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4.1 Introduction

In the present decade, optimizing the therapeutic efficiency of drug has gained
tremmendous focus. This need arcused as obtaining a pharmacological activity by using
drugs at therapeutic levels led to their rapid elimination aleng with their non-specific
distribution leading to a suboptimal concentration at the target site. Unless
unacceptable toxic amounts of dose get administered the needed therapeutic efficacy
was not achieved The tissue distnbution and receptor binding affinity are determined
by the lipophilicity of drug, however, inadequate solubility of drug at physiclogical
conditions prevents their successful delivery (1) Among the classification of dmg
according to BCS system, two classes of drug that present a formulation challenge are
those of class I and IV These classes present sclubility 1ssues and together with
permeabdlity 1ssues as in case of class IV, the challenge 15 a surmounting one. Most of
the anticancer drugs belong to class IV BCS and obtaining a higher efficacy to side
effect ratio 15 the prime goal of chemotherapy. The limitation of solubility along with
a higher tozicity due to non-specific distnbution and accumulation of drug 1n non-
target organs are the tnain constraints faced in achieving therapeutic benefits.
Paclitaxzel, the drug investigated in the current research, too has solubility 15sues. It
has low aquecus solubility and was formulated in a system consisting of solubilizers
and solvent to make intravenocus administration feasible. PTX was thus successfully
formulated in a wehicle (Taxol®) for intravenous administration and 15 used after
suitakly dilution in 3% dextrose solution or saline solution to achieve final solution
concentration range of 0.6 — 1.2 mgiml (0.7-1.4 mM) Howewver, despite achieving
increase in solukility, the need of a novel formulation still exists due to the severe
hypersensitivity reaction of vehicle employved al ong with poor solution stability of this

matketed formnulation (2.

Of the warious approaches investigated to improve the solubility of PTX,
etther chemical meodification of the drug by synthesizing prodrugs (3, 43, congeners
(o) and analogues (63, (1) or different formulation strategies like use of hydrophilic
polvmers (8, 9, mized micellar systems (10-12), emulsions (132-13), solid dispersion
(16, 17, iposomes (18, 19 or complex Formation with biocompatible polymers (20-
223 have been explored. These techniques improve the selubility of PTXE by either

solubilisation, co-solvency of encapsulation a major drawback that was still
- - -]
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associated was low loading of diig mandating that large dese still has to hbe

admini stered to achieve therapeutic efficacy.

To improve the solubility of drugs, strategies like complezation or molecular
encapsulation strategy have gained wide importance. Such complexation strategies
provide for better drug solubilisation and stabilization along with controlling the
release rate of drug. Cyclodextring are one such class of molecular complexing agents
that have gained tremendous popularity. They are a class of cyclic oligosaccharides
that consist of glucopyrancse rings covalently linked to each other. Three naturally
occurring CDs with 6,7 and B rings are o, [ and v respectively. However, of these
CDs the maximum aqueous solubility was 222 mgiml for v CD or 1t can also be stated
that CDs also have inherently low water solubility due to the strong intermolecular H-
bonding in their crystal lattice (takle 4.1 (23 As in the mechanism of meolecular
encapsulation the limiting factor determining the selubdlity of drug 12 dependent on
the carrier, there was need to synthesize other CDs having higher aquecus solubility
so that a concentrated aqueous solution can be obtained in which a greater amount of
drug can be molecularly encapsulated. Moreowver, these CD: have been repotted to
have parenteral / renal toxcity by their chronic use. Thus, a range of other CD's were
then obtained by chemical or enzymatic modification with improved solubdlity and
modulated toxicity profile. Figure 4.1 represents general structure of CDz along with

their structure.

ROCH;

Figure 4.1 General structure of CDs

|
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Tabled.l Abbreviated names of CDs and their derivatives
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For formation of inclusion complexes, the hydrophobic drug molecules get
encapsulated in the inner hollew, cone like structure hawving apolar core that is
electron-rich, whereas the outer region 15 hydrophilic and facilitates solubilization by

interacting with HaO molecules.

