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Abstract Inclusion complex formation between f-
cyclodextrin and Naproxen was investigated using differ-
ential scanning calorimetry (DSC) as a function of the
f-cyclodextrin-to-Naproxen molar ratio, ranging from
0:5:1 to 5:1. When these mixtures are heated above the
melting temperature of Naproxen, an exothermic peak is
observed at a temperature slightly higher than the melting
peak of Naproxen. This peak, which has not been previ-
ously reported, has been interpreted as an exothermic
energy of inclusion complex formation. The magnitude of
this complex formation peak was found to be dependent
upon the composition of the -cyclodextrin and Naproxen
mixture and increased in magnitude to a maximum value at
a f-cyclodextrin:Naproxen molar ratio of 2:1. In addition,
Naproxen recrystallization and re-melting peaks seen in the
cooling and re-heating scans, respectively, decreased in
magnitude with increasing molar ratio and totally disap-
peared for the mixture with 5:1 of f-cyclodextrin to
Naproxen ratio indicative of complete inclusion of
Naproxen in the cyclodextrin cavities. Complete inclusion
was further reflected by the disappearance of key Naproxen
peaks in Fourier transform infrared spectra of samples
recovered from DSC experiments. The large excess of f-
cyclodextrin needed to fully complex the Naproxen was
found to be due to slow kinetics. Increasing the hold time
after the initial melting led to inclusion efficiencies up to
95 % even for the 2:1 mixture. These experiments suggest
that ratios of pf-cyclodextrin:Naproxen 2:1 or greater
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facilitate the process by increasing the presence of cyclo-
dextrin molecules in the close proximity of the drug mol-
ecules and lead to high inclusion efficiencies.
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Introduction

Naproxen (NA) is a propionic acid derivative and is a type
of non-steroidal anti-inflammatory drug commonly
administered for the treatment of pain, inflammation and
fever [1, 2]. Its selected properties are given in Table 1.
The poor aqueous solubility of NA due to its hydropho-
bicity limits the bioavailability of the drug in the aqueous
environment of the human body [3]. Inclusion complex
formation with cyclodextrins (CDs) is an approach to
improve the aqueous solubility via molecular encapsulation
of the drug within the cavity of the more soluble CD
molecule [4, 5].

CDs have indeed been explored extensively as additives
in the pharmaceutical industry due to their unique ability to
host and solubilize hydrophobic guest molecules including
drugs [5-8]. CDs are cyclic oligomeric polysaccharides
composed of repeat glucose units which have a three
dimensional structure similar in shape to a truncated cone
or torus which is illustrated in Fig. 1A [9]. The central
cavity is relatively hydrophobic, and the outer edge of the
molecule is hydrophilic [10, 11]. The three native CDs, a-,
f-, and y-CD, are produced by the enzymatic degradation
of starch and differ from one another only in the number of
repeat glucose units [7]. BCD, which is illustrated in
Fig. 1B, is the most commonly used CD due to the cavity
size, availability and low cost [6, 10].
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Table 1 Reported physical properties of Naproxen [34] and f-cyclodextrin [6]

Compound Chemical structure MW (g/mol) T, (°C) AH,, (J/g) Water solubility (25 °C) (mg/ml)
Naproxen H 230.26 154.4 137 0.0159
OH
OO
p-cyclodextrin See Fig. 1B 1,135.98 ~ 300 - 18.5
A B “ enthalpy-driven exothermic process [7]. In addition NA

f ) I
gkw

Fig. 1 p-cyclodextrin A 3-dimensional torus structure and B chemical
structure [35]

