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ZUSAMMENFASSUNG

Fast 60 % der Arzneistoffe bei den Neusynthesen und 40 % der Arzneistoffe bei den
Neuentwicklungen besitzen eine geringe Wasserloslichkeit. Der Anteil an Substanzen,
die eine Loslichkeit unter 0,1 mg/l aufweisen, nimmt dabei stindig zu (Merisko-
Liversidge, 2002) und bereitet daher Schwierigkeiten bei der Aufbereitung der
Wirkstoffe zu Arzneimitteln.

Bei der Applikation von Arzneistoffen sollen die meisten von ihnen moglichst schnell
ihre Wirkung entfalten. Um eine ausreichend hohe Plasmakonzentration am Wirkort
durch die Resorption erreichen zu konnen, miissen diese Arzneistoffe in geldstem
Zustand 1im Magen-Darm-Trakt vorliegen. Dariiber hinaus erreichen die
schwerloslichen Arzneistoffe nach peroraler Gabe sehr oft keine ausreichende
Bioverfiigbarkeit. Die Griinde sind in der zu geringen Sittigungsloslichkeit und
Losungsgeschwindigkeit der Substanzen zu suchen (Buttle, 2004; Miiller, 1998). Von
daher ist das Ziel der Arzneiformenentwicklung, den Wirkstoff innerhalb kiirzester
Zeit in die geloste Form zu bringen, um eine bessere Absorption und damit eine
hohere Bioverfiigbarkeit erzielen zu konnen.

Um dieses Problem zu bewiltigen, wurden verschiedene Methoden entwickelt, wie
z.B. die Reduktion der PartikelgroBBe bzw. die VergroBerung der Oberfliche, wobei
jedoch Probleme durch Agglomeration der Wirkstoffpartikel auftreten konnen (Martin,
2003). Dies deutet darauf hin, dass die Benetzung der Partikel einen entscheidenden

Faktor in der Loslichkeitsverbesserung der Arzneistoffe darstellt.

Mit dem Ziel einer produktschonenden Herstellung von submikronen Arzneistoffen
mit guten Benetzungs- und Auflosungseigenschaften wurde das Controlled Particle
Desposition Verfahren (CPD-Verfahren) entwickelt. Das CPD-Verfahren ist eine
vielversprechende Methode zur direkten Abscheidung feinster Partikel auf
Tragermaterialien durch die Verwendung iiberkritischer Fluide als Alternative zu

organischen und toxischen Losungsmitteln. Bei diesem Prozess handelt es sich im



Prinzip um ein statisches Gleichgewicht, bei dem die verwendeten Versuchsstoffe
(Arzneistoff, Tragermaterialien) getrennt vorgelegt werden. Dann wird zunichst CO,
eingeleitet, und zum Erreichen des tberkritischen Zustandes werden Druck und
Temperatur erhoht. Dabei entsteht eine tiberkritische Losung des Wirkstoffes in CO,.
Diese Losung dringt dann, bedingt durch die gasdhnlichen Transporteigenschaften
iiberkritischer Fluide, in das Tragermaterial ein. AnschlieBend wird der Wirkstoff aus
der tiberkritischen Losung durch eine schnelle Druckabsenkung und somit

Verringerung der Loslichkeit direkt in bzw. auf dem Trager abgeschieden.

Zu Beginn dieser Arbeit wurde ein Optimierungsprozess fiir die CPD-Anlage sowie
die CPD-Versuchsparameter durchgefiihrt. Als Tragermaterial wurde B-CD aufgrund
seiner Fahigkeit, andere Molekiile, beispielsweise pharmazeutisch aktive Substanzen,
als ,,Gast“ in seine Kavitit aufzunehmen, ausgewédhlt. Bei dieser Art der
Komplexierung wird das eingeschlossene Molekiil nur durch Van-der-Waals-Krifte
oder Wasserstoftbriickenbindungen fixiert.

Ibuprofen wurde als Modell fiir Wirkstoff mit schwerloslichen Eigenschaften
eingesetzt. Ibuprofen als Arzneistoffmodell zeigt wesentlich eine gute Loslichkeit in
scCO,. AuBerdem sind Ibuprofen/B-CD—Komplexe bereits mit verschiedenen
klassischen Verfahren hergestellt worden (Kurozumi et al., 1975; Nozawa et al., 1994,
Mura et al., 1998; Khan et al., 2001).

