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Abstract The inclusion complexation behavior of norepineph-
rine (NORE) and epinephrine (EPIN) with native cyclodextrins
(-CD and (3-CD) were investigated by UV-visible, fluorimetry,
time-resolved fluorescence, SEM, TEM, FT-IR, 'H NMR, DSC,
powder XRD and PM3 methods. Single emission was observed
in aqueous solution where as dual emission (excimer) noticed in
the CD solutions. Both drugs form 1:1 drug-CD complexes in
lower CD concentrations and 1:2 CD-drug, complexes in the
higher CD concentrations. Time-resolved fluorescence studies
indicated that both drugs showed single exponential decay in
water and biexponential decay in CD. Nano-sized self-
aggregated particles of drug-CD were found by TEM studies.
Molecular modeling studies indicated that aliphatic chain part of
the drug was entrapped in the CD cavity. Thermodynamic
parameters and binding affinity of complex formation of the
CD were determined according to PM3 method. The PM3
results were in good agreement with the experimental results.

Keywords Cyclodextrin - Norepinephrine - Epinephrine -
Excimer - Nanoparticles - Molecular modeling

Introduction

Norepinephrine or noradrenaline [1-(3,4-dihydroxyphenyl)-2-
aminoethanol, NORE)] is a catecholamine used to elevate blood
pressure, in the case of shock or haemorrhage, and as a periph-
eral vasoconstrictor. Catecholamines are hormones released by
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adrenal glands and neurotransmitters of the sympathetic and
central nervous system. Such substances are biosynthesized
from tyrosine. Catecholamines control the nervous system in a
series of biological reactions and chemical processes [1, 2].
Epinephrine or adrenaline [1-(3,4-dihydroxyphenyl)-2-
methyloaminoethanol, EPIN] also belongs to the catecholamine
family and plays an important role as neurotransmitters and
hormones. It is biosynthesized in the adrenal medulla and sym-
pathetic nerve terminals, as well as being secreted by the supra-
renal gland along with norepinephrine. It is used in medicine in
the treatment of heart attack, bronchial asthma and cardiac
surgery [3, 4]. Because of its poor aqueous solubility, the ther-
apeutic use of both drugs is limited to topical applications.

In the recent years, to resolve bioavailability problems
related to poor solubility and the low dissolution rate of drugs
in biological fluids, different approaches have been investi-
gated. As widely reported in literature, cyclodextrins (CDs)
are regarded as most functional and enabling excipients which
via dynamic complex formation interact with many water
insoluble drugs or their lipophilic moieties thereby increasing
undesirable physicochemical properties including low aque-
ous solubility, poor dissolution rate, and limited drug stability
[5, 6]. Cyclodextrins are cyclic oligosaccharides derived from
starch containing six (x-CD), seven (3-CD), eight (y-CD) or
more (x-1,4)-linked a-D-glucopyranose units [7]. They are
cylinder-shaped and possess a cage-like supramolecular struc-
ture [8]. The polarity of the cavity has been estimated to be
similar to that of an aqueous ethanolic solution [9].
Cyclodextrins exhibit a hydrophilic exterior and a hydropho-
bic internal cavity in which lipophilic soluble drugs may form
inclusion complexes.

The aim of this study was to investigate the formation of
inclusion complex between NORE or EPIN and CD (x-CD/3-
CD). Drug-CD interactions in solution were investigated by
absorption, fluorescence and time-resolved fluorescence mea-
surements. The solid state inclusion complexes was performed
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by scanning electron microscopy (SEM), transmission electron
microscopy (TEM), Fourier transform infrared spectroscopy
(FT-IR), proton nuclear magnetic resonance (‘H NMR), differ-
ential scanning calorimetry (DSC) and powder X-ray diffrac-

tometry (XRD).

Material and Methods
Materials

Norepinephrine (NORE), epinephrine (EPIN), a-CD and f3-
CD were purchased from Sigma -Aldrich chemical company
and used as such.

Preparation of Inclusion Complexes in Solutions

Triply distilled water was used for the preparation of all aque-
ous solution. A serious of samples with constant concentration
of fluorophores (NORE and EPIN drugs) and different concen-
tration of «-CD and (3-CD were prepared. The concentration of
the drug solutions were maintained at 4x 10> M and the CD
concentration were varied from 1x107° to 1x1072 M.
The mixture of drug-CD solution were shaken thorough-
ly and kept for 6 h to bring it to a state of equilibrium.
The experiments were carried out at room temperature 303 K.
The solid inclusion complexes are prepared by coprecipitation
method. The obtained powder samples were analysed by
SEM, TEM, FT-IR, DSC, '"H NMR and powder XRD
methods.

