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a b s t r a c t 

β-Cyclodextrin ( β-CyD) is cyclic oligosaccharide of a glucopyranose, containing a relatively 

hydrophobic central cavity and hydrophilic outer surface. However, the usefulness of β- 

CyD is limited owing to its low aqueous solubility whereas we found that its apparent 

high solubility was evident in some injectable solvents including 2-pyrrolidone (PYR), N- 

methyl pyrrolidone (NMP) and dimethyl sulfoxide (DMSO). Therefore, in the present study, 

the physicochemical properties of the 30–60% w/w β-CyD in PYR, NMP and DMSO were in- 

vestigated such as viscosity, water resistant, matrix formation rate and syringeability. The 

higher the concentration of β-CyD resulted in the increased viscosity and the higher force 

and energy of syringeability. β-CyD in PYR gave the highest viscosity which contributed to 

the lowest syringeability while β-CyD in DMSO exhibited the highest syringeability. The 

β-CyD in DMSO and NMP exhibited the higher rate of matrix formation. β-CyD in PYR 

showed the highest water resistant for phase separation while β-CyD in NMP gave the faster 

de-mixing rate compared to that from PYR. The difference in physicochemical properties 

of β-CyD dried ppts studied by scanning electron microscope (SEM), differential scanning 

calorimetry (DSC), X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR) 

and thermogravimetric analysis (TGA) revealed that there was partial complexation of β- 

CyD with respective solvents. Both solution and precipitate characteristic properties will be 

useful for using β-CyD in further investigation as matrix material dissolved in the injectable 

vehicles as the in situ forming gel for periodontitis treatment. 
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1. Introduction 

The β-cyclodextrin ( β-CyD) has a limited aqueous solubil-
ity [1,2] meaning that complexes resulting from interaction of
lipophiles with this cyclodextrin exhibit the limited solubil-
ity resulting in precipitation of solid β-CyD complexes from
water and other aqueous systems. Its low aqueous solubility
character is interesting for using as a matrix former in sol-
vent exchange-induced in situ forming gel. The main control-
ling step for the solvent exchange process is probably driven
initially by water influx and onward by solvent efflux. This be-
havior is crucial for solvent-exchanged induced in situ form-
ing gel [3] . In the periodontal pocket, the precipitation of poly-
mer occurred after exposure the aqueous at injection site in-
ducing the formation of a depot for consequent entrapping
the drug with the controlled release manner [4] . Water is typi-
cally the solvent for inclusion complexation but this can be ac-
complished in a co-solvent system and in the presence of any
non-aqueous solvents [5,6] . In the present study, the high con-
centrated β-CyD solutions were prepared using the injectable
solvents including dimethyl sulfoxide (DMSO), N- methyl
pyrrolidone (NMP) and 2-pyrrolidone (PYR). DMSO is misci-
ble with water and organic solvents and it can be used as a
polymer vehicle in situ forming gel (ISG) and in situ forming
microparticles (ISM) [7] . NMP is used as the organic solvent
because of its solvating ability. Interestingly, a polar disubsti-
tuted cyclic amide group in NMP molecules has responsible for
its interaction with water molecules for their complete misci-
bility. It acts as co-solvent owing to presence of the non-polar
carbons of NMP which weakens the hydrogen-bonded struc-
ture of water [3] . It has been used in parenteral and oral dosage
forms with thermally stable, biocompatible and biodegrad-
able properties [8,9] . It is also used as an acceptable solvent
which the solubility of NMP is similar to that of ethanol and
DMSO [9,10] . NMP is used as solvent of Atridox ® gel for de-
livering antimicrobial drug for periodontitis treatment. PYR is
miscible with a wide variety of other solvents; therefore, it is
used as a plasticizer and polymer solvent of in situ forming gel
system [11] and ISM [12] . The objective of the present study is
to investigate physicochemical properties of β-CyD solutions
in DMSO, NMP and PYR which have not been reported before.
Moreover, the β-CyD precipitates obtained from these solvents
were characterized. These obtained data will be useful for ap-
plying the concentrated β-CyD solution in these injectable sol-
vents as the in situ forming gel as delivery system to deliver the
active compounds for periodontitis treatment. 