To improve the solubility of PTX, a range of CDz have been investigated and
the reported results are presented in table 4.2 below. As evident, CD's mediates a
constderable increase in solubility of PTX starting form 12,5 folds for 1.5% B CD to
almost a lac fold for 50% DI RBCD. Figure 4.2 represent phase solubality diagram for
PTH dissolved when solution of diff erent concentration of HPRCD/HE BCDYDIBCD

were used.

Tahle 4.2 PTX soluhility enhancement hy CDs

Cyclodextrin i 5 Enhancement
Concentration ° R dissnlred factor®

15% v 0.020 50

50% HP v 0.080 200
1.5% B 0.005 125

50% Dimaltosyl- p 0.115 288

0% HE p 0.514 2285

60% HE p A 5250

|
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50% HP 0.856 2140
60 % Hp [ 4 10000
50% DM P o 396 95000

U gueous concentration of U0 (wiv), "PTX solubility (mM
S  Enhancement Jactor = Agueous solubility of FTX ~
Ol 4o, 4L imit Jor solubility not ackievead.

Based on the above literature report, DI PCD was selected as it solubilized
the PT to greatest extent. It was also demonstrated that approx. 100% of added dmg
got moleculatly encapsulated in DMBCD emploved at the concentration range tested
and further showed linear increase in solubilizing PT as its aquecus concentration
was increased (24). Further, the increase in solubility does not change the cytostatic
activity of FTX in vitra. Thus, DMPCD was selected in the present investigation for

preparation of inclusion complexes for PTXE

-
-]
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Figure 4.2 Soluhility of paclitaxel in A.
HPBCD and B. HEBCD (C) Using the
method for type B complexes, wherein
ahove saturation soluhility,
precipitation is ohserved, solubility
data for panels A and B were obtained
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Wartous approaches are available for preparation of inclusion complexes and are
briefly described herein:

& Physical blending: Phywsical mizture of drug and CDs  are blended
hom ogenously and passed through sieve of definite size to obtain product.

BE. Eneading: In this method, drug and CD are triturated intensely to completely
grind the mixzture followed by kneading with hydroalcoheolic selution till a
paste like consistency 15 obtamned The kneaded mass 1z dned to remove excess
of solvent followed by storing in a desiccator, sieved and stored (230

. Bolvent evaporation or solid dispersion method: Separately an alcoholic drug
solution and an agqueous solution of CD are prepared. The drug selution 1s then
slowly added drop wise to the aquecus solution under stirnng to get molecular
dispersion of drug in CD. The solvent 15 then evaporated at room temperature
of under vacuum to remove all solvent obtain dried powder which is sieved to
get free flowing powder (250,

D Spray drying In a hydroaleoholic biphasic solvent systemn consisting of
ethanol and water at 50:50 v/ ratio, monophasic selution of drug and CD 13
prepared. The selution is stirred and allowed to reach equilibrium by stirring at
room temperature for 24 hr. The equlibrated sclution is then spray dried to
obtain dry powder (26).

E. Freeze drying or lvophilization: Stoichiometric amount of drug 15 disselvedin
hydroalcoholic selution of CD under stirnng. The sclution is then frozen and
Ivophilized in freeze dryver under reduced pressure to obtain porous,
atn orphous powder. This method 15 useful for thermolabile dmgs (273

F. Microwave irradiation: It 15 an industrially feasible method requiring shorter
process ime and higher product yield Irradiation reaction of drug with CD 15
donie 1 a ticrowave ove, wherein tnictowave prowvide the energy for
complexation (28],

3. Melting: CD iz heated to obtain a melt and dnig 12 then dispersed in this melt
The dispersion 15 then allowed to cool and washed with solvent to remove
excess amount of melted CD or under wvacuum by sublimation (29,

H. GSupercritical antisolvent technique: Solution of drug and CD in solvent 15 fed
through a nezzle ih expansion chamber containing supercrtical COz Tpon
contact, the solvent loses its solubilization property and supersaturati on occurs

Y}
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thus precipitating the drug in CD in form for fine particles. The solvent iz
removed by flow of supercritical fluid (300

I High pressure homogenization: Seolution of drug and CD' in solvent 15 passed
threugh homogenizer to cause particle dispersion and disintegration. The
solution contamning dispersed particles 1s then evaporated to dryness to obtain

solid complex.