Instruments

Absorption and fluorescence spectral measurements were car-
ried out with Shimadzu UV-visible spectrophotometer (model
1601 PC) and Shimadzu spectrofluorimeter (model RF-5301),
respectively. The SEM photographs were collected on a Hitachi
S3400N. The morphologies of nano-encapsulated complexes
NORE/CD and EPIN/CD were investigated by TEM using
TECNAI G* microscope with accelerating voltage 200 kV.
FT-IR spectra of powder sample of drug, «-CD, (3-CD and
the inclusion complexes were measured from 4,000 cm ' to
400 cm™' on JASCO FT-IR-5300 spectrometer using KBr
pellet. Thermal characteristics of solid inclusion complexes
were measured using Mettler Toledo DSC1 fitted with STRe
software (Mettler Toledo, Switzerland). The temperature scan-
ning range was from 25 to 230 °C with a heating rate of
10 °C/min. One-dimensional "H NMR spectra for the drugs
and the inclusion complexes were recorded on a Bruker
AVANCE 500 MHz spectrometer (Germany). Samples were
dissolved in DMSO-d6 (99.98 %) and were equilibrated for at
least 1 h. XRD patterns of powder samples were recorded with a
BRUKER D8 Advance diffractometer (Bruker AXS GmbH,
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Karlsruhe, Germany) with Cu Kod radiation (A=1.5406 A), a
voltage of 40 kV and a 20 mA current.

The fluorescence lifetime measurements were performed
using a picoseconds laser and single photon counting setup
from Jobin-Vyon IBH. A diode pumped Millena CW laser
(Spectra Analysis) 532 nm was used to pump the Ti-Sapphire
rod in Tsunami picosecond mode locked laser system (Spectra
physics Model No. 4690 M3S). The Ti-Sapphire rod is ori-
ented at Brewster’s angle to the laser beam. The wavelength
turning range was 280-540 nm, i.e., standard pico configura-
tion. The fluorescence decay of the sample was analysed using
IBH data analysis software. The fluorescence decay profiles
were fitted to the expression:

1) =A1exp<;—ll> + A exp(;—2t> (1)

—t —t —t

I(t) = Ayexp (—) —+ Ajexp <—> —+ Asexp (—) (2)
Ty T T3

Where 11, T, and 73 are lifetimes of the three components,

a1 a, and a; are the pre-exponential factors of the same and t is

time. The average fluorescence lifetime was calculated using
the equation:

()= ma (3)

Molecular Modeling

The theoretical calculations were performed with Gaussian
03 W package. The initial geometry of the drugs, «-CD and
[3-CD were constructed with Spartan 08 and then optimized by
PM3 (Parametric method 3). CD was fully optimized by PM3
without any symmetry constraint [10, 11]. The glycosidic ox-
ygen atoms of CD were placed onto the XY plane and their
center was defined as the center of the coordination system. The
primary hydroxyl groups were placed pointing toward the
positive Z axis. The inclusion complexes were constructed
from the PM3-optimized CD and guest molecules. The longer
dimension of the guest molecule was initially placed onto the Z
axis. The position of the guest was determined by the Z
coordinate of one selected atom of the guest. The inclusion
process was simulated by putting the guest in one end of CD
and then letting it pass through the CD cavity.

Results and Discussion
Effect of Cyclodextrins on NORE and EPIN

Table 1 and Figs. 1 and 2 depict the absorption and fluores-
cence maxima of NORE and EPIN drugs in pH ~7 solutions
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containing various concentrations of «-CD and (3-CD. The
insets in Figs. 1 and 2 depict the changes in the absorbance
and fluorescence intensity observed as a function of different
concentrations of CD. The absorption spectra of both drug
molecules consist of two peaks at ~275 nm and ~225 nm.
Upon increasing the CD concentrations, absorbance of both
drugs increased and the maximum was slightly red shifted.
The above results indicated that both drug molecules are
transferred from more protic environments (bulk aqueous
phases) to less protic CD nano-cavity environments [12—16].
Absorption and fluorescence spectral shifts and shapes of
EPIN:CD inclusion complexes are similar to NORE:CD in-
clusion complexes suggesting that both drugs form similar
type of inclusion complexes.

Figure 2 shows the emission spectra of NORE and EPIN
drugs (excited at 280 nm) with varying concentrations of o-CD
and 3-CD. In aqueous medium, both drugs show single emis-
sion at ~316 nm whereas dual emission obtained in CD medi-
um (Table 1). In both CD solutions, a new longer wavelength
(LW, ~450 nm) emission was observed. With an addition of
drugs into the CD solutions, the SW emission intensities were
decreased at the same wavelength. However in CD solutions,
the LW intensity is regularly increased. Even in very low CD
concentration (at 1 x10 > M) LW emission can be detected in
the above drugs. This LW emission attributed to the formation
of drug-CD inclusion complex. The fluorescence spectral re-
sults indicated that the drugs were encapsulated in the hydro-
phobic CD nano-cavities [12—-16]. At higher CD concentra-
tions, the similar absorption and emission maxima for the drugs
indicating the formation of the similar inclusion complexes.