2. Materials and methods 

2.1. Materials 

β-CyD (lot no. 70P360) was kindly supported by Pharmanueva
Co., Ltd., Bangkok, Thailand. NMP (lot no. A0251390, Fluka,
New Jersey, USA), DMSO (lot no. 453035, Fluka, Switzerland)
and PYR (lot no. BCBF5715V, Fluka, Germany) were used as the
solvents for β-CyD. Potassium bromide (KBr) (spectrograde)
was purchased from Fisher Scientific UK limited, UK and phos-
phoric acid (Merck KGaA, Darmstadt, Germany), potassium di-
hydrogen phosphate (KH2PO4) (ARgrade, lot no. P5104-1-1000,
QREC Chemical CO, LTD, Chonburi, Thailand) were used as re-
ceived. 

2.2. Preparation of β-CyD solutions 

The 30%–60% (w/w) β-CyD solutions were prepared in NMP,
DMSO and PYR by stirring until the clear solutions were ob-
tained. 

2.2.1. Preparation of β-CyD precipitates 
The 20 g of 30% (w/w) β-CyD solution were titrated with dis-
tilled water until the initial phase separation was evident with
precipitate formation. Then the amount of distilled water was
continued to add to cause no further apparent precipitation.
Then, the obtained precipitate was filtered and washed with
cool distilled water several times to eliminate the solvent from
precipitate and was dried in hot air oven at 60 °C for 2 d and
kept in desiccator containing dried desiccant before test. 

2.3. Evaluations 

2.3.1. Characterization of β-CyD solutions prepared from
three solvents 
2.3.1.1. Gel appearance, density and pH measurement The ap-
pearance of the prepared formulations was examined visually,
and the pH values of β-CD solutions were measured using a
pH meter (Ultra 24 Basic UB-10, Denver Instrument, Bohemia,
New York) ( n = 3). All samples were compared with pure sol-
vents and distilled water. In addition, both pure solvents and
β-CyD solutions were investigated for the density using pyc-
nometer (Densito 30PX, Mettler Toledo Thailand Ltd, Portable-
Lab TM) ( n = 3). 

2.3.1.2. Apparent viscosity The appearance viscosity and
rheology of the prepared β-CyD solutions were investigated
at 25 °C using Brookfield DV-III Ultra programmable rheome-
ter (Brookfield Engineering Laboratories. Inc., USA) ( n = 3). The
apparent viscosity of pure solvents (DMSO, NMR and PYR) was
determined. 

2.3.1.3. Measurement of water resistance In order to deter-
mine the resistance of β-CyD solutions for inducing phase
separation with water, the titration method with distilled wa-
ter was used. The 20 g of 30% (w/w) β-CyD solutions in erlen-
meyer flask were titrated with distilled water until the initial
phase separation was evident. The amount of used water was
recorded and expressed as the percentage to indicate the wa-
ter resistance ( n = 3). 

2.3.1.4. Matrix formation The observation of β-CyD matrix
formation due to water diffusion into formulations was stud-
ied by filling each 150 μl β-CyD solutions into the well with
diameter of 6 mm of the 0.6% agarose gel containing PBS
pH 6.8 which mimic artificial periodontal pocket [13] . When
water diffused into the sample, the apparent system was
changed from transparent to opaque insoluble β-CyD matrix.
The distance of matrix formation (opaque front) with time
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as recorded under a stereo microscope (Motic SMZ-171 Se- 
ies). The rate of matrix formation into β-CyD solutions was 
orrelated as opaque distance and time as Eq. (1 ): 

ate of matrix formation = 

Distance of opaque front ( mm ) 
time ( min ) 

(1) 

.3.1.5. Solvent diffusion To determine the characteristic of 
olvent diffusion, the 0.6% agarose gel containing PBS pH 6.8 
ith the cylindrical well (diameter of 6 mm) was filled with 

50 μl β-CyD solutions dyed with amaranth (0.1 g/10 ml). Dur- 
ng solvent exchange, the change was captured with stereo 

icroscope (Motic SMZ-171 Series) every 5 min for 30 min. The 
istance of amaranth diffusion front was measured in tripli- 
ate. The rate of solvent diffusion together with amaranth into 

garose gels was correlated as Eq. (2 ). 

ate of solvent diffusion into the gels 

= 

Distance of amaranth color front distance ( mm ) 
time ( min ) 

(2) 

.3.1.6. Syringeability test For injectable formulation, sy- 
ingeability of the systems is an important factor to be con- 
idered for the ease of administration to periodontal pocket.
yringeability test was determined by using texture analyzer 

TA.XT plus, Stable Micro Systems, UK) in compression mode.
he test sample was filled into 1 ml syringe with 27-guage nee- 
le which is widely used in the dental field [14] and then this 
eedle was clamped with stand. The upper probe of the tex- 

ure analyzer moved downward until it comes into contact 
ith the syringe barrel base. A constant speed of 1.0 mm/s and 

onstant force of 0.1 N were applied. The distance required to 
xpel the contents for a barrel length of 20 mm was measured 

nd recorded. The work of injection was measured in triplicate 
t room temperature. 

