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Abstract Inclusion complexation of repaglinide (RPG)
with hydroxypropyl-B-cyclodextrin (HPBCD) in presence
and absence of auxiliary substances such as polyvinyl
pyrrolidone-K30 (PVP) and r-arginine (ARG) was formu-
lated in an attempt to improve its physicochemical prop-
erties by using three different techniques viz. physical
mixing—by geometric mixing of individual components,
kneading method—by incorporating binder solution in
physical mixture and co-evaporation method—by using
rotary evaporator. Phase solubility studies showed forma-
tion of complex in 1:1 M ratio with A type of curve in
presence and absence of both auxiliary substances. The rise
in stability constant was observed in presence of auxiliary
substances suggests positive effect on complex formation.
As compared to the complexes with PVP, tremendous
improvement in aqueous solubility of RPG in
supramolecular inclusion complex with ARG was
observed. The solid state characterization of inclusion
complexes prepared by different methods were carried out
by differential scanning calorimetry (DSC), powder X-ray
diffraction (PX-RD), fourier transformation-infrared spec-
troscopy (FT-IR), scanning electron microscopy (SEM)
and in vitro dissolution studies. Among all complexes,
ternary complex with ARG prepared by co-evaporation
method showed improvement in dissolution profile of RPG
indicating complete amorphization and entrapment of pure
drug in HPBCD which is evident by DSC and PX-RD.
Investigation concludes that ARG and PVP can show
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synergistic effect in inclusion complex formation of RPG
with HPBCD.
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Introduction

In today’s pharmaceutical drug delivery pipeline, approx-
imately 70 % of new chemical entity experienced the poor
aqueous solubility. This is due to maximum use of com-
binatorial chemistry and high-throughput screening in drug
discovery which has emerged in poorly water soluble drug
candidates with high lipophilicity and poor dissolution rate
[1]. Currently, approximately 40-60 % of the marketed
immediate- release (IR) oral drugs are categorized as
practically insoluble (<100 pg/ml) compound [2, 3].
According to the biopharmaceutics classification system
(BCS), poorly soluble but highly permeable compound
falls under BCS class II category. These poorly water
soluble drugs exhibit slow drug absorption leading to
inadequate and variable bioavailability and finally causes
gastrointestinal mucosal toxicity. Limited solubility, poor
dissolution rate and compromised oral absorption are the
major problems of BCS Class II drugs and hence
improving solubility of such actives is a major challenge
[4].

Rigorous studies on cyclodextrins (CD) and cyclodex-
trin complexes gave immense knowledge of information
related to the structural requirements for complex forma-
tion and the forces involved [5, 6]. By forming a reversible
inclusion complex with the hydrophobic drug molecule
CDs has gained an insight in the pharmaceutical field
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because of their potential to modify physical, chemical and
biological properties of drug molecule [7]. This results into
appropriate changes in the physicochemical properties of
the drug, such as solubility, dissolution rate, stability and
bioavailability [8] which in turn contributes them as an apt
candidate for oral drug delivery. It is observed that a large
amount of CDs are required to solubilize small amount of a
poorly water-soluble drug because of their lower com-
plexation efficiency [9] and hence larger amount of CD is
required in oral solid dosage form [10]. It is an important
challenge to enhance the complexation efficiency and
solubilisation property of CD in pharmaceutical formula-
tion. Among the various methods, to achieve this aim,
investigator found that by adding a small amount of aux-
iliary hydrophilic substance such as polymer [11, 12],
hydroxyl acids [13] and amino acids [7, 14] to the CD
complex can improve the complexation efficiency [15]. It
is reported that polymer as an auxiliary agent, in CD
complex, decreases the drug crystallinity and enhances
solubility as well as dissolution rate of poorly water soluble
drug effectively through synergistic effect [16]. In current
era, investigator are formulating ternary CD complex by
using innovative approaches such as utilizing phospholipid
[17], pluronics [18] bile salts [19] and meglumine [20].
Repaglinide (RPG), is a novel carbamoylmethylbenzoic
acid derivative which belongs to the meglitinide class of
blood glucose lowering drugs (Fig. 1). It is a new prandial
glucose regulator for the treatment of type 2 diabetes
mellitus. It decreases the blood glucose level by stimulat-
ing the release of insulin from the pancreas. RPG, an acid—
base ampholyte (pKal = 4.2; pKa2 = 6.0) exhibits very
low water solubility (34 mcg/ml at 37 °C) and high
lipophilicity (log P = 3.97). RPG is rapidly absorbed from
the gastrointestinal tract after oral administration [21].
Being a potent molecule, RPG belongs to BCS class II (i.e.,
poorly water soluble and highly permeable) drug and also
shows variable absolute oral bioavailability ranging from
56 to 63 % [22]. Clinical trial suggests that RPG exhibit
high inter-individual variability in plasma concentrations.
Investigator documented many approaches to enhance the
solubility by upgrading the physicochemical properties of
RPG such as nanostructured particles [23], ultra-rapid