In the present research work, we have used modified solvent evaporation
method to prepare complex of PTX wath CD as the method 15 simple and easily
reproducible at lab scale. Further, the modification invelved lyophilizing the complex
instead of evaporating the solvent which was done to impart longer stabality to the

complex.

4.2 Materials and Instruments

Materials
sr Mo Chemicals/Materials Sourcehlanufacturer
1 Paclitasel mun Pharmaceutical Industries. Ltd
{Vadodara, India) — Gift sample
5 2. 6-di-O-methyl beta cyclodextrin Cyclelab Ltd. (Budapest, Hungary)
' (DMBCD) — (5ift sample

All other chemicals used were of analvtical reagent grade and were used without any

further purification.

Instruments

5r o  Instruments Company

1. Eotary evaporator IE 4 Eotavapor BV -10,

2. Wagnetic Stirrer Eemi, India

2, Lyophilizer Virtis Advantage Plus

4. EP-HPLC shimadzu LC-204AT, Japan
3. Differential Scanning Calorimetry DEC-41, Shimadzu, Japan

Founer transform infrared

=

Bruker, Germany

spectrophotometer/FTTE
% x-ray diffractometer Hpert Pro, PANalytical
B, sranning electron microscopy/SEM JECL, ISM-5610LY,
8. Circular Dichrotsm Spectrometer Jasco J-815 CD

Y}
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4.3 Methods

4.3.1 Preparation of PTX ICs

PT-DMECD ICs were formulated using a modified co-solvent lyophilization
method (247, (310 Briefly, PTX was dissolved in methanol and required quantity of
DMPBCD was solukilized in acetate buffer pH 5.0 separately at room temperature
(BT ICs were prepared at varying molar ratio of PT: DMPECD from 1:1 to 1: 25
Both phases were allowed to stir individually to ensure formation of clear solution,
after which PTX solution was added to the DMBCD solution in a drop-wise manner
under stirring on magnetic stirrer. The resultant hydro-alcoholic solution was stirred
tor & hrin stoppered glass vial at BT, After & hr, it was centrifuged at 7000 rpm for 10
min, filtered through 0.2 pm syringe filter and solwent was all owed to evaporate under
reduced pressure using rotary evaporator (IEA Eotavapor EV-10, IJEA® India Pnvate
Limited). The ICs were then lyophilized using Virtis Advantage Plus Lyophilizer to
vield ICs as white amorphous dry powder. The ICs were then subjected to solid state
physiochemical charactenzation The ICs were reconstituted with acetate buffer pH
5.0 to the onnginal aquecus volume. After reconstitution, solution was centnfuged at
5000 rpm to the separate supematant which was filtered through 0.2 wm synnge filters

and analyzed by chrom atography to back calculate PTX concentration in ICs.

4.3.2 Characterization of PTX ICs
4.3.2.1 Entrapment efficiency and solubility enhancement

Estimation of PTX content in inclusion complexes was performed by reverse-
phase HPLC method/EP-HPLC (Shimadzu LC-20AT, Japan) using Ol CDS {octa
decyl silane) column (250 mm *.6 mm* 5 wm, Thermo scientific) at ambient
temperature. The mobile phase Acetonitrile: Methanol: Water (45 30:25), pH adjusted
to ~3 with 1% wiv of glacial acetic acid was run at a flow rate of 1 mlimin. Samples
were prepared by appropriate dilutions of PTX in methanol and final dilution was
done with mobile phase. Concentrations from 1to 50 pgiml were estimated to prepare
calibration curve. 20 pl of each selution was injected inte HPLC and chromatogram
was tun for 10 minutes. Estimation of PTX was done using UV wisible detector at

wavelength of 227 nm.

Y}
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4.3.2.2 Physicachemical evaluation

wolid state physicochemical evaluation of PTH, DMPCD and PT-DIBCD
lyophilized IC: were petformed by DEC, FTIE, XED and SEM analysis. CD was

done in a solution state.