.3.2. Characterization of dried β-CyD precipitates 

.3.2.1. Determination of morphology by inverted microscope 
he ppts after dispersed in distilled water were dropped onto 

he slide and visually recorded their morphology every 10 s for 
 min under an inverted microscope (Nikon DXM 1200, Japan).
oreover, to observe the topography of systems, ppts were 

oated with gold prior to examination using scanning electron 

icroscope (SEM) (Maxim 200 Camscan, Cambridge, England) 
t an accelerating voltage of 15 kVat magnifications of ×200,
500, and ×2000. 

.3.2.2. Determination of topography by scanning electron mi- 
roscopy (SEM) The topography of ppts was observed by SEM.
he ppts were coated with gold prior to examination using 
canning electron microscope (SEM) (Maxim 200 Camscan,
ambridge, England) at an accelerating voltage of 15 kVat 
agnifications of ×200, ×500, and ×2000. 

.3.2.3. Morphology change under hot stage microscope (HSM) 
hange of precipitate morphology was also studied using a 
ot stage microscope (HSM Mettler Toledo, model FP82HT, SNR 

130346892, Switzerland) at room temperature to 300 °C. The 
ample of 0.1 mg was placed on glass slides and heated at 
 °C/min. 
.3.2.4. Melting point A small quantity of powder was placed 

nto a capillary tube and the tube was placed in the capil- 
ary melting apparatus (Melting point M-560, BUCHI, Switzer- 
and) and the temperature was gradually increased automat- 
cally. The temperature at which powder started to melt and 

he temperature when all the powder completely melted were 
ecorded ( n = 3). 

.3.2.5. X-ray powder diffractometer The X-ray diffraction 

XRD) was performed upon the intact β-CyD and three β-CyD 

pts. The ppts were filled into a glass sample holder with 

.2 mm depth and then loaded to an X-ray powder diffrac- 
ometer (Miniflex II, Rigaku Corp. Tokyo, Japan). The CuK α

ource ( λ = 1.54 Å) operated at 30 kV and 15 mA was used to
ecord powder X-ray diffraction patterns in the 2 θ range of 4 °–
0 ° at a step size of 2 °/min. 

.3.2.6. Differential scanning calorimetry (DSC) The thermal 
roperties of samples were determined using DSC (Pyris Sap- 
hire DSC, Standard 115 V, Perkin Elmer instruments, Japan).
he intact β-CyD and three β-CyD ppts were weighed accu- 
ately 5 mg into aluminum pan (PerkinElmer, Inc., MA, USA) 
nd sealed and operated under dry nitrogen atmosphere 
hich the measurement temperature was set at the ranges 
f 0 °C to 300 °C with heating rate of 10 °C/min. 

.3.2.7. Thermogravimetric analysis (TGA) and differential 
hermogravimetric analysis (DTGA) Thermal properties of in- 
act β-CyD and three β-CyD ppts were determined using the 
hermal gravimetric analysis (TGA) (Pyris TGA, PerkinElmer,
SA) The 15-mg intact β-CyD and three β-CyD precipitates 
ere placed on an aluminum pan, and heated from 30 °C to 

00 °C at 10 °C/min. The weight differences were recorded, and 

he percent weight loss was calculated. Then the differential 
hermogravimetric analysis (DTGA) was also calculated. 

.3.2.8. Fourier-transform infrared (FT-IR) spectroscopy The 
T-IR spectra of the intact β-CyD and β-CyD ppts were 
ecorded using KBr method using FT-IR spectrophotometer 
FT/IR-4100, JASCO International Co., Ltd., Tokyo, Japan). Ap- 
roximately 2 mg each sample was mixed and ground with 

00 mg KBr before compressed into pellet using KBr die kit.
he test was performed with the wave number ranges of 400–
000 cm 

−1 with 32 scans at 4 cm 

−1 resolution. 

.3.3. Statistical analysis 
or statistical analysis of the measurements, the one-way 
nalysis of variance (ANOVA) followed by the least significant 
ifference (LSD) post hoc test was performed using PSPP for 
indows. The significance level was set at P < 0.05. 