"

Fig. 1 Structure of repaglinide
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freezing technology [24], CD complex [25], forming co-
amorphous system with saccharin [26], solid dispersion
[27], co-solvent solubilisation [28], self-nanoemulsifying
pellets [29].

The objective of the present investigation was to
enhance the solubility of RPG as well as to explore the
potential of 2-hydroxypropyl-B-cyclodedextrin (HPBCD)
in improving the oral delivery of RPG in presence and
absence of auxiliary substances. Author formulated Binary
and ternary complexes by using different methods followed
by characterization of the same. Solubility and dissolution
tests were carried out to evaluate the effectiveness of the
CD and auxiliary agents for RPG. In addition, complexes
were characterized by differential scanning calorimetry
(DSC), X-ray powder diffraction (XRD), Fourier transform
infrared spectroscopy (FT-IR) and scanning electron
microscopy (SEM) to evaluate the state of the solid dis-
persions and possible interactions of drug-carrier.

Experimental
Materials

Repaglinide was obtained as gift sample from Ajanta
Pharma. (Mumbai, India), of 99.7 % purity, was evaluated
using HPLC. HPBCD was kindly provided by Gangwal
chemicals, (Mumbai, India) (an average molecular weight
~ 1377 with 0.66M substitution, hydroxypropyl moiety). L-
Arginine (ARG) and PVP K-30 (PVP) used in research
work were purchased from S.D.Fine (Mumbai, India).
A Milli-Q Water and Analytical grade reagents were used
throughout of research project.

Phase solubility studies and saturation solubility
studies

Phase solubility studies of RPG were conducted in distilled
water according to the method illustrated in Higuchi and
Conners [30]. An excess amount of RPG was added to
15 mL of various concentrations (0-15 mM) of HPBCD
solutions in conical flask and shaken on an orbital shaker at
25 °C for 72 h. After equilibrium was achieved, the sam-
ples were filtered through 0.45 p syringe filter and appro-
priately diluted. The concentration of RPG was determined
against blanks prepared in the same concentration of
HPBCD solutions by the developed UV analytical method
at 278 nm. Phase solubility was also performed with or
without auxiliary agents PVP and/or ARG. In case of
hydrophilic polymer PVP, 0.7 % w/v solution was added to
the solution containing HPBCD. While with amino acid,
equimolar mixture of RPG-ARG was prepared and excess
amount of this combination was added in series of HPBCD



J Incl Phenom Macrocycl Chem (2015) 83:239-250

241

solutions. The apparent stability constants (K;) and com-
plexation efficiencies of the binary and ternary complexes
were calculated from phase solubility diagram according to
the following equation:

Slope
So(1 — Siope)

where Sy is the solubility of RPG in the absence of HPBCD
and Slope obtained from phase solubility curve.

The complexation efficiencies of CDs were also calcu-
lated from the following equation [16].

K =

Slope

Complexation efficiency (CE) = DoK.; = 1= Slope)
— Slope

where Dy is the intrinsic solubility of drug and K;.; is
stability constant.

Saturation Solubility of RPG was investigated in dis-
tilled water, pH 1.2 and pH 6.8.

An indication of process of transfer of RPG from pure
water to aqueous solution of HPBCD was obtained from the
values of Gibbs free energy of transfer (AG,°) and it was
calculated using the following equation:

. Se
AG,, = —2.303RT log (—)
So
where S, is molar solubility of RPG in aqueous solution of

HPBCD with or without auxiliary substance and S is molar
solubility of RPG in distilled water in absence of HPBCD.

Preparation of cyclodextrin complexes

Equimolar binary (RPG-HPBCD) and ternary (RPG-—
HPBCD-ARG; RPG-HPBCD-PVP) systems were pre-
pared from previously sieved components. The stoichio-
metric ratio used for binary system was 1:1 M. Ternary
system with ARG was prepared in equimolar ratio with
binary system 1:1:1 M, while with hydrophilic polymer,
optimized concentration of 0.7 % w/w of PVP was added
in equimolar binary system.