HO

HO_

Complex formation is an equilibrium interaction

described by the following equation:

a[CD] + bldrug] <£>[CD - drug]

where [CD] and [drug] represent uncomplexed CD and
drug, respectively, [CD - drug] represents the complex, K is
the stability constant for the complex, and a and b are the
stoichiometric coefficients. The inclusion complex forma-
tion of NA with fCD and its derivatives has been studied
extensively by various techniques, including potentiometry
[1], conductivity [1], fluorescence [1, 12, 13], nuclear
magnetic resonance (NMR) [12, 14], mass spectroscopy
[14], differential scanning calorimetry (DSC) [13, 15-21],
X-ray diffraction (XRD) [13, 15, 18-20], thermogravi-
metric analysis (TGA) [15, 16, 19], ultraviolet—visible
spectroscopy (UV-Vis) [13, 15, 17, 19-23], Fourier
transform infrared spectroscopy (FTIR) [18-21], hot stage
microscopy [23], scanning electron microscopy [23], and
molecular modeling [13, 22]. Stability constants of the NA-
CD inclusion complexes, which can be used to calculate
complexation stoichiometries and thermodynamic param-
eters of inclusion complex formation, including enthalpy
and entropy changes, have previously been calculated
based on spectroscopic characterizations utilizing a phase
solubility method described by Higuchi [13, 15, 23] or a
modified Benesi-Hildebrand equation [12, 14, 22]. Com-
plex formation is generally associated with a large negative
enthalpy change (AH) and either a positive or negative
entropy change (AS), making complex formation largely an
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complexes with SCD, yCD and CD derivatives formed in
solutions have generally been reported as having a 1:1
stoichiometric ratio (where a = b) [1, 12, 14, 15, 22, 24,
25]. The stoichiometric ratios in nearly all guest-CD
inclusion complexes that are reported in the literature are
either 2:1, 1:1 or 1:2 [26]. Stoichiometries that differ from
these have also been reported [27] but are attributed to poor
inclusion efficiencies rather than any physical significance.
It should be noted that these previously reported studies are
all based on the behavior of CD solutions, and, to the
authors’ knowledge, stoichiometry of the inclusion com-
plex, stability constants and thermodynamic parameters
between NA and CD, or the requirements of cyclodextrin-
drug ratios to be used for efficient complexation have not
been previously reported for complex formation from
physical mixtures in the absence of solvents.

DSC is an analytical technique commonly employed in
the characterization of CD-drug inclusion complexes [28,
29]. In a typical DSC analysis for determination of com-
plex formation, crystalline compounds which usually dis-
play distinct melting peaks in their DSC heating scans,
appear amorphous if all the drug is included into the CD
cavity. Observation of a drug melting peak is an indication
of incomplete complex formation [28]. To the authors’
knowledge, no additional peaks, which are not attributed to
drug melting or recrystallization transitions, have been
previously reported during or after the event of inclusion
complex formation between Naproxen and fCD. FTIR is
another analytical technique useful in the characterization
of inclusion complexes. Spectra of CD-drug physical
mixtures results in an overlay of the two pure component
spectra, while spectra of CD-drug inclusion compounds
can display new peaks which are not present in either pure
component spectra [30, 31], or they can appear as the CD
spectra alone, with no observation of the IR peaks of the
included compound [32, 33].

The primary goal of this research was to examine the
inclusion complex formation behavior of fJCD and NA by
DSC from their physical mixture via melting of the drug
molecule. A comprehensive evaluation by DSC of the
complex formation between SCD and NA at a wide range
of SCD:NA molar ratios (from 0.5:1 to 5:1) is now
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reported. Further characterization by FTIR was carried out
to verify observations from the DSC data. The results show
that complexation via melting in physical mixtures is
influenced by transport limitations and ratios of SCD:NA
greater than 2:1 facilitate the process by increasing the
presence of cyclodextrin molecules in the close proximity
of the drug molecules and lead to high efficiencies.