Zur Bestimmung der bestmoglichen Komplexierungsbedingungen in dem CPD-
Verfahren wurden die Parameter: Haltezeit, Druck sowie Temperatur variiert. Die
Auswertung der Versuche erfolgte schlieBlich durch die Bestimmung der
eingeschlossenen und nicht-eingeschlossenen Anteile an Wirkstoff in den

Trigermaterialien.

Mit den durchgefiihrten Experimenten konnte gezeigt werden, dass die Herstellung
von Ibuprofen/B-CD-Komplexen mit dem CPD-Verfahren mdoglich ist. Die
Untersuchungen zum Einfluss der Versuchsbedingungen in dem begrenzten
experimentellen Bereich zeigen, dass Temperatur und Druck positiven Einfluss auf die
Komplexbildung haben, solange sich durch sie die Wirkstoffloslichkeit erhdht. Der

dritte wichtige untersuchte Prozessparameter ist die Zeit, in der die geséttigte



iiberkritische Wirkstofflosung in direktem Kontakt mit dem Tridgermaterial ist. Im
Falle Ibuprofen hat diese Zeit keinen erheblichen Einfluss auf die Herstellung von
Ibuprofen/B-CD-Komplexen aufgrund der hohen Loslichkeit von Ibuprofen in scCO,.
Jedoch konnte die Kontaktzeit bei der Anwendung von Wirkstoffen mit geringer

Loslichkeit in scCO, einen positiven Effekt zeigen (Moribe et al., 2007).

Nach der Optimierung der CPD-Anlage und der Prozessparameter konnte ein
gleichformiges reproduzierbares Produkt mittels CPD-Verfahren hergestellt werden.
Das erhaltene CPD-Produkt mit einem Gesamtgehalt von Ibuprofen 2,8 + 0.22 % wt.
wurde mit 5,5 % wt. Ibuprofen/B-CD-Komplexen, die durch andere klassische
Verfahren (Gefriertrocknung, Koprézipitation bzw. physikalische Mischung)
hergestellt wurden, verglichen.

Die CPD-Komplexe weisen eine flieBende Pulverform auf, wihrend die
Gefriertrocknungs- und die Koprizipitationsprodukte Klumpen bilden oder zumindest
Agglomerate enthalten.

Mit Hilfe der HPLC-Analytik konnten ca. 97 % wt. Inklusionsausbeute im
Gefriertrocknungsprodukt und ca. 50 % wt. bei den CPD- und
Koprézipitationsmaterialien nachgewiesen werden, wobei in der physikalischen
Mischung nur 3 % wt. eingeschlossene Ibuprofenanteile ermittelt wurden.

Die physikochemische Charakterisierung (FTIR, XRD und DSC) erlaubte den
Nachweis der Interaktion zwischen dem Gastmolekiil und B-CD. Diese Interaktion war
deutlich in dem Gefriertrocknungsprodukt zu sehen, in den CPD- und
Koprézipitationsmaterialien verlief die Komplexbildung vollstindig.

In der morphologischen Untersuchung (REM) konnte die entstehende
Komplexbildung bei allen Ibuprofen/f-CD-Komplexen unabhingig vom
Herstellungsverfahren beobachtet werden.

Aufgrund der Komplexbildung war die Verbesserung der Auflosungsgeschwindigkeit
im Vergleich zu reinem Ibuprofen in allen Ibuprofen/B-CD-Produkten zu sehen: Diese

Verbesserung war am deutlichsten in den CPD- und Gefriertrocknungsprodukten.

Eine Erhohung der pB-CD-Komplexierung von Ibuprofen durch Zusatz von

wasserloslichem Polymer konnte gezeigt werden. Die Anwesenheit geringer Mengen



an PVP (1 % wt.) erhoht das Ausmall der Komplexierung auf bis zu 9 % wt. des
Ibuprofens, mit dem ein ternidrer Komplex aus Ibuprofen, f-CD und PVP beladen
werden konnte. In diesem Produkt konnte eine Verbesserung der
Auflosungsgeschwindigkeit 1m Vergleich zu reinem Ibuprofen bzw. der

physikalischen Mischung von Ibuprofen/B-CD/PVP erzeugt werden.

Als weitere Anwendung des CPD-Prozesses, die Bildung von Ibuprofen/Methyl-f3-
CD-Komplexen wurde erfolgreich bewerkstelligt. Methyl-B-CD schmilzt unter den
Versuchsbedingungen (39,5 °C, 24,6 MPa und 15 h). Dabei lassen sich hohere
Wirkstoffanteile in die Matrix einarbeiten. Die entstehende feste Dispersion war
unregelméBig in Form und GroBe, was eine unregelméBige Freisetzung des Ibuprofens
verursacht. Die physikochemische Charakterisierung weist auf

Einschlussverbindungen aus Ibuprofen und Methyl-B-CD hin.