Excimer Emission

The LW emission in the CD solution can be explained as
follows: With an increase in the CD concentration, emission
intensity of the LW band was increased significantly, whereas
the SW band was decreased. The LW emission in NORE and
EPIN drugs presumably ascribed at least two types of inclusion
complexes exist in the aqueous CD solution. The strong SW
emission around 316 nm was due to the monomer inclusion
complex (1:1) and the weak LW emission was attributed to the
excimer fluorescence of NORE and EPIN drugs. In higher CD
concentration (1x10 2 M), the amount of excimer inclusion
complexes were increased; therefore that only the excimer band
intensity increased while the monomer band intensity de-
creased. These opposite spectral changes in SW and LW band
suggest that the structural geometry of the inclusion complexes
is different in terms of the orientations of the guest molecule.
The drug excimer fluorescence (LW) was due to a formation of
1:2 CD-drug inclusion complex formed by the self-association
of the drugs within the CD cavity [14, 17].

When the dilute drug (2% 10® M) solution containing CD
was excited, no excimer fluorescence was observed

(Figure not shown). This indicates that the formation of 1:1
CD-drug inclusion complexes, the self-association, or in other
words, the excimer occurred at a higher concentration of the
drugs. These findings suggest that 1:1 CD-drug inclusion
complexes alone exist in the dilute solution of the drugs.

K
CD + drug 2 CD-drug 4)

Here drug stands for NORE and EPIN, K is the equilibri-
um constant for the 1:1 inclusion complex. Benesi-Hildebrand
equation was used for determining the binding constant (K)
from the absorption and fluorescence intensity change by the
addition CDs.

1 1 1

(11, " a i (aK,[CD),) G)

where ‘Iy” and ‘I are the fluorescence intensity in the pres-
ence and absence of CD respectively, ‘a’ is the constant and
[CD]y is the initial concentration of the CD solution [17, 18].
The double reciprocal plot shown in Figs. 3 and 4 give upward
or downward curves for the NORE/CD and EPIN/CD com-
plexes indicating that the inclusion complexes are not 1:1
stoichiometry.

Now considering the excimer in the CD-drug system, there
are two possibilities for excimer formation scheme. One pos-
sibility is that excimer emitting species may be 2:2 CD-drug
inclusion complex [(CD-drug),] and the other possibility is a
1:2 [CD-drug,] inclusion complex. But in the NORE and
EPIN drugs, 1:2 inclusion complex was responsible for the
excimer fluorescence. This type of inclusion complex was
formed through the following equilibrium

K

CD-drug + drug ¢ CD-(drug), (6)

where K is the equilibrium constant for the formation of the 1:2
inclusion complex. When the above described scheme is true,
the excimer fluorescence intensity should be proportional to the
concentration of the 1:2 CD-drug inclusion complexes. Thus,
comparisons were made between the CD concentration depen-
dence of the observed excimer fluorescence intensity and sim-
ulation curves for the CD-(drug), concentration, which was
calculated using the estimated K, as shown in the following
equations:

[CD~(drug),] = ([drugly~|drug]~[CD~drug]) /2 (7)
2K K, [CDj[drug)? + (1 + K/ [CD),) [drug]-[drug], = 0 (8)

Here, [drug]o and [drug] are the initial concentration
of drug and the concentration of free drug, respectively.
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Table 1 Absorption and fluorescence maxima (nm) of NORE and EPIN at different concentrations of «-CD and 3-CD

Concentration of CDM ~ NORE EPIN
«-CD p-CD «-CD p-CD
Aabs log ¢ A Aabs log ¢ Aflu Aabs log ¢ A Aabs log ¢ AMu
Water (without CD) 275 3334 316 275 3334 316 275 3.30 318 275 3.30 318
225 0.38 225 0.38 226 439 226 439
0.002 279 3.494 316 279 3494 316 279 3504 318 280 3.504 318
224 0.30 450 224 0.30 450 224 0.33 450 220 0.33 450
0.006 280 3.584 316 279 3.584 316 280 3.56 318 280 3.56 318
223 0.36 450 223 0.36 450 224 437 450 220 437 450
0.010 280 3.754 316 280 3.754 316 280 3.73 319 280 3.73 319
223 0.43 450 225 0.43 450 223 442 450 220 442 450
Excitation wavelength (nm) 270 270 270 270
K M) 124 289 356 579 132 312 375 612
AG (kcal.mol ") -2.90 -3.41 -3.53 -3.82 -2.93 -3.45 -3.56 -3.86

Figure 5 shows the best fit curve of CD-(drug), esti-
mated with K,(CD). The quality of the fit to the ob-
served intensity data was satisfactory which indicates
that the LW emission was due to the 1:2 excimer
[CD-(drug),] inclusion complex formation. The proposed
1:2 CD-drug inclusion complex structures are given in

Fig. 6.
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(6) 0.008, (7) 0.01. Insert Fig.: Plot of absorbance vs. CD concentrations
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Fig. 5 Comparison between the concentrations curves calculated for the
1:2 CD-drug inclusion complexes and the observed excimer fluorescence
intensities of a NORE and b EPIN with CDs

AG is negative which suggests that the inclusion proceeded
simultaneously at 303 K. The experimental results are indi-
cating that the inclusion reactions of the CD with the drugs are
an exothermic process.