Materials and methods

Naproxen (NA) and ff-cyclodextrin (fCD) were purchased
from Sigma-Aldrich and used as received. DSC experiments
were carried out in a Pyris Diamond DSC. 10 mg samples
were prepared in the appropriate molar ratio, then mixed
gently with a spatula and contained in a crimped aluminum
DSC pan with a lid. The heating and cooling scans were
carried out at a rate of 20 °C/min with a nitrogen purge of
10 ml/min. All heat values that are reported were normalized
to the NA mass in the sample mixtures. FTIR spectra were
acquired with a Digilab FTS 3100 spectrometer using a
resolution of 4 cm™' and 32 scans averaged in the wave-
number range of 4,000-400 cm~'. Samples were prepared at
1 wt % compositions into KBr discs for analysis. Four repeat
samples were analyzed.

Results

DSC analyses were carried out for pure fCD, pure NA and
for SCD:NA physical mixtures over a range of molar ratios
from 0.5:1 to 5:1 (mol fCD:mol NA). Figure 2 shows the
results for pure NA and pure SCD, displaying a T,,, of 159 °C
and a heat of melting of 129 J/g for NA in the first heating
scan, and showing the removal of moisture from fCD above
100 °C. The variation between the melting temperatures
obtained in DSC experiments from the literature data shown
in Table 1 is due to differences in the heating rates employed
during DSC experiments. Typically, a heating rate of

10 °C/min is employed in melting point determination by
DSC; however, in these experiments a heating rate of 20 °C/
min was used to sufficiently sharpen and resolve all observed
peaks. A faster rate of heating is known to cause a shift of the
melting peak to higher temperatures, due to the kinetics of
melting. The physical mixtures were first heated to 140 °C
and held for 3 min to remove water from SCD, eliminating
the broad dehydration peak. After cooling to 30 °C the
samples were heated above the melting temperature of NA
(T, = 159 °C) to 180 °C and held at 180 °C for 1 min, or
heated to 165 °C and held for 60 or 120 min. The samples
were then cooled to 30 °C, held at 30 °C for 1 min and finally
reheated to 180 °C.

DSC scans for 0.5:1 and 5:1 fCD:NA are individually
shown in Figs. 3, 4, respectively, to indicate that although
the peaks for the 5:1 JCD:NA sample are significantly less
pronounced than those for the 0.5:1 fJCD:NA sample in the
comparative plots shown in Fig. 5, the peaks are indeed
present and visible with the enlarged scale used in Fig. 4.
These scans were all generated with a 1 min hold time at
180 °C. The heating scan shown in plot A of each figure (in
Figs. 3, 4) contains two distinct peaks: (1) the endothermic
melting peak of NA at about 159 °C and (2) an exothermic
peak at a temperature just higher than the NA melting peak.
This peak has not been previously reported, to the authors’
knowledge, and is evidence of the exothermic complex-
formation interaction occurring between [CD and NA
upon NA melting. In the cooling scan of 0.5:1 SCD:NA
shown in Fig. 3B, an exothermic peak is seen, which is
centered around 106 °C and is indicative of NA recrys-
tallization. The heat of recrystallization (AH,) for the 0.5:1
molar ratio sample was found to be significantly lower than
the AH,,, observed in the first heating scan, and AH, for the
5:1 molar ratio sample was found to be zero, indicating that
no fraction of the melted NA recrystallized in the cooling
scan. Both observations are in contrast to the same DSC
experiment carried out for pure NA (Fig. 2A), where NA
after undergoing its melting in the heating scan recrystal-
lized completely in the cooling scan. Similarly, in the
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second heating scan in the pure NA case, a re-melting peak
is observed which is similar in magnitude (but opposite in
sign) to the respective recrystallization peak. In these DSC
experiments on mixtures with SCD, when NA enters its
molten state in the first heating scan, the drug molecules
are able to enter the empty SCD cavities forming the
complex. Then, in the cooling scan, only free uncomplexed
NA is able to recrystallize, and in the re-heating scan, only
the free NA is able to re-melt, causing a reduction in AH,
and in AH,,,, respectively.