Differentind Scanning Calorime

PTE, DMBCD and PTX-DIMPCD ICs were subjected to thennal analysis using
Differential Scanning Calorimetry  (D3C-41, Shimadzu, Japan) to  confinm
complezation. Accurately weighed samples were placed in hermetically sealed
aluminum pans and empty aluminum pan was used as a reference. Heating scans by
heat runs for each sample was set from 20 °C to 300 °C at 10 ®CYf min in a nitrogen

atmosphere.

Fourier transform infrared specirascopy

Infrared spectroscopy was used to confirm complexation and to determine the
interaction between cyclodextnin and the guest molecules in the solid state. PTX,
DMPBCD, and PTX-DIMPCD ICs were investigated using Founer transform infrared
spectrophotometer/FITE. (Bruker, Germany) range between 4000 and 400 cm—1, with
a resolution of 2 e ™ All powder samples were compressed into EBr disks for the

FTIE measurement.

Horay diffraction studies

The crystal structure of drug and changes 1n crystallinity after complexation were
ohserved using powdered XH-ray diffraction studies Z{ED) Samples were cbserved
using a powder xray diffractometer (3 pert Pro, PANalvtical, Singapore) with Mi-
filtered Cu-Eo radiation, and veoltage diffraction. Scan was petformed at a range 22
of 5%-50% with a scan rate of 3%min. The XED patterns of PTX alone, DMBCD,

physical mixtures of both and inclusion complexes were recorded.

Y}
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Scauming electron BECrosCopy

mranning electron microscopy/SEM (TEOL, ISM-5610LY, Japan) was performed to
ohserve morphology of samples. Samples fized on SEM-stub were made electrically

conductive using very thin coating of gold The acceleration veoltage used for analvsis

was of the order of 104V,

Cirgugdar Dichraoism spectroscopy

Circular  Dichreism  spectroscopy 15 an  important  method which  detects
conformational changes in molecule and sensitive to small vanatons in structure of
the molecule as well as polarity of the solvent in which it 13 solubilized As PTXH
possesses chiral centers linked with several chromophores, it 15 circular dichroism
active. Therefore, this technique has been used to confirm  interaction and
complezation of FTZ with DMPCD. Circular dichroism spectra of free PT, DIMBCD
and PTZ-DMPCD ICs 1n a liquid state 1n methanoliwater solution (30:70 wiv) were
carried out using a Jascoe J-B15 CD spectrometer CD-01 with scanning speed of 20
nmimin and & accumulations. The Circular dichroism spectra were scanned for 200

nm to 340 nm wavelength. The path length of the quartz cuvette used was 1 mm.

4.3.2.3 Stubility study of ICs

stability  study was performed for lyophilized PTX-DMPCD inclusion
complex stored at 25°% £ 2 *CHE0% £ 5 %MEH and at 2-8 °C for three months, At
particular ime interval FTH-DMPBCD complex was reconstituted to original volume
by acetate buffer pH 5.0 and evaluated for physical and chemical stability using EP-
HELC analysis. PTX-DIMPCD was diluted wath dextrose and kept for 24 hr at 25 °C.
The samples were examined for presence of any precipitates and concentration of

PTH retained was determined by EP-HPLC analysiz (24).
4.4 Hesult and Discussion

4.4.1 Preparation of PTX ICs
Waneties  of cyclodextning  such  as  PBeta-cyclodextnn  (B-CD0,  2-
Hydroxypropyl -beta- cyclodextrin (HP-B-CIN, (2,6-di-O-methyl) -beta-cyclodextrin