Prototropic Reaction in CD Medium

The effect of CD on the prototropic equilibrium between
neutral and monoanion changes in the absorption and emis-
sion spectra in both CD solutions were measured. The absorp-
tion and emission maxima of drugs in CD solutions were
studied in 6x 10> M in the pH range 0.1—11. When increase
the pH from ~7 to 10, the SW band at ~317 nm was not
changed, whereas the LW band continuously red shifted. The
above results suggest that the formation of monoanion (de-
protonation of OH group) in any one the hydroxy group
present in the drug molecules [14, 19]. The above results

Fig. 6 The proposed 1:2
CD-drug inclusion complex
structure of a NORE/CD
and b EPIN/CD

@ Springer

may be possible, if the hydroxy group of the drugs presents
in the bulk aqueous environment and the alkyl chain resides
inside of the CD cavity.

Time-Resolved Fluorescence Measurements

Fluorescence lifetime measurement has long been recognized
as a sensitive indicator for monitoring excited state affairs of a
fluorophore [20-23]. With a view to achieve a deeper insight
into the excited state photophysics of the studied drugs and its
alterations under CD confinement, we were recorded the
fluorescence lifetimes of the above drugs in different environ-
ments. The excitation wavelength was 290 nm and the emis-
sion wavelength was 315 nm. The typical time-resolved fluo-
rescence decay profiles demonstrating that the fluorescence
decay was significantly affected by the concentration of CD
and the results are summarized in Table 2. The fluorescence
decay behavior of drugs both in water and in CD environ-
ments was found to be quite different.

In both drugs, single-exponential fluorescence decay was
observed in water. However, in the presence of CD solution
(0.01 M), the fluorescence decays are fitted to bi-exponential
indicating the presence of at least two excited state species of
drug when complexed to CD with lifetimes of T, and ;. The
decay values in the CD solutions (NORE: «x-CD- T ~
0.1.26 ns, 3-CD-t ~ 3.18 ns; EPIN: «-CD-T ~ 1.70 ns, (3-
CD- T ~ 3.41 ns) are significantly higher than those observed
in water (NORE: T ~ 0.29 ns; EPIN: T ~ 0.43 ns), which
illustrate considerable change in the microenvironment of
guest upon entrapment into the hydrophobic CD cavities.
The tri-exponential analysis was also attempted on the same
set of conditions. A consistent enhancement of lifetimes of
drugs with the addition of CD (0.01 M) well matches our
previous interpretation of the steady-state fluorescence data,
indicating the formation of inclusion complex between guest
and CD molecules. The enhanced lifetimes associated with
CD concentration leads to restriction of rotational degrees of
freedom with consequent impact on depletion of non-radiative
decay channels. Further compared to «-CD, the efficiency of
lifetime increasing is found to be higher with 3-CD (Table 2)
which shows the stronger hydrophobic interaction between
drugs and 3-CD.
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Table 2 Fluorescence decay parameters of EPIN and NORE in water, -
CD (0.01 M) and 3-CD (0.01 M) solutions

Drugs  Medium Lifetime (ns) Pre exponential factor <>
T T2 a 5]
NORE  Water 0.29 0.98 0.29
«-CD 0.52 1.79  0.70 0.30 1.26
3-CD 095 458 072 0.28 3.18
EPIN Water 0.43 0.99 0.43
«-CD 055 283 0.80 0.20 1.70
-CD 034 475 0.0.84 0.16 341

Molecular Modeling Studies

To further probe the mode of interaction between the drug
molecules (NORE, EPIN), x-CD and (3-CD, a molecular
modeling (semi-empirical quantum mechanics) study was
conducted at PM3 method. Complete geometry optimizations
without any restriction were employed in the study of the
complexation process of the above drug molecules with oc-
CD and (3-CD. The most energetically favourable structures
of the drug molecules as well as CD molecules were used to
construct CD inclusion complexes. The inclusion complexes
were constructed by manually inserting the drug into the CD
cavity through the wider rim, centering it on a vector perpen-
dicular to the mean plane through the glycosidic oxygen
atoms.