Examination of the thermal behavior of the intermediate
molar ratios between 0.5:1 and 5:1 provides further infor-
mation on inclusion complex formation of NA with SCD.
Figure 5 shows the comparative DSC scans during the 1st
heating, cooling and the second heating scans for each
mixture. Figure 6 shows the variation of the heat of melting,
heat of complexation, heat of recrystallization, and heat of
re-melting during the respective scans. The heat of complex
formation, AH,;, was found to increase in magnitude with
increasing SCD molar composition up to a maximum value
at a molar ratio of 2:1 (Fig. 6A). At molar ratios higher than
2:1, AH maintained a value around —20 J/g. This initial
increase in magnitude indicates an increase in the energy of
complexation since more NA enters the fCD cavities;
however, stabilization of the value may indicate a finite heat
of complexation which exists for complex formation of the
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mixture. The magnitudes of the heat of recrystallization,
AH, and heat of re-melting, AH,,,», decrease with increasing
SCD molar composition, and the values are similar for
each mixture. It should be noted that the peaks shown in
Fig. 5B, C generally shift to lower temperatures with
increasing molar ratio. A possible explanation for the peak
shift is the disruption of crystallinity and crystallizability
due the increasing presence of the amorphous inclusion
compound in the mixture after the first heating scan with
increasing molar ratio. This would cause slower crystalli-
zation kinetics resulting in lower recrystallization temper-
atures, as well as a defect-laden semi-crystalline structure
resulting in lower re-melting temperatures. Thus, higher
molar ratios were found to promote inclusion complexation,
leaving less free NA to recrystallize and re-melt. Since the
magnitudes of recrystallization and re-melting peaks are
similar at the same molar ratio, all of the inclusion complex
formation must occur after the first melting of NA, and no
further complex formation occurs upon melting in the sec-
ond heating scan. The recrystallization and re-melting peaks
completely disappear only for the 5:1 molar ratio mixture,
suggesting that a large excess of fCD is needed for com-
plete amorphization attributed to complex formation of NA
with SCD by melt processing at 180 °C with a holding time
of 1 min at this temperature. Inclusion efficiencies can then
be calculated based on the heat of re-melting and pure NA
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Fig. 5 DSC scans for -
cyclodextrin:Naproxen physical
mixtures held at 180 °C for

1 min A Ist heating scan,

B cooling scan, C 2nd heating
scan

Fig. 6 Heats for (-
cyclodextrin:Naproxen physical
mixtures from DSC experiments
held at 180 °C for 1 min (four
runs)A heat of 1st Naproxen
melting, B heat of f-
cyclodextrin:Naproxen
complexation, C heat of
Naproxen recrystallization,

D heat of Naproxen re-melting
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Fig. 7 Calculated inclusion efficiencies for f-cyclodextrin-Naproxen
prepared by melting in DSC experiments held at 180 °C for 1 min
(based on heat of melting of pure Naproxen, AHL" = 129 J/g)

heat of melting (AHN* = 129 J/g) using the following
relationship.

AH,,
% Inclusion = 100 * [1 — 2}

AHNA

The results that are plotted in Fig. 7 show that the inclusion
efficiency rapidly increases with increasing molar ratio of
PSCD to NA, basically approaching efficiencies of 90 % and
higher for CD:NA ratios of higher than 2.

The FTIR spectra shown in Fig. 8 compare the spectra
of pure fCD and NA with the spectra of the samples
recovered after DSC experiments in the wavenumber range
of 2,000-800 cm™"'. Key NA peaks observed in this region
include peaks at 1729, 1685, indicating the —C=0 stretch,
and the peak at 1,228 cm™!, indicative of the —O— stretch.
The key SCD peaks include the asymmetric R—O-R stretch
observed at 1,158 cm ™! and the C—OH stretch observed at
1,029 cm™'. As the SCD:NA molar ratio is increased, the
NA peaks become diminished. At molar ratios of 2:1 and
higher, and in particular at the 5:1 molar ratio, NA peaks
are no longer visible and the spectrum appears as pure
PCD. The disappearance of the NA peaks in the FTIR
spectra is a further indication of inclusion complex
formation, and these data support the DSC results showing
full inclusion being achieved only in the very high 5:1
molar ratio sample with the 1 min hold time at 180 °C.

