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a  b  s  t  r  a  c  t

The  molecular  foundations  of the  use  of (2-hydroxypropyl)-�-cyclodextrin  (HP�CD)  as  solubility
promoter  of  triamcinolone  acetonide  (TrA),  a  corticosteroid  with  very  low  aqueous  solubility,  was  inves-
tigated by  a  multidisciplinary  spectroscopic  and  computational  approach.  Aqueous  solutions  of  TrA and
HP�CD  were  investigated  by UV  and  NMR  spectroscopies.  The  association  constant  was  determined  by
phase solubility  diagrams  and  by  the  Foster–Fyfe  method  whereas  the nature  of  the  drug/cyclodextrin
aggregates  was  probed  by  using  the  NMR  DOSY  technique.  ROE  measurements  in solution  led to  stere-
ochemical  information  regarding  the  nature  of inclusion  processes.  TrA/HP�CD  powders  were  prepared
and  investigated  by  Raman  spectroscopy  supported  by  computational  methods.  A  molecular  interaction
olubility diagram
MR
aman
iffusion

of the  hydroxyacyl  chain  with  cyclodextrin,  not  identified  in  solution,  was  detected.  Raman  imaging
experiments  confirmed  the  attainment  of  a  molecularly  homogeneous  system  when  the  TrA/HP�CD
molar  ratio  was  1:7 whereas  TrA  crystallized  for  mixtures  richer  in TrA  (1:3.5)  forming  domains  with
size  in  the  range  of  10–15  �m.  We  demonstrate  that  the  combined  use  of  several  spectroscopical  tech-
niques  with  specific  responsivities  allows  a  detailed  depiction  of  drug/cyclodextrin  interaction  useful  in
the development  of  novel  pharmaceutical  formulation.
. Introduction

The common goal of drug research is the development of active
herapeutic agents, which involves strict synergy between sev-
ral different disciplines. Very composite problems must be faced
hich receive converging contributions from medicinal chem-

stry, pharmaceutics, chemistry and physical chemistry. Nowadays,
he properties of new chemical entities are shifting towards
igher molecular weight and increasing lipophilicity that raises
evere limitations of solubility and in turn bioavailability. As a
onsequence, a great deal of efforts is addressed towards the devel-
pment of new strategies at the preformulation stage with the aim
o develop robust formulations (Waring, 2010). Very subtle struc-
ural changes in the drug may  be responsible for dramatic variations

f the dissolution response in the presence of the selected solubi-
izing excipients.
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∗∗ Corresponding author. Tel.: +39 081678707.
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ttp://dx.doi.org/10.1016/j.carbpol.2012.06.075
© 2012 Elsevier Ltd. All rights reserved.

Cyclodextrins have a well-recognized role as solubilizing
agents: they have a highly preorganized structure endowed of an
external hydrophilic surface, which is responsible for their solu-
bility in aqueous medium, and a hydrophobic cavity inside which
lipophilic molecules or molecular portions are included and hence
driven in the aqueous medium. The solubilizing power of the host
depends on several factors, such as the intrinsic aqueous solubil-
ity of the cyclodextrin, its structure and the suited fit between the
host cavity and the guest sizes, which affect the strength of the
drug–cyclodextrin interaction, and, hence, also the ability to release
the drug from the complex (Brewster & Loftsson, 2007; Duchêne,
2011; Loftsson & Duchêne, 2007).

In view of the very composite phenomena on which the use
of cyclodextrins as solubility promoters rely on, the knowledge of
the molecular basis of host–guest complexation processes would
be highly beneficial in order to pursue the rational design of new
formulation strategies. Characterization of complexes in both solu-
tion and solid state is of crucial importance also at regulatory level
when a new drug/cyclodextrin product is examined to receive a

market authorization. The resolution of this difficult problem is
frequently assigned to the refinement of formulation techniques
based on the observation of molecular parameters related to the
molecular structure as a whole.

dx.doi.org/10.1016/j.carbpol.2012.06.075
http://www.sciencedirect.com/science/journal/01448617
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Among spectroscopic methods Nuclear Magnetic Resonance
NMR) represents one of the most powerful techniques as sev-
ral structure dependent NMR  parameters can be observed.
hey are exploited both to give very accurate models of the
rug–cyclodextrin aggregates as well as to perform very fast
nd accurate quantitative analysis of the solubilization processes.
mportantly, the role of supramolecular aggregation that underlies
he processes of solubilization can be thoroughly investigated by
xploiting the considerable potential of DOSY (Diffusion Ordered
pectroscopY) NMR  measurements of the diffusion coefficients.
pectroscopic and computational methods have great potential in
his field due to the fact that several aspects of the molecular recog-
ition processes involved in the drug–cyclodextrin interaction can
e efficiently ascertained: association constants and complexation
toichiometry and, importantly, the stereochemical and dynamics
eatures of the drug–cyclodextrin supramolecular aggregates can
e investigated.

Raman spectroscopy is an emerging technique that has been
uccessfully applied for studying the formation of inclusion com-
ounds (Smith & Dent, 2005). Advantages of this approach arise
rom the high spectroscopic contrast, the spectrum resolution,
he sensitivity of the technique (provided that spurious effects –
ike fluorescence – do not interfere) and the wealth of molecular
nformation contained in the vibrational spectrum. Raman inves-
igations have been predominantly carried out in the solid state,
aking advantage of the sampling capabilities of the technique,
specially when confocal microspectroscopy measurements are
nvolved (Hendra, 2006; Keresztury, 2002; Shrader, 2002). In this
espect, Raman studies represent an ideal complement to NMR  and
V spectroscopies, both concerned mainly with measurements in

olution state.
Spectroscopic methods relying on the observation of differ-

nt nuclei or functional groups constituting the system under
onsideration could lead to a deeper understanding of the pro-
esses of solubilization and, especially, real molecular models of
he drug–excipient supramolecular aggregates can be constructed
n the basis of which solubilization process can be rationalized and,
ence, optimized.

Triamcinolone acetonide (TrA) (Fig. 1) is a lipophilic synthetic
orticosteroid sparely water soluble, which is used to treat vari-
us skin conditions and to relieve the discomfort of buccal aphtae.
o develop effective drug delivery systems for TrA, strategies to
nhance its aqueous solubility are of great importance as well as
nderstanding how this occurs on the basis of mode of interaction
ith a hydrotropic agent. At the same time, achievement of solid

rA in a fast dissolving solid is critical for dosage forms where drug
elease is activated by drug solubilization in aqueous media.

In the present contribution we addressed our efforts towards

 more comprehensive approach to the solubilization processes
f TrA by hydroxypropyl-�-cyclodextrin (HP�CD, Fig. 1) and to
he preparation of solid TrA/HP�CD binary systems with improved
issolution properties. For the quantitative analysis of the
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Fig. 1. TrA and HP�CD structures with numbering scheme for NMR  analysis.
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solubilization processes we used both UV and NMR meth-
ods, whereas stereochemical features of TrA, HP�CD and their
supramolecular aggregates were investigated in solution by
using NMR  methods of detection of through space dipole–dipole
interactions. Solid-state features were investigated by Raman spec-
troscopy with the help of computation methods.