Physical mixture (PM)

The physical mixture (PM) was prepared by geometric
mixing of RPG with HPBCD for binary system. This
mixture was passed through an (80#) sieve prior to use. A
ternary system was prepared by adding ARG and PVP.

Kneading method (KM)

For binary system, RPG and HPBCD in 1:1 M ratio were
accurately weighed, mixed geometrically and transferred to
mortar. Similar step was followed for ternary system in
presence of ARG and PVP. Small portion of

hydroalcoholic solution of water:ethanol (1:1 v/v) solution
was added to these mixtures and triturated for 20-25 min.
to form a homogenous paste. Paste was dried at 45 °C in an
oven. The dried mass was pulverised and pass through
sieve no. 80.

Co-evaporation method (CE)

RPG was dissolved in minimum quantity of ethanol and
HPBCD was dissolved in water. For ternary system, ARG
and PVP were dissolved with HPBCD in aqueous phase
separately. Aqueous phase was added to organic phase and
mixture evaporated at 45 °C on rotary evaporator. The
clear solution was heated till a dried mass was formed
which was then sieved through 80#.

All complexes were prepared in triplicate and stored in a
desiccator which were then characterised and evaluated.

Evaluation and characterization of complexes
Saturation solubility studies

Excess amount of binary, ternary complexes were added into
conical flask containing 10 ml of water. Flask was then
shaken on an orbital shaker at 25 °C for 72 h. After equi-
librium was achieved, the samples were filtered through
0.45 p syringe filter. The concentration of RPG in the sam-
ples was determined using developed analytical method.

Percentage drug content study

A UV spectrophotometric method was developed into
estimate the concentration of RPG in prepared complexes.
Drug content in complexes was examined by dissolving the
complex equivalent to 4 mg of RPG in 10 ml Methanol.
Appropriate dilution was made in methanol and then
solution was filtered through 0.45 p membrane filter. The
RPG concentration was determined by developed UV
analytical method and percent drug content was calculated.

Fourier transformation-infrared spectroscopy (FTIR)

Sample preparation involved mixing the sample with KBr,
triturating in Agate mortar. Compact disc was formed by
using hydraulic press. The obtained disc was then placed in
sample holder and then into FT-IR instrument (Perkin
Elmer). The spectra were recorded over a frequency range
4000400 cm ™"

Differential scanning calorimetry thermal (DSC)

Thermal characteristic of RPG and sampled complexes
were investigated by DSC (Seiko Instruments Inc.
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EXSTARG6000 series DSC-6200 with Muse measurement
6.9U). Approximately 2-5 mg of each sample was heated
in a pierced aluminium pan from 30 to 300 °C at a heating
rate of 10 °C/min.

Powder X-ray diffractometry (PX-RD)

Powder X-ray diffraction patterns of RPG and complexes
of RPG were recorded using Phillips P Analytical X’Pert
PRO powder X-ray diffractometer, using tube anode Cu
over the interval 10-60°/20. The operational data were as
follows: Generator tension (voltage) 40 kV, Generator tube
current 30 mA, and scanning speed 2°/min.

Scanning electron microscopy (SEM)

The surface morphology of samples was determined using
analytical scanning electron microscope. The samples were
lightly sprinkled on a double adhesive tape stuck to an
aluminium stub. The stub containing samples was placed in
the scanning electron microscope chamber and bombarded
with a focused beam of high energy electrons. The signals
derived from electron-sample interactions over a selected
area of surface display spatial variations in the external
morphology of the sample.

Dissolution studies

Complex equivalent to 4 mg of pure RPG was taken for
in vitro dissolution studies. Dissolution studies on the for-
mulations were performed in triplicate in 900 ml of different
media i.e. pH 6.8 phosphate buffer using USP type II paddle
type dissolution apparatus at 37 £ 0.5 °C and stirred at
75 rpm. Aliquots (5 ml) were withdrawn at specified time
intervals and filtered through Whatman filter paper no. 41. An
equal volume of fresh dissolution medium was replaced to
maintain the sink condition. The filtered samples were anal-
ysed by UV spectrophotometer. The graph was plotted, %
drug release of RPG versus time (min). Dissolution efficiency
at5 min (DEs .,;,), described as the area under the dissolution
curve up to 5 min, expressed as a percentage of the area of the
rectangle described by 100 % dissolution in the same time
[31, 32] was calculated according to following equation:

JoY.dt
Y100 x ¢

where Y is the percent drug dissolved at time t.