For the simulation process, CD was kept in this position
while the drug approached along the z-axis towards the wider
rim of CD cavity. The orientations of the drug deduced from
the results of the investigations in solution were considered.
The relative position between drug and CD was calculated by
the distance of C4 atom of guest and the secondary rim of host
molecule. The drug was initially located at a distance of 6 A
from the cavity rim and then moved in decreasing increments
of 2 A towards the center of the CD cavity. At each step the
whole inclusion structure was fully optimized without any
constraint using the PM3 method in Gaussian 03 package.
So the guest molecule was free to move in the CD cavity
during the entire optimization process. Therefore, the confor-
mational changes of the drug and CD molecule were explicitly
allowed. In this way, the local minima for all the inclusion
complex structures were found and further optimized with
PM3 level.

Figure 7 displays the upper and side view of the most stable
inclusion complexes of NORE and EPIN, respectively. In all
the complex structures, a considerable part of the guest mol-
ecule is accommodated in the cavity of CD. The long axis of
the drug is oriented along the axis of the CD, with the alkyl
chain positioning within the cavity. The minimum energy
structure also revealed that drugs were included along the

molecular axis of CD, but its molecular axis was not exactly
perpendicular to the CD symmetry axis, rather it was slightly
tilted to allow maximum hydrogen bonding between the host
and the guest. In both cases, the preferred orientation for
complex formation is that one, in which the benzene ring of
guest is located near at the wider rim comprising the second-
ary hydroxyl groups. More importantly the simulation results
are in good agreement with the experimental data. Compared
to phenyl ring, the alkyl chain is more deeply associated with
the CD cavity, consistent with the significant increase in the
LW emission of the drug due to complex formation.

The binding energies (AE) for different 1:1 drug-CD in-
clusion complexes are given in Table 3. The binding energies
(AE) suggest that isolated drugs are highly miscible with f3-
CD. Further the change in the magnitude of the AE would be
a sign of the driving force towards complexation. The more
negative AE value indicates the complex is more thermody-
namically favorable. From the energy point of view, it could
be concluded that the binding energies of EPIN/CD com-
plexes were 0.91 kcal mol ' (for x-CD) and 1.56 kcal mol !
(for 3-CD) lower than that of NORE/CD complexes. The
calculated binding energies for the obtained complexes were
in sequence of EPIN/(3-CD > NORE/(3-CD, EPIN/x-CD >
NORE/x-CD. The above sequence revealed that the EPIN
drug formed more stable inclusion complexes with 3-CD in
comparison to the other CD complexes. However, the sys-
tems, as in the case of four inclusions, exhibited a better
compatibility, as ascertained from their binding energy
(Table 3).

Further studies on the geometrical structures of the inclu-
sion complexes were also made, in order to explore the
stability of these complexes. In Fig. 7 it can be seen that the
drugs are almost encapsulated in the cavity of CD molecules.
In addition, there are several intermolecular H-bondings in the
structures. Here, the H-bondings are defined as C-H*-O or C-
H-N with the distance dgy...o or dyg.-y less than 3.0 A [24].
These findings indicated that intermolecular H-bonds played a
crucial role in the stability of the inclusion complexes.
Considering the shape and dimensions of the host, the guests
may not be completely embedded into the CD cavity. Since
the vertical distance and length of the guests were greater than
the dimensions of the host, the guest molecules cannot be fully
present in the inside of the CD cavity. Further, the optimized
theoretical structures of the guest/CD inclusion complex also
confirmed that the guest molecules were partially included in
the CD cavity.

The PM3 optimized structural parameters, namely the bond
distances, bond angles and dihedral angles of the above drug
molecules before and after complexation in «-CD and 3-CD
obtained from the PM3 most stable structures are presented in
Table S1. The calculated parameters evidently showed
that the geometry of the guest distorted. It was also found that
a great distortion in dihedral angles when compared to other
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Fig. 7 Upper views of PM3
optimized structures of inclusion
complexes a NORE/x-CD, b
NORE/3-CD, ¢ EPIN/a-CD and
d EPIN/B-CD

parameters. This indicates that the drugs adopt a specific
conformation to form stable inclusion complex. However
the CD also distorted to a great extent upon complexation.
In both drugs, the AE was attributed to bonded and non-
bonded interactions, such as hydrogen bondings, electrostatic
forces, and van der Waals interactions. The van der Waals
interactions were the predominant driving force in the

drug/CD complex, which is supported by the results reported
in literature [24, 25]. The results in Table 3 point to that the
non-bonded interactions played an important role in the sta-
bility of the drug/CD complex, which was also essential for
the complex formation.