2. Experimental

2.1. Materials

(2-Hydroxypropyl)-�-cyclodextrin (HP�CD, MS = 0.97,
MW = 1529.5 Da), was  kindly offered by Roquette Freres (France).
Triamcinolone acetonide (TrA, MW 434.5 Da, 99.5% purity) was
from Farmalabor (Italy). Potassium phosphate dibasic and potas-
sium phosphate monobasic were from Sigma–Aldrich. Ethanol
(96◦) was from Carlo Erba (Italy).

2.2. NMR measurements

NMR  measurements were performed on a spectrometer oper-
ating at 600 MHz  for 1H nuclei. The temperature was controlled
to ±0.1 ◦C. The 2D NMR  spectra were obtained by using standard
sequences with the minimum spectral widths required. Proton 2D
gCOSY (gradient COrrelated SpectroscopY) spectra were recorded
with 128 increments of 2 scans and 2 K data points. The relaxation
delay was  2 s. 2D TOCSY (TOtal Correlation SpectroscopY) spectra
were recorded by employing a mixing time of 80 ms.  The pulse
delay was maintained at 2 s; 256 increments of 4 scans and 2 K
data points each were collected. The 2D ROESY (Rotating-frame
Overhauser Enhancement SpectroscopY) experiments were per-
formed by employing a mixing time of 0.3 s or 0.6 s. The pulse
delay was maintained at 3 s; 256 increments of 6 scans and 2 K data
points each were collected. The gradient 1H,13C gHSQC (gradient
Heteronuclear Single Quantum Correlation) and gHMBC (gradient
Heteronuclear Multiple Bond Coherence) were recorded with 256
or 128 time increments of 16–64 scans. The gradient HMBC exper-
iments were optimized for a long-range 1H 13C coupling constant
of 8 Hz and a delay period of 3.5 ms  for suppression of one-bond
correlation signals. No decoupling was  used during the acquisi-
tion. DOSY experiments were carried out by using a stimulated
echo sequence with self-compensating gradient schemes, a spec-
tral width of 8000 Hz and 64 K data points. A value of 100 ms  was
used for the diffusion delay, 2.0 ms  for the gradient pulse dura-
tion, and gradient strength was varied in 15 steps (16 transients
each) to obtain an approximately 90–95% decrease in the reso-
nance intensity at the largest gradient amplitude. The baselines of
all arrayed spectra were corrected prior to processing the data. After
data acquisition, each FID (Free Induction Decay) was  apodized
with 1.0 Hz line broadening and Fourier transformed. The data were
processed with the DOSY macro (involving the determination of
the resonance heights of all the signals above a pre-established
threshold and the fitting of the decay curve for each resonance
to a Gaussian function) to obtain pseudo two dimensional spectra
with NMR  chemical shifts along one axis and calculated diffusion
coefficients along the other.

1H NMR  (600 MHz, CD3OD, 25 ◦C) parameters for TrA (see
Fig. 1 for the numbering scheme): ı 0.90 (3H, Me-19, s),
1.14 (3H, Me-22a, s), 1.39 (3H, Me-22b, s), 1.50 (1H, H7ax,
m),  1.58 (3H, Me-18, s), 1.60 (1H, H12eq, m), 1.63 (2H, H15,
m),  1.91 (1H, H7eq, m),  2.06 (1H, H14, m), 2.19 (1H, H12ax, dt,

J12ax–F = 13.9 Hz, J12ax–12eq = J12ax–11 = 3.6 Hz), 2.40 (1H, H6eq, ddd,
J6eq–6ax = 13.8 Hz, J6eq–7ax = 5.1 Hz, J6eq–4 = 1.8 Hz), 2.54 (1H, H8, dtd,
J8–F = 28.9 Hz, J8–14 = J8–7ax = 12.0 Hz, J8–7eq = 5.0 Hz,), 2.72 (1H, H6ax,
tdd, J6ax–6eq = J6ax–7ax = 13.8 Hz, J6ax–7eq = 6.1 Hz, J6ax–4 = 1.8 Hz),
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290 A. Miro et al. / Carbohydrat

.18 (1H, H21b, d, J21b–21a = 19.1 Hz,), 4.27 (1H, H11, ddd,
11–F = 9.6 Hz, J11–12ax = 3.6 Hz, J11–12eq = 2.4 Hz), 4.68 (1H, H21a,
, J21a–21b = 19.1 Hz,), 5.02 (1H, H16, t, J16–15 = 2.6 Hz), 6.09 (1H, H4,
, 1.8 Hz), 6.29 (1H, H2, dd, J2–1 = 10.1 Hz, J2–4 = 1.8 Hz), 7.38 (1H, H1,
, J1–2 = 10.1 Hz).

.3. Raman Spectroscopy

The Raman spectra were collected by a confocal Raman spec-
rometer (Horiba-Jobin Yvon Mod. Aramis) operating with a diode
aser excitation source emitting at 532 nm.  The 180◦ back-scattered
adiation was collected by an Olympus metallurgical objective
MPlan 50×,  NA = 0.75) with confocal and slit apertures both set to
00 �m.  A grating with 1200 grooves/mm was used throughout.
he radiation was focused onto a Peltier-cooled CCD detec-
or (Synapse Mod. 354308) operating in the Raman-shift range
200–100 cm−1 for single point measurements or in the range
800–100 cm−1 in the case of the mapping experiments, to reduce
he acquisition time.

The data gathered by the instrument were converted into ASCII
ormat and transferred to the MATLAB computational platform for
urther processing. The Raman images were elaborated by in-house
ritten programs, making use of the image processing facilities and

urface interpolating algorithms of the MATLAB environment.
To separate the individual peaks in the case of unresolved, mul-

icomponent profiles, a least-squares curve fitting (LSCF) algorithm
as employed, based on the Levenberg–Marquardt method (Meier,

005). In order to reduce the number of adjustable parameters and
o insure the uniqueness of the result, the baseline, the band shape
nd the number of components were fixed. The program was  then
llowed to calculate, by a non-linear curve-fitting of the data, the
eight, the full width at half height (FWHH) and the position of the

ndividual components. The Voigt function (Meier, 2005) was used
hroughout to simulate the experimental line-shapes.