DES min — x 100 %
Statistical analysis
The values obtained were compared statistically using one-

way ANOVA, followed by Tukey multiple comparison
test.
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Results and discussion
Phase solubility studies

Phase solubility analysis is the first mandatory step which
involves effectiveness of CD towards the optimization of
the development into inclusion complexes of the drugs to
make it solubilize. The phase solubility curve of RPG in
aqueous HPBCDs solutions with and without the addition
of auxiliary substances is shown in Fig. 2 The solubility of
RPG increased in a linear fashion as a function of HPCDs
concentration, showing the Aj-type of phase solubility
diagrams, indicating first order dependency of the inter-
action on the HPBCD concentration and the formation of
water soluble complexes without precipitation in both
binary and ternary systems. No change in the type of phase
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Fig. 2 Phase solubility study diagrams a binary system RPG-
HPBCD, b ternary system in presence of 0.7 %w/w PVP with
RPG-HPBCD and ¢ ternary system in presence of ARG with RPG-
HPBCD (mean + SD, n = 3)
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solubility diagram for ternary system was observed when
two different auxiliary substances were used. The slope in
each systems were found to be less than unity, because of
straight line which suggest formation of soluble complex in
stoichiometry ratio 1:1 in solution with HPBCD in presence
and absence of auxiliary substances.

The parameters calculated from Phase solubility studies
are given in Table 1. It could be seen that an addition of
ARG and PVP to the complexation media increased slope,
stability constant and complexation efficiency of the
HPBCD toward RPG. No change in the type of phase
solubility diagram for ternary system was observed when
two different auxiliary substances were used. For many
drug/CD complexes, binding constant values are in the
range of 100-20,000 M~ [33]. The solubilising efficiency
data showed that HPBCD alone can improve solubility of
RPG by 5.38 fold, whereas in the presence of auxiliary
substances ARG and PVP it gave 95.74- and 35.35-fold
rise in solubility of RPG respectively. Thus, it clearly
indicates that solubilising efficiency of HPBCD promi-
nently enhanced by adding water soluble auxiliary sub-
stances. In comparison with PVP, the results obtained from
phase solubility data are clearly indicative of the positive
effect of the addition of an auxiliary substance ARG in
terms of improving solubility constant (p < 0.001), solu-
bilising efficiency, slope as well as complexation efficiency
of HPBCD towards RPG.

For the concentration of HPBCD: 0.002, 0.004, 0.006,
0.008, and 0.010 M the values of AG,° (KJ/mol) in
aqueous solution of binary system were found to be —0.91,
—1.73, —2.57, —3.36, —3.72 respectively while in pres-
ence of arginine were found to be —9.92, —9.51, —9.91,
—10.19, —10.30 respectively and in presence of PVP val-
ues were found to be —5.80, —6.84, —7.25, —7.57, —8.00
respectively. This is a clear indication of transfer of RPG
from pure water to the aqueous solution of HPBCD. The
hypothesis about spontaneous nature of RPG solubilisation
is clarified by the negative AG° values for CDs at various
concentrations. Negative value of AG,° illustrates favour-
able condition. The AG,° values demonstrate a decrease

with an increase in concentration of HPBCDs which indi-
cates that reaction becomes more favourable with
increasing concentration of HPBCD [34]. Ternary system
having ARG released immense energy upon complexation
as compared to PVP ternary system.

Evaluation and characterization of complexes
Saturation solubility studies

RPG exhibits extremely poor solubility of 35 £ 1.0 pg/ml
in distilled water. Solubility of RPG in pH 1.2 HCI buffer
was found to be 3.15 + 0.17 mg/ml whereas in pH 6.8
phosphate buffer RPG showed nominal increase in solu-
bility of 51 £ 1.8 pg/ml. RPG showed strong pH depen-
dent solubility, with maximum solubility was found in
acidic pH and minimum at higher pH. Saturation solubility
of prepared complexes was performed in Distilled water
and the values are given in Table 2 along with percent drug
content results.