The enthalpy change (AH) for the inclusion complexation
of EPIN/B-CD (~11.67 kcal.mol ") was more negative than

Table 3 Energetic features, thermodynamic parameters and HOMO-LUMO energy calculations for EPIN, NORE, «-CD, (3-CD and its inclusion

complexes by PM3 method

Properties NORE EPIN «-CD B-CD NORE/a-CD  NORE/R-CD  EPIN/a-CD  EPIN/B-CD
E* ~113.94  -112.85  —1247.62  -1457.75  —1370.95 ~1583.02 -1370.77 ~1583.49
AE? -9.39 ~11.33 ~10.30 ~12.89
H® 11.74 30.07 ~570.84 ~667.55 —565.81 ~666.04 —548.05 —649.15
AH? -6.71 ~10.23 ~7.28 ~11.67
G -20.82 —6.28 —676.37 —789.52 —685.01 —805.86 —668.16 —790.04
AG? 12.18 448 14.49 5.76
s 0.109 0.121 0.353 0.409 0.399 0.468 0.402 0.472
ASP ~0.063 -0.05 —0.072 -0.058
Enomo (€V) —90.11 -8.89 -10.37 -1035 -8.79 -8.77 -8.76 -8.95
Erumo (V) 0.01 0.27 1.26 123 0.22 0.24 0.26 0.07
Enomo.Lumo (€V) -9.12 -9.16 ~11.63 ~11.58 -9.01 -9.02 -9.02 -9.02
Dipole moment (D) 1.67 233 11.34 12.29 10.90 10.67 11.13 11.07

2 —kcal.mol ' ; ® —kcal/mol-Kelvin
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that of other inclusion complexes, which is certainly attributed
to the more tightly van der Waals interactions between CD and
guest [26]. Thus, we can conclude that the effect of the methyl
groups upon the complexation is to strengthen the van der
Waals interactions. The negative enthalpy changes together
with the negative entropy changes suggest that all the inclusion
processes are enthalpy-driven in nature. From the PM3 calcu-
lations, we also noticed that the dipole moment values of free
drugs increase when the hydrophobic guest enters into the CD
nano-cavity and the complex is formed. Further the variation of
dipole moment in different complexes indicates a strong corre-
lation of the polarity with the inclusion process.

Solid Inclusion Complex Studies

It has been extensively demonstrated that the co-precipitation
method used for the preparation of drug-CD solid inclusion
complexes can significantly affect the physicochemical as
well as dissolution properties of the obtained solid systems
[27, 28]. In this regard, an equimolar NORE/CD and
EPIN/CD solid inclusion complexes were prepared and the
encapsulated drugs carefully characterized by SEM, TEM,
FT-IR, '"H NMR, DSC and XRD analyses.

Microscopic Morphological Observations by SEM and TEM

In order to study the morphological changes, first we recorded
the images of the powdered form of pure NORE, EPIN, «-CD
and 3-CD by SEM and then we also observed powdered form
of the inclusion complexes (Fig. S1). These pictures clearly
elucidated the difference between the pure drugs and their
inclusion complexes. It is clear from the SEM images that (i)
«-CD particles presents prismatic with well-developed faces
whereas plated shape was observed for 3-CD particles, (ii)
drugs are present in different form from their inclusion com-
plexes. The difference in the structure of pure drugs and the
inclusion complexes support the presence of solid inclusion
complex. Morphological changes of these structures can be
taken as a proof for the formation of a new inclusion complex.

TEM photographs are usually employed to investigate the
CD based self-aggregated nanostructures such as nanotubes,
nanorods and vesicles in aqueous solution [29, 30]. Therefore,
the morphology of freshly prepared drug-CD inclusion com-
plexes was observed using TEM (Fig. S2). Significant differ-
ences in size and shape among the two encapsulated drugs
with CDs were observed; that is, for the freshly synthesized
NORE/CD complexes, approximately in the range of 47~
110 nm nano-sized particles were observed. Interestingly, in
the case of EPIN/CD complexes, a beautiful aggregation of
the nanoparticles (flower-like structure) with halo space was
observed (Figs. S2¢ and S2d). The insert Fig. S2d clearly
illustrates that such kind of structure is actually assembled
by several smaller nanoparticles. This picture provides

important information about the above assumption for the
formation of flower-like structures. This study might be of
great important for the applications of nanoparticles in drug-
delivery, smart materials and biosimulation.

FT-IR Spectral Studies

The FT-IR spectra of NORE, EPIN drugs and their corre-
sponding solid inclusion complexes are presented in
Figs. S3 and S4. CD showed prominent peaks at 3,300,
1,638, 1,035 and 564 cm ! as related in the literature. In both
CDs (Figs. S3 and S4), the bands in the wavenumber range
500-1,500 cm™ ' not arises from a single type of molecular
vibration. This is due to strong coupling of vibrations from the
macrocyclic ring, caused by similar frequencies of neighbor-
ing bonds vibrations.