.4. Computational details for geometry optimization and normal
oordinate analysis

Molecular Mechanics calculations were performed by the
llinger’s MM2  force field (Allinger, Kok, & Imam,  1988), as

mplemented by the Chem3D suite of programs (Chem3D Pro,
11, Cambridgesoft Inc, Massachusetts). Apart from the stan-
ard Potential Energy terms (bond stretching, bending, torsion,
an der Waals, electrostatic), the MM2  force field also contains
tretch-bend cross-terms (Urey–Bradley) which are often criti-
al for accurately simulating complex molecules. Furthermore,
he Hydrogen-bonding interactions are taken into account by use
f suitably parameterized terms of the van der Waals potential
Allinger et al., 1988). Quantum chemistry calculations were per-
ormed using the unrestricted density functional theory (DFT)
Becke, 1993). In particular, the hybrid method referred to as B3LYP
as used, in combination with the standard 6-31G(d,p) basis set.

his method includes the Becke’s three-parameter exchange func-
ional (Becke, 1993) coupled with the Lee–Yang–Parr correlation
unctional. After the geometry optimization, a normal coordinate
nalysis at the same level of theory was performed, comprising the
alculation of the Hessian matrix (F) by analytical evaluation of the
rst and second derivatives of the potential energy with respect
o the Cartesian displacement coordinates. The F matrix was then
ransformed in terms of mass-weighed coordinates and diagonal-

zed to obtain the corresponding eigenvalues (normal frequencies)
nd eigenvectors (displacement vectors, L matrix). Finally, a trans-
ormation into a set of redundant internal coordinates of both the

 and L matrices was accomplished in order to characterize the
ers 90 (2012) 1288– 1298

normal modes in terms of their potential energy distribution (PED),
expressed, in normalized form, as (Wilson, Decius, & Cross, 1955)

(PED)jk =
FjjL

2
jk∑

i

FiiL
2
ik

· 100 (1)

where the PED (in %) refers to the contribution of the jth internal
coordinate to the kth normal mode, Fjj is the jth diagonal Force
constant, and Ljk is the corresponding element of the L matrix. To
correct for anharmonicity and for the systematic errors inherent in
the calculated frequencies, these were scaled by a factor of 0.9613,
as prescribed by Wong, Wiberg, and Frisch, (1991).

In addition to the frequency and atomic displacements of the
normal modes, bond polarizabilities were also computed. These
allows one to calculate the Raman activities (Si) which can be
converted, according to the general theory of Raman scattering
(Keresztury, 2002; Keresztury et al., 1993), to the relative inten-
sities (Ii), making use of the following relationship:

Ii = f  (�0 − �i)
4Si

�i(1 − e−hc�i/kbT )
(2)

In the above equation v0 is the exciting frequency in cm−1, vi the
wavenumber of the ith normal mode, h, c and kb are the fundamen-
tal constants, T is the absolute temperature and f is a suitably chosen
normalization factor for all the peak intensities. All calculations
were performed on a HP system model Integrity rx2620, equipped
with two parallel Itanium processors. For the DFT and NCA calcula-
tions, the program Gaussian 03 (Frisch et al., 2004) was  employed.
Different graphic interfaces were used (Gaussview, ATOMS) to visu-
alize and represent the normal modes, either in terms of atomic
displacements or as animated vibrations, for assignment purposes.

2.5. UV spectrophotometry

TrA quantitative analysis was performed by UV spectropho-
tometry at the wavelength of 238 nm (UV 1204 spectrophotomer,
Shimadzu, Japan). Standards were prepared in ethanol. Linearity of
response was  verified in the TrA concentration range 1.1–22 �g/mL
(r2 > 0.998).

2.6. Solubility measurements

For the phase solubility study, an excess of TrA (50 mg)  was
added to 25 ml  of water containing increasing amounts of HP�CD
ranging from 1.0 × 10−3 to 2.8 × 10−1 M (close to maximum water
solubility of HP�CD) and shaken in screw-capped glass vials at 25 ◦C
until equilibrium. After 4, 7 and 10 days, an aliquot was withdrawn,
filtered (filter HA-0.45 �m,  Millipore) and analysed for TrA content
by spectrophotometry. Solubility of TrA in water, 50 mM phosphate
buffer saline at pH 6.8 (2.38 g Na2HPO4, 0.19 g KH2PO4, 8 g NaCl
per liter adjusted with ortophosphoric acid, referred as PBS in the
following), ethanol/water 1/3 v/v solutions, ethanol/water 1/3 v/v
solution containing HP�CD was  evaluated analogously.

Solubilization experiments by NMR  were carried out by sus-
pending the same amount of TrA (5 mg)  in different volumes of
a stock aqueous solution of the cyclodextrin and by adding D2O till
to the final volume of 1 mL.  In this way  the maximum concentra-
tion of 5.97 mM was reached for the cyclodextrin. The solution was
stirred in Vortex for 13 h, then left to decant and the limpid super-
natant directly transferred into the NMR  tube without filtering. The

quantitative NMR  analysis of dissolved TrA was  performed by using
sodium acetate as external standard contained in a coaxial tube.

Assuming the formation of a complex with a 1:1 stoichiome-
try, the apparent stability constant (K1:1) was calculated from the
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Fig. 2. Solubility of TrA in water solutions containing HP�CD at 25 ◦C. (A) UV detec-
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inear part of the graph obtained by plotting the molar concentra-
ion of TrA in the solution versus each HP�CD molar concentration
ccording to the equation:

1:1 = slope
(1 − slope) × intercept

(3)

here slope/(1 − slope) is defined as complexation efficacy (CE).
By using the approach developed for the optical spectroscopies

nd by far extended to NMR  measurements, the heteroassocia-
ion constant K for the TrA/HP�CD complex was determined also
y using the Benesi–Hildebrand equation modified for NMR  from
oster and Fyfe (1965).  In the measurements, the content of TrA
as kept constant at 0.028 mM,  while the concentration of HP�CD
as ranged from 0 to 5.60 mM.  K was derived on the basis of the

ollowing equation:

�ıA
obs

[B]t
= K�ıA

c − K�ıA
obs (4)

here �ıA
obs is the difference between the chemical shift of a

elected proton of the minor component (A) in the presence of a
arge excess of the other (B) and in the free state, [B]t is the total
oncentration of the species B used in each solution and �ıA

c is the
ifference between the chemical shift of the same resonance of A

n the complex and in pure compound.
Each experiment was performed in triplicate; the coefficient

f variation associated to each measurement was never greater
han 3%.

.7. Preparation of TrA/CD binary systems

Binary systems were prepared from TrA and HP�CD powders
creened through a #170 sieve. Evaporated products (EP) were pre-
ared at TrA/HP�CD mole ratio of 1:7 (EP1:7) and 1:3.5 (EP1:3.5) by
issolving TrA in ethanol (0.5 or 1 mg/mL  for 1:7 and 1:3.5 mol/mol
atio, respectively) and HP�CD in water (4.2 mg/mL). Solutions
ere mixed at a ethanol/water ratio 1:3 v/v and dried at room

emperature in a nylon petri dish.

. Results and discussion

.1. Phase solubility study

Effect of cyclodextrins on the solubility of a given species is
ommonly evaluated through phase solubility diagrams, i.e. by
easuring the amount of the solubilized species in an aqueous
edium as a function of cyclodextrin concentration. Very large

ost/guest ratios up to cyclodextrin saturation are used and the sta-
ility constant is determined based on the initial linear part of the
iagram. Usually the solubilized guest amount is evaluated by suit-
ble quantitative techniques. Nuclear Magnetic Resonance (NMR)
pectroscopy gives a complementary approach to evaluate with
reat accuracy the solubilizing effect of cyclodextrin at the lowest
ost/guest ratios, i.e. in the linear region of the solubility diagrams.