The binary and ternary systems of RPG showed
enhancement in the solubility as compared to pure drug
alone Table 2. The enhancement in the solubility of com-
plex is mainly attributed to the formation of stable inclu-
sion complex of RPG with HPBCD. The ternary co-
evaporation complex showed almost 475 times increase in
solubility as compared to an increase of 6.2 times of a
binary co-evaporation complex. From all complexes
formed by three different methods, co-evaporation method
showed maximum increase in solubility of drug.

Many literatures documented that hydrophilic polymer
like PVP improves the aqueous solubility by interacting
with the external surface of drug: CD complexes thereby
constructing into soluble aggregates. Moreover, hydrogen
bond formation, van der waal forces, hydrophobic inter-
actions and/or dipole—dipole electrostatic bond between
drug and polymer plays vital role in solubility enhancement
of RPG [9, 35]. Many scientific papers have reported that
basic amino acid L-arginine forms the ternary complex in
solid state by simultaneously interacting with both the CD

Table 1 The phase solubility parameters showing effect of ARG and PVP on stability constant (K;), complexation efficiency (CE) and

solubilising efficiency (SE) of RPG-HPBCD complexes

System K, M™")?* (mean & SD) CE SE® 2

RPG-HPBCD 333.06 £ 10.60 0.025 5.38 0.9875
RPG-HPBCD-ARG 4407.01 + 13.57 0.340 95.74 0.9877
RPG-HPBCD-PVP 1900.65 + 11.35 0.140 35.35 0.9909

* 1 indicates correlation coefficient

 Indicates mean of three readings; SD standard deviation

® Ratio of drug solubility in aqueous solution (15 mM) of cyclodextrin (with or without auxiliary substance) to drug solubility in water
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Table 2 Saturation solubility

studies and percent drug content System Method Solubility in water (mg/ml)* % Drug content*

of RPG in prepared complexes RPG _ 0.035 - 0.001 _
RPG-HPBCD PM 0.120 £ 0.001 98.10 £ 1.10
RPG-HPBCD-ARG PM 5.6 = 0.045 99.29 £+ 0.41
RPG-HPBCD-PVP PM 2.6 = 0.008 99.20 £ 1.37
RPG-HPBCD KM 0.145 £ 0.001 96.17 £ 1.02
RPG-HPBCD-ARG KM 8.8 £ 0.078 98.5 £ 1.19 %
RPG-HPBCD-PVP KM 3.0 + 0.044 98.97 £ 1.72 %
RPG-HPBCD CE 0.220 £ 0.006 96.12 + 1.84 %
RPG-HPBCD-ARG CE 17.90 £ 0.493 99.27 £ 1.44 %
RPG-HPBCD-PVP CE 3.2 £0.102 99.31 £ 0.51 %

Results are mean of three determinations, (n = 3) & standard deviation (SD)

)

/]
-

Fig. 3 FTIR spectra of pure components and inclusion complexes
a RPG; b HPBCD; ¢ ARG; d PVP; e PM: RPG-HPBCD; f KM: RPG-
HPBCD; g CE: RPG-HPBCD; h PM: RPG-HPBCD-ARG; i KM:

via hydrogen bond as well as with acidic drug via elec-
trostatic interactions and salt formation [7, 36, 37]. The
mechanism behind prominent increase in solubility of the
acidic drug with ARG is attributed to the development of
an amphiphilic structure of RPG characterized by strong

@ Springer

RPG-HPBCD-ARG; j CE: RPG-HPPCD-ARG; k PM: RPG-
HPBCD-PVP; 1 KM: RPG-HPBCD-PVP; m CE: RPG-HPBCD-PVP

hydrophobic portion and hydrophilic polar head in pres-
ence of counter-ion of ARG. Further, formation of
supramolecular ternary complex could be the reason of
complimentary interaction between the components in
presence of HPBCD. The hydrophobic portion of this
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Fig. 4 Differential scanning 50.0 -

calorimetry (DSC) thermograms
of pure components and its
inclusion complexes formulated
by different methods. a RPG;

(a)
ﬁs\i/—f—/ ®
b HPBCD; ¢ ARG; d PM: RPG— 0.0

HPBCD; e KM: RPG-HPBCD;
f CE: RPG-HPPCD; g PM:
RPG-HPBCD-ARG; h KM:
RPG-HPBCD-ARG:; i CE:
RPG-HPBCD-ARG 500 -
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amphiphilic structure is assumed to interact with the
hydrophobic CD cavity, whereas, at the same time, the
hydrophilic portion can act as a surfactant towards the CD
complex, subsequently lowering the aqueous surface
tension, thereby favouring its wettability and dissolution
[38].