NORE showed a strong band at 3,389 cm ' for NH
stretching vibration (Fig. S3c). The band at 3,153 cm ' was
noticed for stretching vibration of phenolic -OH groups. The
absorption peaks at 1,516, 1,442 and 1,606 cm ! was corre-
sponding to the C = C stretching in the aromatic ring and the
NH, deformation vibration. The absorption bands correspond-
ing to C-OH in-plane bending vibration and O-H out-of-plane
deformation were observed at 1,358, 1,282 and 603 cm .
Further the band at 2,950 cm™ ' was obtained for CH stretching
of methylene group. The NORE/CD inclusion complexes did
not show any new peaks, suggesting no chemical bonds were
formed in the complex. However, the inclusion complex band
altered with the peak in 3,389 cm ' largely moved to
3,402 em ! in a-CD complex and 3,400 cm ' in B-CD com-
plex indicated that the amino group of NORE was entrapped
into the CD nano-cavities. This is confirmed by the NH,
deformation vibration at 1,606 cm ™' also shifted (1,643 cm
for x-CD complex and 1,647 cm ™" for 3-CD complex). This is
due to the aliphatic chain entrapped into the CD cavity. The C =
C stretching vibration of aromatic ring (1,516 cm™') disap-
peared in the inclusion complex, and the intensity of band for
CH, deformation (1,442 c¢m ') reduced and shifted to
1,410 cm ' and 1,419 cm . Further the CH stretching of
methylene group also shifted in the inclusion complexes
(Figs. S3d and S3e). These results indicated that due to the
formation of inclusion complex, the vibration mode of NORE
molecule was restricted and the aliphatic chain was inserted
deeply into the CD cavity.

In EPIN (Fig. S4a), the NH stretching vibrations at 3,331
and 3,272 cm' was shifted to higher frequencies in the
complex. The NH deformation vibrations appeared at 711
and 740 cm ', but both peaks shifted in the spectra of inclu-
sion complexes to ~707 cm . The phenolic OH out-of-plane
deformation vibrations for the EPIN drugs appeared at ~650
and 632 cm ! are shifted to the shorter frequencies. The OH
stretching frequency at 3,020 and 3,161 cm™' respectively,
was also shifted longer wave number in the inclusion
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complex. The bands corresponding to the overtones and com-
binations of aromatic ring appeared at 1,842 and 1,738 cm '
but these two bands are disappeared in the complex spectrum.
The four bands in the region 1,625-1,430 cm ! for aromatic
C = C stretching was also moved in the complex to longer
frequencies. Also, the aromatic ring deformation at 534 cm’™’
was moved to ~510 cm™ ! in the inclusion complex. However,
the absorption intensity of the inclusion complex was also
significantly varied from free drug. The above results con-
firmed that the drug molecules were included into the CD
nano-cavity.

DSC Studies

Differential scanning calorimetry (DSC) represents an effec-
tive and inexpensive analytical tool for an accurate physico-
chemical characterization of encapsulation (drug-CD) systems
in the solid state and is widely used for a rapid preliminary
qualitative investigation of the thermal behavior of the single
components, their physical mixtures and the inclusion com-
pound prepared according to a standard procedure such as co-
precipitation.

DSC analysis reveals some evidence for the formation of
inclusion complex between EPIN, NORE and «-CD/3-CD,
which shows the difference between the isolated materials and
the inclusion complexes. The DSC of pure drugs and the
inclusion complexes of EPIN/CD and NORE/CD are present-
ed in Fig. S5. It could be seen in Fig. S5a and S5d that the
above drug molecules exhibited sharp endothermic peaks at
217.5°C and 211.5°C, respectively. This phenomenon was
caused by the melting point of drugs. The DSC profile of o-
CD showed three endothermic peaks at ~79, 109, 137 °C and
a broad endothermic peak at ~128 °C was observed for 3-CD.
These endothermic effects are mostly associated to crystal
water losses from CD cavities. In contrast, the DSC curves
of solid inclusion complexes differed from those of pure
components. However, in the DSC curves of the solid com-
plexes, the endothermic peaks corresponding to the free drug
disappeared, coinciding with the shift of the endothermic
peaks corresponding to the free CD’s dehydration process to
lower temperatures. These observations indicated that the
formation of drug-CD inclusion complexes retarded the melt-
ing of EPIN and NORE during heating, suggesting the ther-
mal stability of drug molecules was improved when it was
encapsulated by host CD molecules.

"H NMR Spectral Studies

Proton nuclear magnetic resonance ('H NMR) spectroscopy has
proved to be a powerful tool in the study of inclusion complexes
[14, 19]. "H NMR spectroscopy provides an effective means of
assessing the dynamic interaction site of CD with that of the
guest molecules. The basis of information gained from NMR
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spectroscopy is located in this shifts, loss of resolution and
broadening of signals observed for the host and guest protons
[14, 19]. In this study, to analyze the interaction behavior of the
drugs with hydrophobic CD nano-cavities, "H NMR spectra of
the guest in the absence and presence of equimolar CD in
DMSO-dg were measured (Fig. S6). The resonance assignments
of the protons of CD are well established and consist of six types
of protons. The chemical shift of CD protons reported by
different authors are very close to those reported in this work.
The H-3" and H-5' protons are located in the interior of the CD
cavity, and it is, therefore likely that the interaction of the guest
with the CD inside the cavity will affect the chemical shifts of
those protons. A minor shift is observed for the resonance of
H-1', H-2' and H-4' located on the exterior of CD.