Fig. 2A shows the phase solubility diagram of TrA in the presence
f different concentrations of HP�CD, as evaluated by UV detection.
rA is neutral and presents an apparent solubility of 0.018 mg/mL.
s it can be seen, the amount of dissolved TrA increased along time

n the presence of HP�CD up to 0.05 M,  whereas it decreased above
.2 M,  resulting in a BS profile according to Higuchi and Connors
Higuchi & Connors, 1965). From the linear part of the graph, appar-
nt stability constant assuming the formation of a complex with 1:1
toichiometry was calculated as 1570 M−1.
The same kind of solubility measurements was carried out by
etecting the amounts of dissolved TrA in the 1H NMR  spectra of
he mixtures TrA/HP�CD. Only the first part of the solubility dia-
ram was covered by the NMR  data, just in the linear region of the
tion Inset: linear part of the phase solubility graph used to calculate stability constant
of  the complex. (B) NMR  solubility in D2O solutions. (C) NMR  determination of
the heteroassociation constant of TrA/HP�CD complex in D2O by the Foster–Fyfe
method.

curve (Fig. 2B). The slope of the fitted straight line gave a signif-
icantly higher stability constant of 2780 M−1. Above discrepancy

is not surprising, taking into account that, mainly for drugs with
very low intrinsic solubility (S0 < 0.1 mg/ml) (Loftsson, Hreinsdottir,
& Masson, 2005), K1:1 Eq. (3) is critically dependent on S0, which
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hould correspond to the intercept of the line. Furthermore, several
imultaneously occurring aggregation processes could contribute
o the value of the association constant, which make the calcu-
ated value strongly dependent also on the method. As reported by
oftsson et al. (Loftsson, Hreinsdottir, & Masson, 2007), the solubi-
izing efficiency of the cyclodextrins is more reliably described by
he complexation efficiency (CE), which gives the ratios between
he concentration of the dissolved cyclodextrin complex and the
oncentration of the dissolved free cyclodextrin. Very similar CE
alues of 0.056 and 0.069 were respectively obtained by using UV
nd NMR  detection.

Comparison of conventional techniques with an alternative
ethodology, such as the NMR  Foster–Fyfe method, could be

reatly advantageous since the method is based on quick and direct
easurements of the effect of the complexing agent on any NMR

bservable parameter (the chemical shift more frequently) and
he assumptions regarding the complexation stoichiometry may  be
fficiently verified also by means of the valuable support of DOSY
MR  techniques for the measurement of translational diffusion
oefficients.

The Foster–Fyfe method (Foster & Fyfe, 1965) involves different
xperimental conditions, where the drug is completely solubi-
ized and the effect of the presence of very large excesses of the
yclodextrin is detected by measuring the chemical shifts changes
f selected drug protons. In these conditions the occurrence of
ny possible self-aggregation processes of the drug are strongly
iscouraged, since the drug is always present in very low concen-
ration and in the presence of a large excess of cyclodextrin.

The change of the chemical shift of the proton H-2 and Me-
8 of TrA were measured at 25 ◦C and the dependence of their
ıobs/[HP�CD]t on �ıobs was a straight line (Fig. 2C), the slope

f which gave the association constant. The two fittings gave very
imilar values for the heteroassociation constant, being 1855 M−1

R = 0.989) and 1920 M−1 (R = 0.998) for the olefinic proton H-2 and
or the methyl protons Me-18, respectively.

With the purpose to evaluate the reliability of the method, we
till have to establish if the complexation phenomena detected
y the Foster–Fyfe method may  be affected to some extent by
ny processes of self-aggregation of the cyclodextrin itself or self-
ggregation of monomer units of drug–cyclodextrin complexes
o give higher order aggregates. In fact, formation of micelle-
ike supramolecular aggregates of the steroid drug hydrocortisone

ith HP�CD has been reported (Loftsson, Magnusdottir, Masson,
 Sigurjonsdottir, 2002). The parameter that allows to judge on

his issue is the translational diffusion coefficient, which is a size
ependent parameter and can be measured by using the NMR  DOSY
Diffusion Ordered SpectroscopY) technique (Johnson, 1999).

Eq. (5) gives the dependence of the diffusion coefficient on the
ydrodynamic radius (RH) based on the Stokes–Einstein relation-
hip, which strictly holds in the spherical approximation.

 = kT

6��RH
(5)

here k is the Boltzmann constant, T the absolute temperature, and
 is the solution viscosity.

Any kind of aggregation phenomenon, which increases the
olecular sizes and hence RH, is expected to bring about a decrease

f the diffusion coefficient.
The diffusion coefficient of the cyclodextrin as pure compound

as 1.25 × 10−10 m2 s−1and remained unchanged in the 1:50 and
:200 TrA/cyclodextrin solutions. The diffusion coefficients (25 ◦C)
ere normalized for the small viscosity changes due to the
ncrease of the cyclodextrin concentration by using TMS  as inter-
al standard of viscosity (Wimmer, Aachmann, Larsen, & Petersen,
002). TMS  was added in the D2O solutions (650 �L) dissolved

n very small volumes (50 �L) of dimethyl sulphoxide. Thus the
ers 90 (2012) 1288– 1298

occurrence of self-aggregation processes of the cyclodextrin as well
as the formation of supramolecular aggregates of complexes can
be neglected.

3.2. Stereochemical NMR investigations

3.2.1. Triamcinolone acetonide
TrA (Fig. 1) is rather a rigid molecule, with the rings B and C and

the hydroxyacyl fragment at the D–E junction as its unique flexi-
ble portions. Direct evidences of the conformational prevalence in
solution were obtained by NMR  spectroscopy. Due to the scarce
solubility of TrA in D2O we analysed TrA in CD3OD by which it
was  solubilized efficiently. The preliminary comparison of 1H NMR
spectra of TrA dissolved in D2O and CD3OD (Appendix A, Fig. A.1)
demonstrated that the patterns of the spectral parameters in the
two solvents were quite similar.

The 1H NMR  spectrum of TrA in CD3OD was fully assigned by
the combined analyses of scalar and dipolar homonuclear and het-
eronuclear correlation maps 2D TOCSY, COSY, ROESY, HSQC and
HMBC. The 1H NMR  spectral parameters are reported in the Section
2.

The conformational investigation was based on the detection
by 2D ROESY analyses of the 1H 1H dipolar interactions through
the space, which allowed us to impose constraints of spatial prox-
imity between proton nuclei of TrA. Comparable ROEs H1 H2 and
H1 H11 were detected (Fig. 3a), which imposed the coplanarity of
the bonds C2 H2 and C11 H11, in agreement with the equatorial
arrangement of the proton H11. The low value (2.4 Hz) of the vicinal
coupling constant 3J11–12 confirmed the above said conclusion. The
expected dipolar interaction between the proton H1 and the adja-
cent methyl protons Me-18 was also detected. At the frequency of
the proton H11 (Fig. 3b) comparable ROEs with the two vicinal pro-
tons H12 (2.19 ppm, 1.60 ppm) were observed as expected on the
basis of its equatorial position. The orientations of the two protons
H12 were discriminated on the basis of the dipole–dipole inter-
actions they originated. In particular the high-frequency shifted
resonance centred at 2.19 ppm was assigned to the axial proton
H12ax due the ROE with the proton H14 (Fig. 3c) which must lie on
the same semiplane.