Y}
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(DMPCDY and captisol® were screened for improvement of water solubility of PTX
at various concentrations. Of the various CDs, DMBCD was selected for the plausible
advantage of highest agqueous solubility (32) Based on the earlier reports, the
saturation agquecus solubility of DMPCD has not been determnined and 50% wiv
solutton was emploved for determining the solubality of PTX (24). ICs were prepared
at varying molar ratios of PTX DMPBCD from 1:1 to 1:25 With the increasing molar
ratio of DMPBCD, solubility of PTX was found to linearly increase, and at 1:25, 11
mgiml of aquecus solubility was achieved for PTX. Baszed on the highest entrapment
of PTH of almost 100% in IC:s and physical stability of ICs, the 1:20 ratio was
optitnized and selected For further use in this work, Stirring time of 1, 3, & and 12 hr
were compared, and the highest entrapment efficiency of FPTX was found at 1:20
molar ratio after & hr of stitnng. This may be due to sufficient time for interaction of
PTE with DRECD tll a stable equilibrium to achieve highest entrapment. Stirning
time of 3 hour or less resulted in low entrapment efficiency of PTH in ICs.  Our
results are in agreement with those obtained by Jing et al. wherein molar ratio of PTX
to CD had pronounced influence on the entrapment efficiency. But, we have
essentially screened higher ratio for complexation and have obtained higher loading
and entrapment of PTH which reaches a plateau above 1:20 molar ratio. Further, the
complex formation was carried out at BT only thus minimizing the negating impact of
elevated temperature on complex stability.

Figure 4.3 shows PTX entrapment efficiency in ICs and its resultant agqueous

solubility at varving PTX to DIMPCD molar ratios.
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Figure 4.3 Entrapment efficiency and soluhbility of PTX ICs at various molar
ratio.

For ratio, less then 1:15 complexes were found unstable as precipitation of
PT 1n solution was observed The results are consistent with the report by Jing Ye et
al. which demonstrates the lower encapsulation efficiency at low molar ratios as one
CD cavity tnay not completely encapsulate PTX molecule having high moelecular
weight and due to its complex structure that has many functional sites for interaction

with CD (33).

4.4.2 Characterization of PTX ICs

4.4.2.1 Entrapment efficiency and salubility enhancemernt

Solubility of pure PTX in water was found to be 0.38£0.05 pg/mL at 25 BC
while after DMPCD complexation, its solubility increased to 1118122 mgiml at
PTE DMPBCD molar rato of 1:20. Acetate buffer pH 5.0 was used to reconstitute the
drug and complex for stability reasons. This higher amount of entrapment efficiency
observed at higher molar ratio for FTX 15 anticipated due to the larger cavity of the

DM-B-CD meolecule avatlable for encapsulation, in compatson to the other non-

substituted CDs (24).

|
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4.4.2.2 Physicachemical evaluation

Differentind Scanning Colorimetry

Figure 4.4 shows thermal analysis of PTX, DMPBCD and PTX-DMPCD ICs
using DSC technicque. PTI exhibit sharp endothermic peak at around 218%C which
shows 1ts characteristic melting point. That peak was absent in DSC spectrum  of
PTE-DRECD ICs confirming the complete complexation and amorphizati on of PTX

Paclitaxel

087 miln
21ETEC
=, b Y

17.4°1 min
193.91°C
=131 it

| 1463 min
{ 1mas7C
1.4 i

T v b T
Temp [C]

Figure 4.4 D5SC thermograms of PTX, DMBCD and PTX-DMBCD inclusion
complex.

Fourier fransiorm infrared spectroscopy

For confirmation of complex formation between PTX and DMBCD, FTIE
analysiz was petformed (Figure 4.3). Spectra of PTX drug pellets exhibit strong
absorption bands in the range of 1730 em™=1600 cm™, 1380 e '-1180 cm™ and 900
em 2710 em™. Further the IR spectra of DMPECD can be characterized by the intense
bands at 3430 crm™ - 3420 cm™' due to absorption by hydrogen-bonded OH groups as

|
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well as the bands at 3000 e —2830 cm™ corresponding to wibration of the —CH and

—CHz groups. Herein, as the numbers of guest molecules are less in number or the

mass ratio of CD to PTX 15 high, most of the charactenstic stretching bands of PTH

tay get masked by the host species. Such observation is consistent with the change in

FTIE. spectra for PTX after complexation with DMPECD. For PTH molecule,

stretching band for carbonyl ester at 1724 em” was altered leading to ificrease in

intensity. The typical carbonyl bond stretching at 1620 e t-1600 e was masked

due to complex formation Shift of absorbance bands to higher frequencies due to

cleavage of hydrogen bonding during complex formation was confirmed by change in

arotnatic carbon stretching from 1372 cm™ to 1369 cm-l,

stretching wibration to 1106 e to 1113 e was observed.
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Figure 4.5 FTIR spectra of {A) DMBCD, (B) PTXD-$-CD ICs and (C) PTX.
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A-ray diffraction studies

The ¥X-ray diffraction patterns of PTX, DMBCD, as well as ICs are provided in
figure 4.6 Diffractogram of PTH confirmed the showed a crystalline nature of the
drug, DMBCD is arnorphous in nature. ICs displayed a diffused pattern at 10%-15% 25
area where the peaks corresponding to the PTX almost disappear thus confirming that

PTX 1z probably present in amorphous state upon complexation.