Some degree of inclusion was achieved with all of the
tested physical mixtures; however, only the 5:1 molar ratio
mixture yielded a 100 % inclusion by melt processing at
180 °C for 1 min. The large excess of SCD needed to
include all of the NA was thought to be required due to
transport or kinetic limitations in the static environment of
the DSC pans or the short, 1 min, hold time after the initial
melting. Thus, a series of additional experiments were
performed by heating samples to 180 °C for 1 min in glass
jars under a nitrogen purge with manual mixing to observe
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Fig. 8 FTIR spectra of pure components compared to spectra of
samples recovered from DSC experiments held at 180 °C for 1 min.
Arrows show the key peaks at 1,729, 1,685, indicating the —C=0
stretch and 1,228 ¢cm™ ', indicative of the —O— stretch in NA; and the
asymmetric R—O-R stretch observed at 1,158 cm™' and the C—OH
stretch observed at 1,029 cm~!in pCD

the effect of mixing on the inclusion efficiencies of 1:1, 2:1
and 3:1 fCD:NA mixtures. In addition, two more sets of
DSC experiments were conducted in which the samples
were heated and held above the melting temperature of
NA, to 165 °C for 60 and 120 min to further observe
whether kinetics were limiting the extent of inclusion
complex formation. A lower temperature was chosen since
these long exposure times to 180 °C were found to lead to
some changes in the thermal behavior of NA, including
doublet melting and recrystallization peaks. These changes
were suspected to be due to changes in the crystalline form
of NA from 60 to 120 min exposures to high temperatures
rather than thermal degradation, since changes in FTIR
spectra were not observed. No changes were observed in
NA samples exposed to 180 °C for only 1 min, however.

Figure 9 shows the cooling and reheating scans for 1:1,
2:1 and 3:1 FCD:NA mixtures exposed to 165 °C for
60 min and compares the data with the samples exposed to
180 °C for 1 min. The recrystallization and remelting
peaks are clearly less intense for samples exposed to
165 °C for 60 min when compared to the same molar ratio
mixture exposed to 180 °C for 1 min.
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Fig. 9 DSC comparison scans for fi-cyclodextrin:Naproxen physical
mixtures held at 165 °C for 60 min and at 180 °C for 1 min A cooling
scan, B 2nd heating scan

Table 2 compares the results of the three different DSC
experiments and the mixing experiments. The 120 min
experiment was not carried out using the 3:1 mixture, since
100 % inclusion was achieved in the 60 min experiment.
The results show no significant difference in inclusion
efficiencies achieved with mixing versus samples prepared
in DSC experiments held at 180 °C for 1 min, indicating
that inclusion is not necessarily limited due to absence of
mixing in the static DSC experiments. However, a distinct
influence of hold time above melting temperature is
observed. Inclusions of 57, 90 and 100 % were achieved
with 1:1, 2:1 and 3:1 molar ratio fJCD:NA samples exposed
to 165 °C for 60 min in the DSC. Furthermore, a hold time
of 120 min yielded 57 and 95 % inclusion efficiencies for
1:1 and 2:1 molar ratio samples. Inclusions achieved in

Table 2 Comparison of inclusion efficiencies (based on heat of
melting of pure naproxen, AHN" = 129 J/g) obtained by melting
Naproxen in the presence of f-cyclodextrin in (A) DSC experiments
held at 180 °C for 1 min, (B) mixed batches under nitrogen, (C) DSC
experiments held at 165 °C for 60 min and (D) DSC experiments held
at 165 °C for 120 min