The proton H14 (Fig. 3d) also gave ROE at 1.50 ppm which rep-
resents the resonance of one of the two protons H7 and hence must
be axial. It is noteworthy that the relevant high frequencies shifts
of the protons H14, H12ax and H7ax can be justified on the basis of
their proximity to the fluorine nucleus.

The conformation of the ring named as B was  completely defined
on the basis of the following effects: the proton H8 gives significant
ROEs at the frequencies of the two  methyl groups Me-18 and Me-19
and of the protons H6ax and H7eq (Fig. 3f). Accordingly, the proton
H4 produces ROE almost on the proton H6eq (Fig. 3e). Therefore
the ring B mainly assumes a chair conformation with the protons
Me-18, H8 and H6ax in axial position in the same half-plane (Fig. 4).

Strongly differentiated ROEs are produced by the two  methyl
protons Me-22b (1.39 ppm) and Me-22a (1.14 ppm) which allowed
us to identify the high frequency shifted Me-22b methyl as the
one bent at H12ax and H14. Similarly strongly differentiated ROEs
were detected at the frequencies of the two  side chain protons
H21, with H21a at 4.68 ppm directed towards the methyl proton
Me-22a (Fig. 3g) and H21b at 4.18 ppm bent at H12eq (Fig. 3 h).
The very low dipolar interaction with the methyl protons Me-19
suggested a strong conformational prevalence with faced carbonyl

and hydroxy groups of the 2-hydroxyacyl chain (Fig. 4), which
probably are hydrogen bonded. Some weak unexpected ROEs also
suggested the occurrence of self-association phenomena of TrA
in solution.
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due to the cluster of protons H3 on the large part of the internal
cavity of the cyclodextrin, the above said ROEs tend to vanish, while
an increase of the ROEs with the methyl protons Me-18 and the
adjacent olefinic proton H1 of TrA were observed (Fig. 5).
ppm234567

Fig. 3. 2D ROESY (600 MHz, CD3OD, 25 ◦C, mix  0.6 s) of TrA. Traces corres

.2.2. HPˇCD
A detailed discussion of NMR  features of HP�CD is reported

n Appendix A Figs. A.2–A.4, Table A.1. The substitution degree,
he random nature of the cyclodextrin derivatization as well as
he preferential orientation of the hydroxypropyl pendants was
emonstrated, which led to an “extended-cavity type” structural
rrangement of the cyclodextrin in which the 2-hydroxypropyl
hains were directed outwards from the cavity, thus creating an
xtension of the original truncated cone structure of the cyclodex-
rin.

.2.3. TrA/HPˇCD complex
The nature of the interaction between TrA and HP�CD, which

re responsible for the processes of drug solubilization, was  ascer-

ained on the basis of the intermolecular ROEs which were detected
n the 2D ROESY spectra. Some difficulties were caused by the very
igh HP�CD to TrA molar ratio, which was needed in order to
btain detectable solubilized TrA. The most valuable information

Fig. 4. Graphical representation of the conformation of TrA in solution.
ppm234567

ing to: (a) H1; (b) H11; (c) H12ax; (d) H14; (e) H4; (f) H8; (g) H21a; (h) H21b.

were obtained by analysing the 2D ROESY traces in the chemical
shifts range between 3.62 ppm and 3.91 ppm, in order to cross the
spectral regions corresponding to the different types of clusters of
resonances of glucosidic units (Fig. 5). Inside the low-frequencies
shifted range between 3.62 ppm and 3.76 ppm, ROEs with the H2
and H4 protons adjacent to the carbonyl group of the ring A of TrA
were observed, with maximum intensities effects due to the H5
cluster at 3.72 ppm, corresponding to the internal protons adjacent
to the smaller diameter inner cavity.

Moving towards the higher frequencies shifted traces which are
ppm12345678

3.91 ppm

3.87 ppm

3.81 ppm

3.76 ppm

3.72 ppm

3.67 ppm

3.62 ppm

1

24

18

Fig. 5. 2D ROESY (600 MHz, D2O, 25 ◦C, mix  0.3 s) of TrA/HP�CD 1:2 mol/mol. Traces
corresponding to cyclodextrin protons.
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Fig. 7. Geometry of the TrA molecule optimized by the B3LYP/6-31G(d,p) model
chemistry. The atom numbering scheme for geometry optimization and normal
coordinate analysis is reported (non H-atoms and polar H-atoms in (A); H-atoms
in  (B). In (A) are also indicated the internal coordinates (bond stretching) contribut-
ing  to the potential energy distribution of the normal modes reported in Table 1.
Atom colour codes are as follows: white = hydrogen; grey = carbon; red = oxygen;
yellow = fluorine. (For interpretation of the references to colour in this figure legend,
294 A. Miro et al. / Carbohydrat

On these bases we conclude that the portion of the TrA molecule
hich is more extensively involved in the interaction with the

yclodextrin is the ring A, with the carbonyl group pointing at the
mall sized internal part of the cyclodextrin and the methyl Me-18
irected towards its larger part. The presence of significant popu-

ations of TrA/HP�CD adducts with different stereochemistry was
ot supported by NMR  data.

.3. Preparation of TrA/HPˇCD powders

Once established that solubilization process of TrA is accounted
or complexation and clarified the nature of interactions between
rA and HP�CD occurring in aqueous solution, we  tried to under-
tand if TrA/HP�CD interactions can occur also in the solid state. In
act, the properties of drug/cyclodextrin solid systems are strongly
ffected by preparation conditions and represent a key factor in
etermining drug biopharmaceutical features in term of dissolution
ate and, as a consequence, of absorption extent through biological
arriers. Thus, on the basis of TrA solubility in different aqueous
olutions (Appendix A, Table A.2 and Fig. A.5), TrA/HP�CD powders
EP) were produced by drying a TrA water/ethanol/HP�CD solution
llowing complete TrA solubilization and thus below 1:3.5 mol  ratio
Appendix A, Fig. A.5). Two TrA/HP�CD solids at 1:7 and 1:3.5 molar
atio, named EP1:7 and EP1:3.5, respectively were obtained and their
roperties studied in the solid state by Raman spectroscopy, again
ationalizing drug/cyclodextrin interactions.

.4. TrA/HPˇCD interaction in the solid state as evaluated by
aman spectroscopy

.4.1. Interpreting the Raman spectra of TrA and HPˇCD
The Raman spectrum of TrA (Fig. 6) displays some 80 peaks

n the region from 3200 to 100 cm−1, which makes its complete
ssignment a rather complex task. To our knowledge, no theoretical
nalysis of the Raman/IR spectra of the present molecule is available
et; therefore a quantum chemistry investigation was  undertaken
o deepen the interpretation of the observed Raman peaks in terms
f their relative normal modes. The full assignment of the Raman
pectrum of TrA is beyond the scope of the present contribution
nd will be discussed in detail in a forthcoming paper. In the actual

ontext we will focus the attention on the 1750–1550 cm−1 region
here several intense peaks with no interference from HP�CD sig-
als, are observed.

