assemblies. In such assemblies, the number
of molecules, the orientations in the aggregate and their mutual
interactions and ‘tightness’ of association should vary as a function

3.00E-010

(s |

2.50E-010 E
2.00E-010

D*m2/s

1.50E-010

_ 5 W
1.00E-010 g

5.00E-011
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of concentration which in turn should manifest in the altered
chemical shifts.

To get deeper insight into the effect of HPBCD on the self-
aggregation process of CHX-G,, DOSY experiments were carried
out. The variation of molecular size is a crucial parameter in
the evaluation of aggregate or complex formation. On the basis

T T
0 50 100 150

[CHX-G2] mM

b 3.50E-10 -
3.00E-10 -
2.50E-10 -
2.00E-10 -

1.50E-10

D * m2/s

1.00E-10

5.00E-11

0.00E+00 T T

T T
200 250

0 50 100

C 3.50E-10 -

3.00E-10 -

2.50E-10 -

2.00E-10 -

D* m2/s
)

1.50E-10 .

1.00E-10

5.00E-11

0.00E+00 T T

150 200 250 300

[CHX] mM

0 50 100 150

200 250 300

[CHX] mM

Figure 11. Self-diffusion coefficients from DOSY experiments for ((0) CHX-G, and (M) CHX-G,:HPBCD system plotted against the CHX-G, concentration.
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of the Stokes-Einstein equation, the connection between molec-
ular size and diffusion coefficient can be used to analyze the
structural properties of the formed aggregates or complexes.
The decreased diffusion coefficient of CHX-G, means increased
molecular size and decreased molecular mobility (aggregates
and/or supramolecular inclusions). The measured values of the
diffusion coefficients of these systems were plotted versus the
CHX-G, concentration (Fig. 11).

The inspection of Figure 11 reveals that, in the absence of
HPBCD, CHX-G, diffuses more slowly with the concentration as a
result of the self-aggregation. Its diffusion profile displays three
singular inflection points, corresponding to the concentrations of
~100, ~150 and ~210 mM, respectively. We may identify these
concentrations as the first, second, and third critical aggregation
concentrations (cac). These critical aggregation concentrations
were graphically determined from the CHX-G, diffusion curve
(Fig. 11b) by intersection of the two straight lines above and below
each break point. The cac’s for CHX-G, were 111, 140, and 213 mM.
These data suggest that the aggregation process of CHX-G, is a
stepwise process involving different species as a function of the
CHX-G, concentration. On the other hand, as can be seen in Figure
11a, the diffusion coefficients of CHX-G, slightly increase upon
addition of HPBCD. Figure 11c displays only a single point of inflec-
tion in the diffusion profile of CHX-G, in the presence of HPBCD.
The observed break in the curve may be ascribed to the cac, which
was determined to be 125 mM. This curve shows a slight, continu-
ous decrease, proving gradual aggregation. This in turn indicates
that complexation with HPBCD breaks up the aggregates of the
drug. These results imply that, the formation of the aggregates,
in the presence of HPBCD, is shifted toward a higher drug concen-
tration with respect to the values obtained with the drug in the ab-
sence of HPBCD. This may be explained by the capacity of HPBCD to
modify the aggregation equilibrium existing in different molecules,
producing individual molecules of the solute.

4. Conclusions

There is particular interest in the interaction of surfactants with
cyclodextrins, both because of the potential for modulating surfac-
tant properties, and because of the possible importance of mixed
surfactant/cyclodextrin systems in commercial formulations.

CHX-G, is a dicationic surfactant. Its salts are well known for
their antibacterial activity and have been used in aqueous based
oral compositions to counter dental plaque formation and caries
caused by bacteria in the oral cavity. However, CHX and its deriv-
atives have the disadvantage of staining the teeth following re-
peated use and have furthermore a bitter taste. As strategy to
reduce these drawbacks may be the use of cyclodextrins to obtain
controlled or sustained release systems of CHX and its derivatives.

In this study, different NMR experiments have been conducted
to study the effects of the complexation with HPRCD on the aggre-
gation process of CHX-G,.

CHX-G, undergoes self-association in aqueous solution, most
likely forming aggregates that increased in size with increasing
concentration. In the concentration range investigated here, CHX-
G, shows a stepwise association process. Through DOSY analysis
it was found three cac’s CHX-G, values (111, 140 and 213 mM).

On the contrary, an exponential decay of the diffusion coefficient
values for CHX-G, in the presence of HPBCD was observed. Analysis
of the diffusion data reveals that an increase in the HPBCD concen-
tration makes this supramolecular system diffuse more quickly
than the pure CHX-G, molecule. Only one cac value for CHX-G,
was estimated from the observation of the CHX diffusion profile
in the presence of HPRCD (125 mM). Addition of HPBCD increases
the first cac’s CHX-G, value as a consequence of the disruption of
the aggregates, modifying the self-aggregation exhibited by this
drug. This increase is ascribed to the reduction of free CHX-G, con-
centration, caused by the complexation of CHX-G, by HPBCD.

The supramolecular interaction between CHX-G, and HPBCD in-
volves the inclusion of the phenoxy groups of CHX-G, inside the
host central void, as has been evidenced by 2D ROESY observations.
'H NMR titration studies of CHX-G, with HPBCD in D,O and the
continuous variation method (Job’s plot) confirmed the formation
of higher order complexes between CHX-G, and HPBCD. Also, the
addition of HPBCD into CHX-G; solutions forms insoluble aggre-
gates. Such insoluble aggregates may result in the stacking of
CHX-G, on the surface of the CHX-G,:HPBCD complexes.
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