. Results and discussions 

.1. Characterization of β-CyD solutions prepared from 

hree solvents 

.1.1. The gel appearance, density and pH measurement 
he 30% (w/w) β-CyD was readily dissolved in all three in- 

ectable solvents. The 35%–40% (w/w) β-CyD was also dis- 
olved in three different solvents but it was taken time about 
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Table 1 – pH and density (mean ± SD) for β-CyD solutions and its respective solvents ( n = 3). 

β-CyD conc. (%, w/w) NMP DMSO PYR 

pH Density (g/cm 

3 ) pH Density (g/cm 

3 ) pH Density (g/cm 

3 ) 

0 12.284 ± 0.016 1.0287 ± 0.002 11.078 ± 0.385 1.092 ± 0.002 11.458 ± 0.01 1.106 ± 0.000 
30 7.286 ± 0.001 1.141 ± 0.000 10.443 ± 0.003 1.192 ± 0.004 8.9 ± 0.298 1.195 ± 0.001 
35 8.234 ± 0.006 1.159 ± 0.001 9.697 ± 0.002 1.210 ± 0.002 8.583 ± 0.012 1.213 ± 0.001 
40 8.632 ± 0.002 1.294 ± 0.000 9.667 ± 0.003 1.227 ± 0.001 8.173 ± 0.011 1.812 ± 0.000 
45 ND ND 9.763 ± 0.004 1.236 ± 0.000 ND ND 

50 ND ND 9.748 ± 0.004 1.255 ± 0.000 ND ND 

55 ND ND 9.726 ± 0.004 1.265 ± 0.000 ND ND 

60 ND ND 8.973 ± 0.03 1.296 ± 0.000 ND ND 

ND = not determined. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2 h to be completely dissolved. The rather clear solutions were
obtained for 45% (w/w) β-CyD in NMP and PYR. The 45%–
60% (w/w) β-CyD solutions required heating at temperature
of 150 °C and stirring process to obtain the clear solution in
DMSO which they were still clear solution after cooling down
at room temperature. 

PYR and its β-CD solutions showed the highest density and
that of DMSO and its systems were slightly lower. NMP and
its related solutions gave the lowest density among three sol-
vents. The more the concentration of intact β-CD, the more
increased density of the solution were attained ( Table 1 ). The
high density of PYR related with its high viscosity and could
affect the diffusion property of these solvent. In addition the
higher density of the developed solutions than water indi-
cated that they could transform into matrix-like after expo-
sure an aqueous environment and could deposit at bottom of
target site such as periodontal pocket properly. 

The pH of NMP was highest and followed by PYR and DMSO,
respectively ( Table 1 ). The increased amount of β-CD in the
solution containing DMSO gradually decreased the pH of so-
lution. However, the prominent reduction in pH was observed
in the β-CD solution containing NMP and PYR. This may be
due to the hydrogen formation of β-CD with lone pair elec-
trons in NMP and PYR which led to the increase in acidity. But
the stearic hindrance effect of NMP caused less acidic than
PYR [15] . 

3.1.2. Apparent viscosity 
Viscosity, as an internal property of a fluid, offers the resis-
tance to flow affecting abundant properties of in situ form-
ing systems, especially the character of solvent exchange
and diffusion rate [16] . PYR exhibited higher apparent vis-
cosity than NMP and DMSO, respectively, and they were ac-
counted for 10.61 ± 0.22, 8.01 ± 0.06 and 0.82 ± 0.04 cPs, re-
spectively. This result corresponded with the density value
as mentioned previously. The apparent viscosity of sol-
vents was noticeably increased when β-CyD was added. This
proved the strong interaction of respective solvent with β-
CyD molecule. Among them, the 40% (w/w) β-CyD solution
in PYR showed the highest viscosity (99.67 ± 0.12 cPs) due
to apparent higher viscosity of solvent itself while that of
NMP and DMSO exhibited lower viscosity of 45.7 ± 8.6 cPs and
29.4 ± 8.40 cPs, respectively. The trend of apparent viscosity of
 

β-CyD solutions using different solvents were PYR >> NMP > 

DMSO. 
In this study, the curves moved to a higher shear

stress value when concentration of β-CyD was increased in
all solutions signifying the compact structure of the gels
[17] . By comparison, the β-CyD solution in PYR showed
the highest shear stress which was followed by that dis-
solved in NMP and DMSO, respectively. All the β-CyD so-
lutions showed the Newtonian flow ( Fig. 1 ). Typically, for
ease of injection, the optimal rheological behavior of the
in situ forming gel should be a Newtonian or pseudoplastic
flow [18] . 