Fig. 6. Raman spectrum of TrA in the 3200–200 cm−1 wavenumber range.
the reader is referred to the web version of the article.)

In a recent study by X-ray diffraction and thermal analysis
(Näñther & Jeß, 2006) two distinct polymorphic modifications
(Forms I and II) of TrA were identified, whose crystallographic
structures were resolved and reported. Form I is a hydrate and is
normally used in manufacturing pharmaceutical dosage forms. The
small amount of water it contains (1.7 wt%) is responsible for its
stability. Form II occurs upon removal of water from Form I or by
crystallizing TrA from ethanol.

For the quantum chemistry optimization of the molecular geom-
etry the chosen starting-point was the crystallographic structure
denoted as Form II. This is because the theoretical model does not
account for molecular interactions with water. In any case, the crys-
tallographic geometry parameters of the isolated molecule relative
to Form I result to be very close to those of Form II, which makes
less critical the choice of the starting point structure among the two
forms.

Quantum chemistry calculations were performed by the DFT
method, using the B3LYP hybrid functional and the 6-31G(d,p) basis
set. This model chemistry was selected in view of its reliability in
predicting the geometry and vibrational behaviour of up to medium
sized systems and because it represents, for the problem at hand,
the best compromise between predictive accuracy and computa-
tional cost.

The optimized geometry of the TrA molecule, represented in
Fig. 7, reproduces accurately the crystallographic structure, with a
root-mean-squared error (Erms) of 0.011 Å for bond lengths and 0.70
degrees for bond angles. The TrA molecule belongs to the C1 group
(no symmetry), therefore all the 180 modes of vibration are pre-
dicted to be IR and Raman active. All the 180 calculated frequencies
are positive; the absence of any imaginary frequency confirms that
the identified stationary point is a true minimum on the potential
energy surface instead of being a saddle point, a necessary condi-
tion for the subsequent normal coordinate analysis. By inspection
of Fig. 7, it is seen that the O24–H53 group can also form a H-
bonding interaction with the ether oxygen O26, which prompted

us to explore more closely the potential energy surface searching
for possible local minima which may  be energetically accessible,
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Table 1
Comparison between the spectroscopic parameters calculated by the DFT method (frequency, relative intensity and P.E.D.) and those experimentally observed.

�obs (cm−1) �calc (cm−1) Error (%) I/Imax (obs) I/Imax (calc) P.E.D.a (%)

1612 1614 0.1 0.07 0.06 42 R1 + 38 R8

1628 1648 1.0 0.05 0.16 29 R1 + 23 R7 + 34 R8

1670 1692 1.2 1 1 67 R7 + 7 R1 + 5 R4 + 5 R6 + 6 R8
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a Contributions lower than 5% were neglected.

nd hence relevant for isolated molecules in vacuo or in an inert
olvent, as opposed to the crystal cell environment.

To reduce computational cost, the problem was  tackled by using
he Molecular Mechanics (MM)  approach. In particular, the MM2
orce field was selected because, in its more advanced formulation,
t can account for H-bonding. In fact, MM2  does not contain an
xplicit H-bonding term, but handles the interaction through the
an der Waals potential by reducing the vdW radius of the hydro-
en involved and by increasing the vdW constant by 1–3 kcal/mol,
epending on the molecular environment. It has been demon-
trated that in such a way it is possible to satisfactorily reproduce
b initio calculations on compounds in which a hydroxyl hydrogen
s H-bonded to another hydroxyl, an amide or a carbonyl group
Allinger et al., 1988).

The potential energy scan, performed by changing stepwise (5◦

ncrement) the torsion angle �(O25–C22–C23–O24), (Appendix A,
ig. A.7) demonstrates that the structure represented in Fig. 7 and
.7 (Appendix A) corresponds to a pronounced minimum, while

he formation of a H-bonding interaction between the O24 H53
ydroxyl and the O26 ether oxygen generates a significantly less
table local minimum (�E ∼=9  kcal/mol), which, according to the
oltzmann distribution law, is not appreciably populated. This
esult further justifies the use of structure A as global minimum
or normal coordinates analysis.

Towards a comparison between the calculated and observed
aman spectra, we first note that the experimental spectrum of
rA in the crystalline state does not represent an appropriate refer-
nce. In fact, the theoretical description of the molecule (considered
s isolated in vacuo)  does not account for the strong crystal-field
ffects occurring within the crystalline structure. A more meaning-
ul experimental reference is represented by a diluted solution in an
ssentially inert, low polarity solvent. In this environment, owing
o the absence of strong, site-specific molecular interactions, the
olvent can be treated as a continuous medium and, because of the
ilution, no self-association among TrA molecules is likely to occur.
hus, Fig. 8A displays a comparison between the Raman spectrum
ollected on a saturated solution of TrA in chloroform (concentra-
ion lower than 1.0 wt%) and the spectrum calculated theoretically.
he experimental profile is reported along with its curve-resolved
omponents as obtained by LSCF analysis. Qualitatively, the theo-
etically computed spectrum (Fig. 8A, trace b) correctly predicts the
ccurrence, in the frequency range of interest, of four components,
ith one of the peaks being about one order of magnitude more

ntense than the other three, which display comparable intensities.
 more quantitative analysis (see Table 1) reveals a very satisfactory
greement between the calculated and observed peak positions
minimum error 0.1%, maximum 1.2%, Erms = 15.2 cm−1). Also the
elative intensities of the different components are reproduced
emarkably well by the calculation, with the partial exception of the
ode at 1628 cm−1, whose relative intensity is theoretically over-

stimated by a factor of 3. On the whole, the agreement between
alculated and observed parameters is well within the performance

imits of the computational method employed (Sousa, Fernandes, &
amos, 2007) and, therefore, the description of the normal modes
iving rise to the investigated Raman peaks, is to be considered
ighly reliable.
0.10 89 R49

By inspection of the form of the normal modes (Appendix A, Fig.
A.8) and of the relative animated motions, and taking into consid-
eration the relative PED’s, the vibrations giving rise to the observed
peaks can be described as follows:

• Peak at 1612 cm−1: an out-of-phase stretching of the two  C C
bonds of the C1 C2 C3 C4 C5 C6 ring.

• Peak at 1628 cm−1: this vibration involves simultaneously the
stretching of the two  C C bonds and of the carbonyl bond in the
same ring structure. The two C C bonds vibrate in phase with
each other and out-of-phase with the carbonyl. The mechanical
coupling among the stretching modes produces a slight contri-
bution of the C1 C6 C5 bending.