The assignments of the drug EPIN are shown as inset in
Fig. S6a. EPIN showed evidence of inclusion by «-CD/(3-CD
with substantial changes in chemical shift caused by the pres-
ence of CD. Here the formation of inclusion complex could be
proved from the comparison of the chemical shifts of drugs
before and after interaction with CD, which was defined as
Ad = dcomplexdfiee- The chemical shifts values for EPIN (9,
in ppm) and the changes in chemical shift (Ad) observed on
complexation with «x-CD/3-CD (in parentheses) are as follows:
H,=6.709 (0.014/0.016), H, = 6.632 (0.002/0.003), H. = 6.536
(=0.009/-0.011), Hq=4.443 (0.008/0.012) and H, = 2.290
(0.012/0.016). In the CD complex, the resonance signals of
aliphatic as well as aromatic protons significantly decreased
and CD proton signals were shifted and merged, which indicates
that the guests were entrapped inside the CD cavity and that
their flexibility was affected by non-covalent interactions [31,
32]. The guest within the CD cavity obviously experienced a
shielding effect. The drug with the additional side-chain methyl
group at H, protons of EPIN had the largest Ao value in the
molecule. While the Ad values for the aromatic protons Hy, are
small or insignificant on complexation with CD. Although it
could not be measured the Abd value for H, and Hy, because the
shifted signal was obscured by CD or solvent peaks. It can also
be observed from the results that the signals were shifted to a
lesser extent with «-CD than when [3-CD was added and the
direction of the shift almost similar in both cases. However, the
broadening of the proton signals of guest in the presence of CD
suggested that the motions of these protons were restricted [33].
Significant shifts were observed in the alkyl chain protons and
aromatic region of EPIN spectra on complexation with both
CDs are indicate that this part of the drug molecule entrapped in
the hydrophobic nano-cavities of the macromolecules.

XRD Analysis

Powder X-ray diffractometry (XRD) is a useful for the detec-
tion of CD encapsulation and it has been used to assess the
degree of crystallinity of the given sample. When a true com-
plex is formed, the overall numbers of crystalline structure are
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reduced and more number of amorphous structures is in-
creased. Hence, the solid complexes exhibit less number as
well as less intensity peaks. This shows that overall crystallinity
of complex is decreased and due to amorphous halo nature, the
solubility is increased. Hence, the XRD patterns of EPIN and
NORE as well as their inclusion complexes with x-CD/(3-CD
in powder form were collected at diffraction angle (20) from 5°
to 50° and are illustrated in Fig. S7. As indicated in Fig. S7c the
EPIN drug was in a well crystalline form. The XRD pattern of
«-CD showed the characteristic peaks at 20 values of 9.46°,
11.82°, 14.19°, 17.93°, 21.57° and 27.12°. However, the
diffractogram of (3-CD crystals exhibited the important peaks
at 20 values of 8.95°, 10.56°, 12.46°, 18.75°, 22.57°, 27.03°,
31.86° and 34.59°. Most of the characteristic peaks of drugs
were present in the diffraction patterns of physical mixtures of
the drug with CDs without loss intensity. In contrast, the XRD
of the NORE/x-CD, NORE/(3-CD, EPIN/x-CD and EPIN/3-
CD complexes are amorphous and show halo patterns, which
are quite different from the superimposition (physical mixture)
of crystalline drugs in x-CD and 3-CD, indicating the forma-
tion of the inclusion complex between «-CD or (3-CD and
EPIN or NORE. In addition, most of the crystalline diffraction
peaks of &-CD and 3-CD disappeared after complexation with
drugs, indicating that the complexation of drugs oriented in the
CD cavities to some extent.

Conclusions

The following conclusions can be drawn from the above studies:
In aqueous solutions, both CDs have been found to be formed
inclusion complexes with NORE and EPIN. Addition of drugs
to aqueous solutions of CD has resulted in the observation of the
excimer fluorescence i.e., 1:2 CD- drug, inclusion complex.
Semiempirical calculations confirm the hydrogen bonds were
the driving force for the inclusion process and also responsible
for the complexes stability. The negative enthalpy change (AH)
suggested that all these inclusion processes were exothermic.
The statistical thermodynamic calculations suggested that these
inclusion complex processes are enthalpically favourable in
nature. Both experimental and theoretical methods proved that
drugs were partially included in the hydrophobic CD nano-
cavity with the alkyl chain located near the primary rim and
the phenyl ring near secondary rim. Investigations of SEM,
TEM, FT-IR, 'H NMR, DSC and XRD results showed impor-
tant modifications in the physicochemical properties of the drug
molecules through the formation of inclusion complexes.
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