3.1.3. Water resistance of β-CyD solutions 
The titration with distilled water was used to determine the
resistance for phase separation of β-CyD solutions. The dif-
ferent pairs of β-CyD-solvent exhibited different phase sepa-
ration behavior or the precipitation pattern. The β-CyD in PYR
showed the highest tolerance for phase separation while β-
CyD in NMP gave the faster de-mixing rate compared to that
from PYR. PYR has less affinity with water [11] and the system
containing PYR was more viscous [19] which retarded the dif-
fusion rate of water into the β-CyD solution. Thus, the amount
of water used for phase separation of β-CyD containing PYR
was higher and the amount of water used for phase separa-
tion of 30% β-CyD solution in PYR was 258.34% ± 2.89% (w/w).
The polar nature of the solvents has high affinity with water as
the like dissolve like theory. The polarity of DMSO was higher
than 2-pyrrolidone [20,21] . Owing to the high affinity with wa-
ter and lower viscosity than that of PYR, the de-mixing rate
of β-CyD from DMSO was more rapid than PYR. The amount
of water used for phase separation of β-CyD solution contain-
ing DMSO was 180.00% ± 7.55% (w/w). The polar disubstituted
cyclic amide group of NMP molecule can interact with water
molecules causing the complete miscibility [3] . In addition, the
less viscous behavior of NMP allowed the water molecule to
penetrate into β-CyD solution easily and rapidly. Hence, the
β-CyD solution containing NMP showed the fastest de-mixing
rate with the small volume of water (74.17% ± 1.04%, w/w). 

3.1.4. Matrix formation and solvent diffusion 

The solvent exchange process was probably driven initially
by water influx and onward by solvent efflux. This behavior
is crucial for solvent-exchanged induced in situ forming gel



442 Asian Journal of Pharmaceutical Sciences 13 (2018) 438–449 

Fig. 1 – Rheological properties of β-CyD solutions. 
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r ISM to transform from solution or emulsion, respectively,
nto gel or microparticle [3] . The rate limiting step of struc- 
ure change into gel formation or solid matrix was the dif- 
usion rate of aqueous into the β-CyD solution [18] . There- 
ore, the effect of solvents on diffusion rate and the β-CyD 

atrix formation were studied. When the PBS diffused into 

he β-CyD solution, the solvent exchange process happened,
nd the solvent diffused into the surrounding aqueous en- 
ironment. Consequently, the water diffused into the β-CyD 

olution and opaque-ring was occurred as phase separation 

one which represented the process of matrix formation from 

uter area to inner area which the enlargement of this band 

as increased by time. Owing to the strong water miscibil- 
ty of NMP, the diffusion rate of water into β-CyD solution 

nd transformation rate into matrix was rapid ( Fig. 2 A and 

). The opaque band of β-CyD solution using PYR as solvent 
as small because of the high viscosity of solvent itself. The 
MSO has a high affinity with water [22] . In addition, the β- 
yD solution containing DMSO as solvent promoted a rapid 

hase inversion than that of the PYR owing to its less vis- 
ous nature [23] . However, the transformed solid-like matrix 
ehaved like a thicker barrier with time for the aqueous pene- 
ration into inner system. Thus, the diffusion path was length- 
ned, and the penetration of water was gradually slower with 

ime. 
In ISG system, the solvent typically diffuses into the sur- 

ounding aqueous environment and water diffuses into the 
olymer matrix and then the polymer precipitates and there- 
fter the formation of a solid-like matrix is occurred [24] . Thus,
he amaranth font movement was used to indicate the sol- 
ent diffusion. The diffusion of solvent together with ama- 
anth as red front into the surrounding environment was 
nvestigated under stereomicroscope. The movement of sol- 
ent front was occurred after 5 min ( Fig. 2 C). Owing to the
igh affinity of water and least viscosity nature of NMP, the 
apid exchange of solvent with water was observed. This led 

o the lowest distance of solvent front movement whereas 
he more viscous DMSO created the slower diffusion of wa- 
er and matrix formation rate. This allowed the movement 
f solvent front to be longer. Thus, the distance of solvent 
ront of DMSO was higher than that of the NMP. The high- 
st solvent front was occurred in the β-CD solution containing 
YR. 