Molar Ratio Inclusion efficiencies (%)

PCD:NA A B C D
1:1 42 39 57 57
2:1 77 73 90 95
3:1 91 90 100

20
fof 3
ok

-10 +
_20 1 1 1
0 1 2 3 4

Molar Ratio (mol B-CD:mol NA)

Heat of Re-melting, J/g
w
o
o

Fig. 10 Heats of Naproxen remelting for f-cyclodextrin:Naproxen
physical mixtures processed in DSC experiments held at 180 °C for
1 min (closed circles, four runs), experiments held at 165 °C for
60 min (open circles, three runs) and experiments held at 165 °C for
120 min (open triangles, three runs)

60 min and 120 min experiments for 1:1 and 2:1 molar
ratio mixtures are within the same margin of error. Thus,
exposures longer than 60 min do not seem to promote
complex formation beyond the improved efficiency
observed between 1 min and 60 min exposures. Figure 10,
which compares the heat of remelting after different hold
times above the melting temperature, shows the approach
to essentially zero above 2:1 molar ratio of CD to NA. In
addition, comparison of the FTIR spectra shown in Fig. 11
for pure components and samples recovered from DSC
experiments shows the further reduction in Naproxen key
peak intensities in samples held at 165 °C for 60 min.

Atfirst sight, a 2:1 stoichiometry seems to be suggested by
the data since, as Fig. 10 shows, 90 % inclusion was
achieved with those physical mixtures. However, if an ideal
stoichiometry of 2:1 existed for SCD:NA complexes,
inclusions efficiencies greater than 50 % would not be pos-
sible in 1:1 mixtures. For the 1:1 mixture, a 60 min hold time
resulted in a higher inclusion efficiency of 57 %, which did
not improve further with hold time being increased to
120 min. Itis possible that under efficient mixing conditions,
inclusion efficiencies higher than 57 % can be achieved
which would be consistent with a 1:1 stoichiometry. Stoi-
chiometric ratios of 1:1 are generally reported for CD:NA
inclusion complexes based on solution complexation where
transport limitations are less pronounced compared to solid
state complexation [1, 12, 14, 15, 22, 24, 25].

The present observations indicate that the inclusion
complex formation of fJCD:NA mixtures by melting NA in
DSC experiments is limited by transport kinetics, and
sufficient time is needed for the molten NA to diffuse and
enter the fCD cavities to achieve high inclusion efficien-
cies. This is achieved more readily when an excess of fCD
is used, which naturally increases the presence of CD
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Fig. 11 FTIR spectra of pure components compared to spectra of
samples recovered from DSC experiments held at 180 °C for 1 min
and DSC experiments held at 165 °C for 60 min

molecules in the close proximity of the drug molecules.
The 2:1 SCD:NA molar ratio mixture appears to be a
practical ratio needed to achieve a relatively high inclusion
efficiency without going to high excess of fCD in forming
the inclusion complex from melt without using solvents.

Conclusions

NA was found to form an inclusion complex with SCD
upon melting in DSC heating scans, which was indicated
by a reduction in NA melting peak intensity in repeat DSC
heating scans, as well as by the reductions in NA FTIR
spectral absorbance observed in samples recovered from
DSC experiments. In addition, a unique exothermic peak
was identified in the first DSC heating scans of SCD-NA
physical mixtures, which was found to be indicative of
inclusion complex formation. In cooling and re-heating
scans, the amount of free, uncomplexed NA was found to
decrease with an increase in SCD:NA molar ratio, based on
heats of recrystallization and re-melting, respectively. Full
inclusion of NA was achieved by melting the drug in the
presence of excess SCD in 3:1 and higher molar ratios of
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PCD:NA in physical mixtures in the DSC. However,
essentially full inclusion of NA could be achieved with 2:1
molar ratio mixtures by holding at 165 °C for 1 h in DSC
experiments.
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