Fourier transformation-infrared spectroscopy

The possible interaction between drug and carrier was
studied by FTIR spectroscopy. The principle absorption
peaks of RPG were observed at 3305.32 cm ™! (N-H,
stretch, amine), 2930.25 cm ™! (C-H, stretch),
1675.59 cm ™! (C=0 stretch, CONH), 1370.77 cm™! (C-N
stretch, aromatic), 1597.29 cm”! (ring stretching vibra-
tions), 1714.74 cm™"' (C=0 stretch, COOH), 747.13 cm™"
(C-H bending), 1555.34 cm™' (C=C stretch), 1203.8 cm ™'
(C-O-C stretch). The absorption bands of HPBCD were
found at 3398.24 cm™' (O-H, stretch), 2924.85 cm™' (C—
H, Stretch), 1021.19 cm™! (C-O-C stretch). FTIR spec-
trum of ARG shows prominent peaks at 3296.3 and
3068 cm ™' (broad OH carboxylic or NH guanidine due to
intramolecular hydrogen bonding), 2864.29 (C-H stretch),
1678.0 cm™' (C=0, amide), 1319.08 cm™" (C-N stretch)
and 1620 cm™" (C=0 carbonyl COOH). In the spectrum of
PVP K30, a broad strong band due to O-H stretching
vibration at 3442.61 cm™' and a strong band due to the
C=O0 stretching vibration at 1649.90 cm™' was observed
(Fig. 3).

1
150.0 200.0

Temp Cel

250.0

The sharp absorption peak of RPG at 3305.32 cm ™'
(N-H stretch) was not observed in the spectrum of
complexes prepared, instead broad peak appeared. These
indicate host—guest interactions through intermolecular
hydrogen bonding between hydroxyl group of host cavity
and the carbonyl group of RPG forming an inclusion
complex in solid state. The intensity of the characteristic
peaks of RPG was strongly reduced in complexed form.
This suggested that, RPG could form inclusion complex
with HPBCD in solid state.

The ternary systems of RPG have shown somewhat
different pattern of IR spectra as compared to the binary
systems. The absorption peaks of ARG have been disap-
peared in complexes formed by kneading and co-evapo-
ration methods. This explains interaction of ARG with
RPG and HPBCD forming ternary complex formation.
Ternary complex formed by physical mixing with ARG
showed less interaction among the all three raw compo-
nents because peaks were found to be sharp and prominent
as compared to other complexes formed by different
methods. FTIR spectra of ternary complexes prepared with
PVP showed complete complex formation because
absorption peak of C=0 stretching vibration was found to
disappear [39].

Differential scanning calorimetry

The interaction between the drug and excipients in for-
mulation can also be investigated by DSC technique. When
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guest molecules are included in CD cavities, their melting,
boiling and sublimation points shift to different tempera-
ture or disappear. The DSC thermogram of RPG and its
complexes along with its individual components are shown
in Fig. 4.

The DSC thermogram of RPG showed a sharp
endothermic peak at 135 °C corresponding to its melting
point. The DSC thermogram of HPBCD was characterized
by a broad endothermic band at 122 °C, indicating loss of
water molecule due to dehydration process. ARG showed
three distinct endotherms peaking at 102.7, 178.4 and
231.3 °C, attributed to water loss from a small portion of
ARG. 2H,0, melting with decomposition of anhydrous
arginine, and total decomposition of the melt.

In binary complex (RPG:HPBCD), phase transition
identified in thermogram of RPG with gradual dropping in
the onset temperature as well as concomitant peak shift to
lower temperature and fusion of peak observed below
130 °C. This demonstrated a partial loss in crystallinity
and/or partial amorphization of surface modification of
drug within the HPBCD matrix.

In ternary co-evaporated and kneading products, showed
melting of salt in the range of 120-155 °C recognized by
marked broadening of peak followed by decomposition in
the range of 200-250 °C, indicating full amorphization of
RPG. For the DSC profile of the ternary complexes with
ARG, the peak of RPG completely disappeared, which
could be explained on the basis of a strong interaction
between the drug and HPBCD in the presence of ARG and
formation of stable inclusion complex.