.1.5. Syringeability test 
he present study indicates that the force of syringeability be- 

ween β-CyD solutions was statistically different. The increas- 
ng β-CyD content increased the work required for expulsion 

ndicating lower syringeability. Fig. 3 shows the work force 
or syringeability of the β-CyD solutions and pure solvents.
igher concentration of β-CyD in NMP at 45% (w/w) and that of 
YR of > 40% (w/w) could not be expelled through the 27-gauge 
eedle. By comparison, PYR exhibited particularly lower sy- 
ingeability than others owing to the highest viscosity of PYR.
he solvent affinity to the polymer could affect the syringe- 
bility of the ISG. A good solvent is dominant the polymer- 
olvent interaction over the polymer-polymer which leads to 
owering the viscosity [11] . Typically, the preparations with the 
pplied force lower than 50 N were acceptable as injectable 
osage forms [25] . Among three solvents, DMSO could solubi- 

ize the high amount β-CyD and gave the higher syringeability 
ndicating the ease of administration of in situ forming system 

y injection. 

.2. Characterization of β-CyD dried ppts 

.2.1. Morphology under inverted microscope 
ntact β-CyD exhibited the definite rhombic dodecahedral 
arge crystals as previously reported [26] . The ppt obtained 

rom DMSO exhibited the small irregular structure which was 
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Fig. 2 – Distance of matrix formation (A) and rate of matrix formation (B) ( n = 3); (C) visual image of solvent diffusion of 
systems prepared with different solvents containing amaranth as a colorant. 

Fig. 3 – Syringeability of pure solvents and β-CyD solution ( n = 3), ∗P < 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

deformed with time ( Fig. 4 ). The smaller particle size of β-CyD
ppt obtained from DMSO was due to the solubility of β-CyD
in DMSO which was proved by the higher amount of water
used to precipitate the β-CyD in water resistant study. How-
ever, some well-defined structure was still occurred in DMSO
ppt which indicated that β-CyD might partially complexed
with DMSO. The substantially large and nearly planar non-
polar region of NMP may lead to hydrophobic interaction be-
tween NMP and β-CyD molecule to form a complex [3] . On the
other hand, the ppt obtained from PYR resembled in bundle of
rhombic dodecahedral crystals which look likes dendrites and
it might be due to the aggregation formation between β-CyD
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Fig. 4 – Morphology of dried β-CyD ppts after dispersed in distilled water under inverted microscope (10 ×). 
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nd PYR ( Fig. 4 ). Therefore, the obtained β-CyD ppts exhibited 

he quite different morphology from that of the intact β-CyD. 

.2.2. Morphology by SEM 

he large well-defined flake-type crystalline particles were 
ound in the intact β-CyD ( Fig. 5 ). The morphology of ppts from
MSO showed the well-defined surface similar to the intact 
-CyD and this unchanged crystal particles proved no inter- 
ction between DMSO and β-CyD because the strong interac- 
ion between compound and CDs caused no more possible for 
ifferentiation of the crystals of both components [27] . In ad- 
ition, the guest/host inclusion complexes can increase the 
endency of β-CyD molecules to form aggregates [28] . The ag- 
lomerate aggregated on flake type crystalline particles was 
bserved in NMP ppt while the rod-like aggregates were ob- 
erved in PYR ppt whereas the change in the morphology of 
ntact β-CyD was observed. This change in morphology of ppts 

ight be the indicative partial complexation or aggregation of 
-CyD with NMP and PYR. 

.2.3. Morphology from hot stage microscopy (HSM) 
he HSM photomicrograph revealed that the crystalline struc- 

ure of intact β-CyD did not alter any modification ( Fig. 6 ).
or β-CyD ppts from NMP and DMSO, their crystalline struc- 
ures were observed at low temperature. The behavior of ppt 
btained from DMSO showed similar characteristic to intact 
-CyD signifying the β-CyD partially complexed with DMSO.
ut heating to higher temperature (290 °C), the partial melt- 

ng of crystals was occurred. In the case of the β-CyD ppt 
rom DMSO, the small and large vesicles were also observed.
he melting of the β-CyD ppt crystal from PYR was observed 
ven at low temperature. Thus, HSM proved the evidence 
f the changes for the character of the intact β-CyD when 

t dissolved in solvents with the partial complexation with 

olvents. 