• Peak at 1669 cm−1: The C3 O7 carbonyl stretching contributes
most to this mode. The stretching of the two C C bonds of the
ring is also involved but to a very limited extent. The three bonds
vibrate in phase. Also in this case the mechanical coupling pro-
duces a contribution of the C2 C3 C4 bending which is evident
in terms of atomic displacements but negligible in terms of PED
because of the reduced value of the bending force constant with
respect to the other force constants involved.

• Peak at 1716 cm−1: the essentially isolated vibration of the
C22 O25 carbonyl.

The Raman spectrum of HP�CD is described in depth in
Appendix A (comment to Fig. A.6). Having unambiguously iden-
tified the vibrational origin of the TrA peaks in the unperturbed,
reference state, it is now possible to proceed with the interpreta-
tion of the features observed in the spectra of the crystalline TrA
and the TrA/HP�CD EP1:7.

Fig. 8B compares the Raman spectra, in the 1550–1790 cm−1

range, of crystalline TrA (trace a), TrA solubilized in chloroform
(trace b) and the EP1:7 (trace c). The latter spectrum is reported
together with the curve-resolved components as obtained by
applying the LSCF method (see Section 2). The results of the curve-
fitting analysis of the three experimental profiles are summarized
in Appendix A, Table A.3.  Obvious differences are apparent between
spectra a and b. The crystalline spectrum displays the splitting of
the main peak in two  components, centred, respectively, at 1663
and 1670 cm−1. The position of the high frequency component is
essentially coincident with that of the main peak in the solution
spectrum, which is an evidence against a crystal-field splitting.
The latter, in fact, would preferentially produce a doublet equally
spaced with respect to the unperturbed reference line. Also, for
a crystal-field effect, the intensities of the doublet components
are generally comparable. A more reasonable interpretation of the
splitting relies on the occurrence, within the crystalline arrange-
ment of the molecules, of an inter-molecular H-bonding interaction
between the C3 O7 carbonyl (responsible for the 1670 cm−1 peak)
and one of the TrA hydroxyls. This, as is generally the case, produces
a lowering of the C O force constant, and a red-shift of the relative
peak. Only a fraction of the C3 O7 carbonyls are involved, as indi-

cated by the two  component structure of the crystalline spectrum
in the 1640–1700 cm−1 interval. The occurrence of the intermolec-
ular interaction just described is confirmed by the crystallographic
data (Näñther & Jeß, 2006).
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Fig. 8. (A) Comparison between the experimental Raman spectrum of TrA in a saturated chloroform solution (trace a) and the Raman spectrum calculated theoretically with
the  DFT method (trace b). The spectra have been normalized with respect to the peak of highest intensity and have been arbitrarily displaced along the Y axis to facilitate the
comparison. The experimental spectrum is displayed along with its curve-resolved components as obtained by LSCF analysis. (B) Raman spectrum in the 1540–1790 cm−1
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ange of crystalline TrA (trace a); chloroform solution (trace b); TrA/HP�CD EP (t
urve-resolved components as obtained by LSCF analysis.

These results evidence the sensitivity of the carbonyl peaks
owards the detection of H-bonding with hydroxyl groups acting
s proton donors. Furthermore, the specificity of the TrA spectrum
n the 1550–1770 cm−1 range makes it a sensitive and diagnostic
ignature to identify the presence of a crystalline structure. More
n this later.

The spectrum of TrA/HP�CD EP1:7 closely resembles that of the
hloroform solution (compare Fig. 8B, traces b and c and the data
n Table A.3). In particular, the components at 1611, 1628 and
669 cm−1 display coincident parameters (within experimental
ncertainty) in terms of position, band-shape and FWHH. The peak
t the highest frequency is the sole showing significant differences
ith respect to the reference: its position shifts toward higher
avenumbers by 8 cm−1 and its FWHH increases by 4 cm−1. The
eaks coincident in the EP and in the chloroform solution are those
f the C1 C2 C3 C4 C5 C6 ring (double bonds and the carbonyl
roup), which suggests that in the EP the C1 C2 C3 C4 C5 C6
ing remains unperturbed with respect to the reference state. On
he contrary, the significant changes observed for the C22 O25 car-
onyl peak are supportive of the involvement of such functional
roup in an interaction with HP�CD.

The above results indicate that no self-association of TrA takes
lace within TrA/HP�CD EP1:7. In fact, this association would nec-
ssarily involve intermolecular H-bonding at the carbonyl groups,
hich are very sensitive to these interactions and, as in the case

f the crystalline spectrum, would show clear evidence of a two
omponent band-shape and/or a detectable red-shift. We  conclude,
herefore, that in TrA/HP�CD EP1:7. TrA is molecularly dispersed
n the HP�CD matrix. The observed displacement of the C22 O25
arbonyl peak at higher wavenumbers implies a strengthening of
he C O force constant, which is what one would expect upon the
reaking of an H-bond. Thus, one possibility is that the interaction
f TrA with HP�CD sampled by Raman spectroscopy occurs through
he O24 H53 hydroxyl group with the external hydrophilic sur-
ace of cyclodextrin. This, in turn, causes the dissociation of the
24 H53/C22 O25 intramolecular interaction, resulting in the

solation of the carbonyl group.
The considerable peak broadening observed in the case of the

P1:7 with respect to the chloroform solution and, even more so,
o the crystalline spectrum has been related to a decrease of the
ibrational relaxation time of the specific functional group, gen-

rally associated with a weaker interaction with the molecular
nvironment (Iliescu, Baia, & Miclaus, 2004; Turner, 2002). This
nterpretation is in line with the hypothesis of a carbonyl group
o longer involved in H-bonding.
; molar ratio TrA/HP�CD = 1:7). The spectrum of EP is reported together with its

The observation that the peaks originating from the
C1 C2 C3 C4 C5 C6 ring in the EP retain the same spec-
tral parameters as those in the reference state points to a close
molecular environment in the two cases, i.e. a hydrophobic
medium with no site-specific interactions. In the EP this environ-
ment is more likely to correspond to the cavity interior rather
than to the external hydrophilic surface rich of hydroxyl groups
with a high propensity to interact with the carbonyls. Along the
same line of reasoning, Lamcharfi, Kunesch, Meyer, and Robert
(1995),  in a vibrational spectroscopy investigation on several
inclusion complexes, obtained analogous results and concluded
that “inclusion acts like an isolation of the guest molecules from
encounters and leads to a narrowing of the lines analogous to
solvent effects”.

In summary, the evidence provided by Raman spectroscopy is
compatible with the picture emerging from the NMR  analysis which
indicates that the C1 C2 C3 C4 C5 C6 ring (ring A) is included
in the cavity, while the hydroxyacyl chain interacts preferentially
with polar sites located outside the cavity.

3.4.2. Raman imaging of TrA/HPˇCD solid systems
Confocal Raman spectroscopy is highly effective for investigat-

ing potentially heterogeneous systems in the solid-state and hence
for revealing the distribution of TrA in HP�CD, making use of the
spectroscopic contrast among the mixture components. In partic-
ular, the absence of inelastic scattering in the wavenumber region
1550–1800 cm−1 for HP�CD allows the detection of interference-
free signals from TrA even when its content is relatively low.