Powder X-ray diffractometry

Powder X-ray diffractometry is a useful technique to detect
crystallinity of sample from diffraction pattern containing
representative peak height to confirm formation of new
solid state. PXRD diffraction patterns of all the compo-
nents and complexes are presented in (Fig. 5). The
diffractogram of the pure drug RPG showed its highly
crystalline nature, indicated by numerous distinctive peaks
at diffraction angles of 26 [10.16°, 13.08°, 13.84°, 18.68°,
20.56°, 23°] throughout the scanning range with intensities
919.9, 992.6, 812.7, 881.1, 641. A typical hollow-pattern
was recorded for HPBCD which showed peaks at 770,
763.9, 712.8, and 720.4 indicating its amorphous nature.
The peak intensities for ARG were found to be 1160.3,
1466.4, 2564.9, and 2492.2 whereas for PVP peak inten-
sities were found to be 939.6, 861.7, 909.0, and 957.7
indicating their crystalline nature.

In binary complex, HPBCD was partially bound to RPG,
indicating a significant reduction in the crystallinity. This
may be due to partial loss of crystalline nature of drug
during the process of complex preparation.
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A complete amorphous state was achieved in the case of
ternary complexes with ARG as indicated by their
diffraction patterns with the intensities lower than the pure
drug RPG which might have contributed for improved
solubility and dissolution rate during physicochemical
studies. This confirms that RPG is completely entrapped
within the CD structure and also interacted with ARG. On
the other hand, ternary complexes prepared by CE in
presence of PVP showed decrease in crystallinity of the
RPG and peaks of pure drug were almost disappeared
which indicates participation of PVP in inclusion complex
formation. However, complexes formulated by PM and
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Fig. 5 Powder X-ray diffraction (PX-RD) patterns of pure compo-
nents and inclusion complexes prepared by different methods. a RPG;
b HPBCD; ¢ ARG; d PVP; e KM: RPG-HPBCD; f PM: RPG-
HPBCD; g CE: RPG-HPBCD; h PM: RPG-HPBCD-ARG; i KM:
RPG-HPBCD-ARG; j CE: RPG-HPBCD-ARG; k CE: RPG-
HPBCD-PVP; 1 KM: RPG-HPBCD-PVP; m PM: RPG-HPBCD-
PVP
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Fig. 6 SEM images of a RPG; b HPRCD; ¢ ARG; d PM: RPG-HPBCD-ARG; e KM: RPG-HPBCD-ARG; f CE: RPG-HPBCD-ARG

KM showed less amorphism as compared to CE method
and peak were visible though it was less intense corre-
sponding to pure drug.

Scanning electron microscopy

SEM of selected preparations including RPG, HPBCD, and
ARG are shown in (Fig. 6). SEM images showed that RPG
existed in a long needle-shaped crystal habit; pure drug was
characterized by the presence of rough, uneven, broken
particles of larger size and irregular flat plate surface while
some crystals were shown to have rectangular shape.
HPBCD appeared somewhat spherical particle. ARG
exhibited long thick needle shaped crystal structure.
Ternary PM showed presence of the entire three compo-
nents but in aggregate form. Irregular particles shapes were
found in ternary kneading and co-evaporation complex. These
micrographs support the formation of complexes of RPG with
HPBCD and ARG in the solid state. Thus, altered particle
shape, reduced particle size and close contact between
HPBCD and ARG in complexes might be responsible for the
enhanced drug solubility and dissolution rate of RPG [40].

Dissolution studies

The in vitro dissolution profiles of RPG through binary and
ternary complexes are illustrated in a graph plotted

percentage of drug dissolved versus time (Fig. 7). The
%drug release and dissolution efficiency (DEs) was eval-
uated at 5 min.

Dissolution study was performed in pH 6.8 phosphate
buffer where pure RPG showed 29.49 & 3.43 % drug
release in first 5 min and DEs was found to be
14.75 £ 3.37 %. This may be due to less solubility of RPG
in phosphate buffer and this was found in saturation solu-
bility studies. At 60 min, 58.80 & 2.99 % of drug dis-
solved in pH 6.8 phosphate buffer.