.2.4. Melting point of β-CyD precipitates 
lthough there is no definite melting point, CyDs have begun 

o decompose from about 200 °C and above [29] . In the present
tudy, the melting point of intact β-CyD was occurred within 

he range of 267.5–269.3 °C. Comparison among β-CyD precip- 
tates, the β-CyD in NMP gave the highest melting point of 
96.8 °C which was followed by β-CyD in PYR and β-CyD in 

MSO. The value of their melting points was accounted for 
93.0 °C for PYR and 283.6 °C for DMSO respectively. The new 

rrangement of crystalline structure of β-CyD precipitated 

rom solvents as seen from above SEM results together with 

omplexation between β-CyD and respective solvent could 

ccur because the melting point of β-CyD precipitates was 
igher than that of intact β-CyD. The inclusion complexation 

ould increase the thermal stability [27] . 

.2.5. X-ray powder diffraction 

iffractograms of intact β-CyD exhibited a series of thin 

nd intense lines corresponding to its crystallinity shown 

n Fig. 7 A. When the respective solvent was introduced into 
he cavities of β-CyD during the formation of inclusion com- 
lex, the similar diffraction with intact β-CyD might be ob- 
ained [30] . The similar diffraction patterns with low inten- 
ities were observed in β-CyD ppts. Moreover, the intensity 
f sharp maximum peak presented in intact β-CyD was re- 
uced in that of DMSO and PYR ppts indicating the partial 
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Fig. 5 – SEM photomicrographs of intact β-CyD and β-CyD precipitates from different solvents. 

Fig. 6 – Morphology of intact β-CyD and β-CyD precipitates from different solvents under HSM (40 ×). 
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Fig. 7 – (A) XRD diffractograms; (B) DSC thermograms; (C) TGA curves and (D) DTGA curve of intact β-CyD and β-CyD ppts prepared from different solvents (DMSO, NMP and 

PYR). 
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Fig. 8 – FT-IR spectra of intact β-CyD and β-CyD precipitates prepared from different solvents. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

complexation behavior. The partial complexation between β-
CyD and PYR might be due to the hydrophobic part of solvent
molecules incorporated into the β-CyD cavity [3] while the
partial complexation between β-CyD and DMSO might be the
result of the of hydrogen bond formation to an oxygen atom
of DMSO and hydroxyl group of β-CyD [22] . The sharp maxi-
mum peak of intact β-CyD was not occurred in ppt obtained
from NMP and the peak was dispersed in this ppt. Therefore,
the different and lower intensities may be indicative of partial
complexation. 

3.2.6. Differential scanning calorimetry (DSC) 
The intact β-CyD exhibited only a broad endothermic peak at
180 °C and no peaks were observed below 150 °C. The peak of
DMSO ppt was shifted to lower temperature and the residual
presence of the drug melting peak is the indication of the ex-
istence of free drug molecules which suggested that there was
no or not complete inclusion complexation [31] which was in
accordance with the SEM study. The β-CyD ppt derived from
NMP exhibited a broad endothermic peak which was similar
to intact β-CyD, but the peak was shifted to higher tempera-
ture. The PYR ppt gave the residual peak of the pure solvent at
140 °C and the sharp endothermic peak of β-CyD was shifted
to 240 °C. The results are shown in Fig. 7 B. The solid-states
interactions caused the energy activation for the decomposi-
tion of β-CyD which could lead to the change in the temper-
ature peak of the β-CyD dehydration band [32] . Typically, the
increased decomposition temperature might be assumed as
the increased thermal stability of the inclusion complex [33] .
Therefore, the DSC thermogram of β-CyD ppts indicated a sign
of partial inclusion complex of β-CyD with respective solvents.