Crnmls

10 N 30 £
Pasition [*2Theta] (Copper (Cul)

Figure 4.6 X-ray diffraction patterns of PTX, DMBCD and PTXD-f-CD ICs

seanywing slectron wicroscopy

Figure 477 shows SEM micrographs of PTX and PTX-DMPCD ICs. PTX were
ohserved as long needle-shaped crystals with a wide particle size distnbution, whereas
PTI-DMPBCD ICs consisted of irregular amorphous particles devoid of any needle

shaped crystal typically observedin case of PTX thus confirming complexation.
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Figure 4.7 SEMimages PTX-DMBCD ICs (left) and PTX (right)

Circular Dichroisim spectroscopy

Circular dichroism spectroscopy was performed to confinm the interaction
between PTX and DMRECD. PTX, DMBCD and PTX-DMPCD ICs were studied in
hydro-alcohoelic selution to evaluate influence of complexation on spectroscopic
characteristic in circular dichroism (Figure 4 8). DMPCD did not show any bands as it
TV light transparent in the specified wavelength. On the other hand, FTX showed two
circular dichroism bands at 230 nm and at 290 nmn. Interaction between PTX and
DMPCD was confinmed by relatively large increase in signal intensity.  The
prominent negative band at 295 nm which may be due to m- ¥ transition of the
aromatic ring in PTXH and positive band at 220 nm 15 due to n- 7 transition involving
catbonyl bond az the sample 15 dissolved in methanol -water mixture, both these
transitions represents interaction of PTX with CD A 2-3 nm shift towards lower
wavelengths was also observed for both bands after complexation. The increase in
intensity of negative band was due to change in environment of aromatic group due to
inclusion complex formation between PTH by DMPCD. Disaggregation of PTH into

monomers could have led to increase in positive band (34,

|
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Figure 4.8 Circular dichroism spectrum of PTX, DMECD and PTXD-B-CD ICs.

4.4.2.3 Stability study of ICs

PTZ-DMECD ICs in lyophilized form was found to be stable at 2-8 °C for
three months. A common pharmaceutical problem encountered for the ICs 1s
precipitation upon dilution. Thus, to determine dilution stability of PT-DMBCD ICs,
dilutions were made and stability of ICs was determined. The stability was stated as
the concentration of PTZX retained in complex at individual time interval compared to
its concentrati on instantly after reconstitution. PTH-DMBCD ICs with molar ratios 1
20 and 1 25 showed no precipitation upen 10 times dilution in dextrose for the
specified period of time. PTH-DMPCD ICs with molar ratios 1:10 and 1: 15 showed
precipitation after 4-folds dilution of more, with 69-83% of initial PTX remaining in
the complex. The FTX was precipitated out from lower molar ratios of ICs even upon
2folds dilution. Based on the obtained results of dilution stakility study and
entrapment efficiency of PTX in ICs, PTX-DMPCD ICs with a molar ratio of 1:20
was selected because at lower ratios, the stability of complex was found to be
significantly reduced, while a higher ratio did not result in a considerable
enhancement of stability and solubility of PT3. The reason for precipitation after

dilution might ke due to the higher inter-molecular affinity interaction of PTZ (23]

|
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Based on concentration of PTX and solvent polarity, PTX molecules interact wia
interm olecular H-bonds which results in molecular stacking of PT 1n sclution. These
stacks of PTX impact the physical stability of complex as they could act as main
nuclel supporting accumulation of other PTX molecules and finally leads to
precipitaton. PTH-DMBCD ICs were found to be stable at 2-8 °C for three months

and up to 10 times dilution no precipitat on was seen even after 24 hr
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