Binary complex with HPBCD showed limited improve-
ment in dissolution rate as compared to pure RPG. The
decreases in dissolution rate among binary complexes are in
the order of complexes prepared by: KM > CE > PM.
Complex prepared by physical mixing, kneading and
co-evaporation method showed up 33.68 £ 3.93,
39.64 £ 1.66, 38.98 + 1.70 % release of drug at 5 min and
their corresponding DEs were found to be 19.82 & 2.24,
19.49 + 1.30 and 16.84 £ 2.59 % respectively. The better
dissolution properties of the PM as compared to pure RPG
can be ascribe by formation of in situ soluble complex with
HPBCD in the dissolution medium and/or predominant
effect of HPBCD, in pH 6.8 phosphate buffer media, as the
complexation is highly governed by the hydrophobicity of
the RPG [41]. However, after 20 min moderate drug release
was observed which may be due to formation of a crystal
growth of RPG in the dissolution medium.
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Fig. 7 The dissolution study in pH 6.8 phosphate buffer of a RPG
and its binary complexes with HPBCD, b ternary complexes of RPG
with HPBCD prepared in presence of ARG and/or PVP by three
different methods. PM physical method, KM kneading method, CE
co-evaporation method (mean + SD, n = 3)

Continuing our investigation, ternary complex prepared
in presence of PVP manifest significant improvement in
dissolution profile of RPG from the complexes prepared by
different method. The %drug release at 5 min from PM,
kneading and co-evaporation complex was found to be
48.31 4+ 4.87, 52.54 £+ 3.57 and 65.70 + 1.82 %, respec-
tively and their corresponding DEs appeared to be
24.15 £ 4.49, 26.27 £+ 3.36 and 32.85 + 2.82 % respec-
tively. The rise in DE indicates the better ternary complex
formation with PVP which in turn played significant role in
enhancing dissolution of RPG by interacting with exterior
part of the complex. The complex prepared by kneading
method showed greater dissolution as compared to PM and
CE. The enhanced dissolution rate of complex prepared by
KM might be attributed to formation of inclusion complex
in solid state with reduction in crystallinity of RPG which
is evidenced by XRD studies.

Based on findings, ternary complex in presence of ARG
demonstrated the faster dissolution as compared to binary
system and pure RPG. The %drug release at 5 min form
PM, KM and CE complex were found to be 50.89 £ 2.6,
9743 £ 1.04 and 99.64 £ 2.33 % with corresponding

@ Springer

DEs 2544 +£2.59, 48.72 +£ 240 and 49.82 + 4.98
respectively. The remarkable improvement in dissolution
profile of pure drug demonstrates the complete change in
crystallinity to amorphous nature. The synergistic effect
ARG and CD was observed in ternary system and showed
better performance as compared to binary complexes, lead
to salt formation. The instant release of RPG might be
attributed to better stability and complexing properties,
increase in hydrophilicity, wetting properties of carrier as
well as hyrodgen bonding and other forces [42—44]. The
statistical analysis (ANOVA) of DE5 value for RPG and its
complexes demonstrated a remarkable difference between
the dissolution profile of pure RPG and all its binary and
ternary system with HPBCD (p < 0.001). The complex
prepared by CE method was found to be the best method
with increase in solubility and dissolution propertied of
RPG (p < 0.001). Moreover, all ternary systems showed
significant elevation in drug dissolution parameter when
compared with that of binary system (p < 0.001). From the
above findings in dissolution profile of RPG, it could be
concluded that extent of the increase in dissolution rate was
found to be dependent on method used for the preparation
of inclusion complex.

Conclusion

Our study demonstrated the inclusion complex formation
of RPG with HPBCD in presence and absence of ARG
and PVP by three different methods. ARG proves to be an
excellent auxiliary substance as compared to PVP by
remarkably enhancing an aqueous solubility and physic-
ochemical properties of RPG. Phase solubility study
demonstrated formation of more stable inclusion complex
in ternary system as compared to binary system. Change
in crystallinity of pure form of drug to complete amor-
phous nature in a solid state of ternary complex was
unequivocally evident by special techniques such as DSC
and XRD.

Use of co-evaporation method here provided better
complexes for the drug having low dose with least
expenditure of resources and time. Co-evaporation method
should be an effective approach for solubility enhancement
for poorly aqueous and pH dependent soluble drugs.
Ternary complex RPG:HPBCD:ARG obtained by co-
evaporation method could be utilized in modified drug
delivery system for diabetic patient with prolonged thera-
peutic effect having better bioavailability. From this
investigation, it is concluded that inclusion complex of
RPG could be formulated with HPBCD in presence and
absence of ARG and PVP with enhanced solubility and
better dissolution rate which can improve its oral
bioavailability.
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