3.2.7. Thermogravimetric analysis (TGA) and derivative of
thermogravimetric analysis (DTGA) 
The thermogravimetric analysis (TGA) was carried out to iden-
tify the changes in weight percent with respect to temperature
change. TGA reveals that intact β-CyD exhibited two stages
of weight loss ( Fig. 7 C and D). Loss of water molecules from
intact β-CyD cavity occurred at 76 °C in the first stage. The
degradation temperature of cyclodextrin has been reported at
about 300 °C [34] , which the weight loss related to the decom-
position of intact β-CyD was occurred at 305 °C. The flat curve
of TG was observed between 120 °C and 280 °C and no mass
loss was detected [35] . For β-CyD ppt derived from DMSO, the
first stage of loss of water molecule occurred in intact β-CyD
was disappeared and it exhibited only one mass loss at 299 °C.
This different weight loss pattern occurred in ppt derived from
DMSO was the indicative of the partial complexation behav-
ior. First weight loss for β-CyD ppt derived from NMP started
at 73 °C which was similar to the water loss of intact β-CyD.
The second mass loss for β-CyD ppt derived from NMP was
decreased to 225 °C which indicates the decrease in thermal
stability of β-CyD ppt [36] . In case of the mass loss for ppt de-
rived from PYR, it gave two stages of weight loss as occurred in
intact β-CyD except the water loss temperature was increased
to 157 °C and the second decomposition temperature was in-
creased above 310 °C. The residual weight of β-CyD ppt above
300 °C after thermal decomposition exhibited similar weight
to that of the intact β-CyD which indicates the partial incor-
poration of β-CyD in respective solvents. The TGA of pure sol-
vents were studied and compared with that of the β-CyD ppts
(data not shown). The TGA of the pure NMP and PYR revealed
the weight loss between 90 °C and 200 °C while the complete
weight loss of DMSO was occurred earlier than NMP and PYR
which was happened below 100 °C. This may be due to the
boiling point of DMSO which accounted for 189 °C [37] . As the
boiling point of NMP was 202 °C [3] and that of PYR was 245
°C [38] , there was no residual weight of pure solvents were
observed above 250 °C. This observation was corresponded to
the residual weight observed in β-CyD ppt above 300 °C which
was the component of β-CyD; therefore, this thermal behavior
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ndicated the complexation of β-CyD with solvents. The two 
tages of weight loss were occurred in intact β-CyD and they 
ere accounted for 10% and 50% weight loss at 100 °C and 

25 °C, respectively. The two stages of %weight loss for ppt 
btained from DMSO was less than that of intact β-CyD. The 
hree stages of weight loss for ppt obtained from NMP were 
ccurred and the temperature for first weight loss was less 
han that of the intact β-CyD. On the other hand, the promi- 
ent different weight loss pattern was obtained in ppt form 

YR which the weight loss was more than 10% and 50% at 160 
C and 350 °C, respectively. This phenomenon indicates that 
he β-CyD ppts had changed the thermal degradation proper- 
ies of intact β-CyD which proves that the morphology of the 
ntact β-CyD was changed. 

.2.8. Fourier-transform infrared spectroscopy 
TIR spectrum of intact β-CyD and precipitates is shown in 

ig. 8. The prominent peak of intact β-CyD in the region of 
000–3500 cm 

−1 was due to O 

–H stretching vibration [39] . The 
ibration of –CH and 

–CH2 groups was occurred in the 2800–
000 cm 

−1 region [40] . The C 

= O group gave the strong absorp- 
ion near 1820–1660 cm 

−1 , C 

–O asymmetric stretching and OH 

ending were occurred in the range of 1200–1000 cm 

−1 , re- 
pectively [39] . Almost similar peak at wave-number of the in- 
act β-CyD was observed in the obtained ppts. However, over- 
apping of O 

–H and C 

–H group promoted in peak broadening of 
-CyD ppts. Other corresponding peaks of O 

–H, C 

–H (bending),
 

= O, C 

–H (stretching) occurred in intact β-CyD were evident at 
he lower frequencies in ppts. Although the functional group 

f the intact β-CyD was not changed, strong intensities in the 
rea between 1800 cm 

−1 in PYR and NMP ppts proved the in- 
ertion of molecules into the electron rich cavity of β-CyD and 

t caused to increase the density of electron cloud, which led 

o the increase in frequency [41] . 

. Conclusion 

wing to the highest viscosity of the solvent itself, the β-CyD 

olutions containing PYR as solvent exhibited the highest vis- 
osity which was followed by the β-CyD solution prepared 

rom DMSO and NMP, respectively. The β-CyD dissolved in 

MP and DMSO exhibited the higher rate of solvent diffusion 

nd solid matrix formation. In addition, the high concentrated 

-CyD could be prepared in injectable solvents, especially in 

MSO, with low viscosity and Newtonian flow. β-CyD in PYR 

xhibited the highest water resistance and its matrix forma- 
ion was lower than that in DMSO and NMP. From DSC, TGA,
-ray diffraction and FT-IR data, β-CyD precipitates prepared 

rom these solvents showed the complexation between β-CyD 

nd solvent molecules. Therefore, these characteristic proper- 
ies will be useful for further using β-CyD solutions as matrix 
ormer in the in situ forming gel for periodontitis treatment. 
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