The Raman image collected on a 13 �m × 13 �m surface of a
TrA/HP�CD EP1:7 is shown in Fig. 9A. The image has been obtained
considering the intensity ratio between the TrA peak at 1670 cm−1

and the HP�CD peak at 1457 cm−1. This spectroscopic parameter is
proportional to the TrA/HP�CD molar ratio in the mixture. The uni-
form colour pattern of Fig. 9A (which corresponds to a I1670/I1457
ratio of 4.5 ± 0.3 on the colour-map scale) indicates a constant
TrA/HP�CD molar ratio throughout the sample, which, in turn, sug-
gest the formation of a TrA/HP�CD complex when the components
are mixed in the present composition. When the amount of TrA is
increased to reach a molar ratio 1:3.5 (EP1:3.5), different features are
observed in the Raman image. In the sampled area a TrA domain
having a size of about 15 �m × 10 �m is detected. The Raman spec-

trum of this feature (see inset a of Fig. 9B) is characteristic of the
TrA crystalline phase and no HP�CD peaks are present. Evidently,
in this sample, the TrA concentration is above the solubility thresh-
old, which causes the TrA precipitation to occur. Aside the crystal
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ig. 9. Raman image of the TrA/HP�CD EP. (A) TrA/HP�CD EP with molar ratio 1:7
onsidering the intensity ratio I1670/I1457. (B) TrA/HP�CD EP with molar ratio 1:3.5.
een  obtained by considering the intensity of the TrA peak at1670 cm−1.

i.e. in the blue region of Fig. 9B), the spectrum displays the sig-
als of both TrA and HP�CD (see inset b), and the ratio I1670/I1457

s constant and close to the value observed for the 1:7 composition
4.0 ± 0.5). This behaviour is again consistent with a system having
eached saturation.

. Conclusion

We demonstrate here that the combined use of several solu-
ion and solid state spectroscopic techniques allows to shed light
n the molecular basis of the solubilization processes of highly
ipophilic TrA in its formulations containing HP�CD as solubiliza-
ion agent. The main contribution of the combined use of NMR  and
aman techniques can be focused on the opportunity they offer to
ather together several stereochemical details regarding the drug,
he cyclodextrin and the drug–cyclodextrin complex both in the
olution and solid states.

In the evaluation of the association constant by solubility mea-
urements, the relevance of the intrinsic solubility of the drug
as confirmed, which affects critically the value of the associa-

ion constant, where the 1:1 drug to cyclodextrin complexation
toichiometry is assumed.

In aqueous solvents and hydrogen bond donor solvents, which
etter mimic  the aqueous environment, the rigid structure of
rA shows small tendency to self-aggregate, but, in any case, the
ydroxyacyl moiety is engaged in an intramolecular hydrogen
ond interaction with the adjacent carbonyl group. In the aqueous
edium, HP�CD does not perturb the conformation of TrA, as only

ts ring A is inserted into the cavity of the cyclodextrin from its large
im, with the carbonyl group of A pointing at the inner narrower
art of the cavity of the host. In this way, the hydrophilic por-
ion of TrA remains exposed to water and to hydrophilic pendants
f the cyclodextrin. This mechanism of interaction is reasonably
avoured by the expanded structure of the cyclodextrin due to the
resence of the hydroxypropyl chains which are exposed to the
queous medium. The NMR  results do not exclude the possible co-
xistence of different interaction mechanisms, which could involve
he outer surface of the cyclodextrin and the hydroxyacyl chain of
rA, as detected by the Raman technique. These mechanisms of

nteraction, which seems to play a relevant role in the solid state,
re less favoured in aqueous medium or, alternatively, they do not
enerate constraints of spatial proximity suitable for ROEs obser-
ations. Raman imaging experiments in the solid state confirmed
 inset display the spectrum collected at the indicated position. Image obtained by
sets display the spectra collected at the indicated positions. The Raman image has

the attainment of a molecularly homogeneous system when the
TrA/HP�CD molar ratio is 1:7. However, for mixtures richer in TrA
(1:3.5) the latter crystallizes forming domains whose size is in the
range of 10–15 �m.  This aspect should be taken into account when
preparing fast-dissolving binary systems of TrA with HP�CD.

As a final remark, it must be stressed that such a kind of dif-
ferentiated information could not have been gained without the
combined use of several spectroscopical and computational tech-
niques, with differentiated responsiveness. The approach proposed
can be beneficial in preformulation studies providing the neces-
sary ground-work for formulation development on the bases of a
rational design.
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Näñther, C., & Jeß, I. (2006). New news about an old drug: Investigations on the poly-
morphism of triamcinolone acetonide. Angewandte Chemie International Edition,
45,  6381–6383.

Shrader, B. (2002). FT-Raman spectroscopy. In J. M.  Chalmers, & P. R. Griffiths (Eds.),
Handbook of vibrational spectroscopy (pp. 1289–1301). New York: John Wiley
&  sons, Ltd.

Smith, E., & Dent, G. (2005). Modern Raman spectroscopy: A practical approach. Chich-
ester: John Wiley & Sons, Ltd.

Sousa, S. F., Fernandes, P. A., & Ramos, M.  J. (2007). General performance of density
functionals. Journal of Physical Chemistry A, 111, 10439–10452.

Turner, J. J. (2002). Bandwidths. In J. M.  Chalmers, & P. R. Griffiths (Eds.), Handbook
of  vibrational spectroscopy (pp. 101–127). New York: John Wiley & Sons, Ltd.

Waring, M.  J. (2010). Lipophilicity in drug discovery. Expert Opinion on Drug Discov-
ery,  5, 235–248.

Wilson, E. B., Decius, J. C., & Cross, P. C. (1955). Molecular vibrations.  New York:
McGraw-Hill.

Wimmer, R., Aachmann, F. L., Larsen, K. L., & Petersen, S. B. (2002). NMR  diffusion as
Wong, M.  W.,  Wiberg, K. B., & Frisch, M.  (1991). Hartree-Fock 2nd derivatives and
electric-field properties in a solvent reaction field – theory and application.
Journal of Chemical Physics, 95,  8991–8998.


	Triamcinolone solubilization by (2-hydroxypropyl)-β-cyclodextrin: A spectroscopic and computational approach
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 NMR measurements
	2.3 Raman Spectroscopy
	2.4 Computational details for geometry optimization and normal coordinate analysis
	2.5 UV spectrophotometry
	2.6 Solubility measurements
	2.7 Preparation of TrA/CD binary systems

	3 Results and discussion
	3.1 Phase solubility study
	3.2 Stereochemical NMR investigations
	3.2.1 Triamcinolone acetonide
	3.2.2 HPβCD
	3.2.3 TrA/HPβCD complex

	3.3 Preparation of TrA/HPβCD powders
	3.4 TrA/HPβCD interaction in the solid state as evaluated by Raman spectroscopy
	3.4.1 Interpreting the Raman spectra of TrA and HPβCD
	3.4.2 Raman imaging of TrA/HPβCD solid systems


	4 Conclusion
	Acknowledgements
	Appendix A Supplementary data
	References