SchlieBlich  wurden die B-CD-haltigen  Granulate noch durch einen
Feuchtgranulierungsprozess hergestellt und mittels CPD- bzw. ,,Solution-Immersing*
Methoden mit Ibuprofen beladen. Beladung mittels CPD lie aber einen deutlich
grofBeren Gehalt an Ibuprofen erkennen. Nur ein Teil des Wirkstoffanteils, mit dem die
Matrix beladen wurde, weist eine kristalline Form auf (DSC und XRD). Diese
Ergebnisse konnten mit der signifikanten Verringerung der Oberfliche der mit Hilfe
der CPD beladenen Granulate verglichen mit den unverarbeiteten f-CD-Granulaten
bzw. den mittels ,,Solution Immersing* beladenen Granulaten bestétigt werden. Die

Verbesserung die Loslichkeit war allerdings in beiden beladenen Produkten zu sehen.
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CHAPTER 1

INTRODUCTION

1.1 Bioavailability and dissolution of poorly water-soluble drugs
1.1.1 Bioavailability of drugs

Bioavailability is defined by the food and drug administration (FDA) in § 320.1
as “the rate and extent to which the active ingredient or active moiety is absorbed from
a drug product and becomes available at the site of action. For drug products that are
not intended to be absorbed into the bloodstream, bioavailability may be assessed by
measurements intended to reflect the rate and extent to which the active ingredient or
active moiety becomes available at the site of action”. This definition focuses on the
processes by which the active ingredients or moieties are released from an oral dosage

form and move to the site of action (FDA guidance for industry, 2003).

Drug in systemic circulation

Liver metabolism

Gut wall metabolism

1 1 1
Drug in solution >

at absorntive sites 3

Release

Transite—
>
—

Decomposition

Figure 1.1  Events in the GIT following administration of an oral dosage form
according to Dresseman and Reppas (2000).



2 1 INTRODUCTION

In other words, for oral administration (gastrointestinal route), the drug must be
dissolved in the physiological fluid and thereafter absorbed through entrance ports to
act on target structures. Due to cost, convenience and compliance, the oral application
of solid forms is the preferential way of application. The bioavailability of orally
applied drugs depends on the velocity of dissolution rate and absorption, since only
dissolved drug can pass the gastrointestinal membrane. Drug metabolism in the
intestinal lumen, the intestinal wall and the liver may reduce its bioavailability (Chan
and Stewart, 1996). Figure 1.1 depicts events in the gastrointestinal tract (GIT)
following administration of an oral dosage form.

The major biopharmaceutical factors that affect the rate and extent of the absorption
are solubility, dissolution rate and intestinal permeability of drugs. According to these
three parameters, Amidon et al. (1995) proposed the biopharmaceutics classification
system (BCS) which is incorporated later in the guidelines of the FDA (FDA guidance
for industry, 2000).

1.1.2 Biopharmaceutics classification system

The biopharmaceutics classification system (BCS) is based on determining the
underlying process that controls the drug absorption rate and extent, namely drug
solubility and intestinal membrane permeability. The intention of this system was set
up to a theoretical background for the in vitro dissolution with the in vivo
bioavailability of drugs correlation (in vitro — in vivo correlation). According to the

BCS, drugs can be categorized into four basic groups (Figure 1.2).

Class | Class Il
High Solubility Low Solubility
High Permeability High Permeability
Class 111 Class IV
High Solubility Low Solubility
Low Permeability Low Permeability

Figure 1.2 Biopharmaceutics classification system scheme according to Amidon et

al. (1995).
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BCS class I: Materials consist of water-soluble drugs that are well absorbed from GIT.
For compounds of this class, formulated as immediate release products, dissolution
rate generally exceed gastric emptying rates. Therefore, nearly 100 % absorption can
be expected if at least 85 % of a product dissolved within 30 min. Drugs in this class
are frequently lipophilic with a molecular weight less than 500 Da and aqueous
solubility > 1 mg/ml (Loftsson ef al., 2004).
BCS class II: Compounds relatively lipophilic and water-insoluble drugs, that when
dissolved, are absorbed from GIT. For this drug class the dissolution is limiting factor
for their absorption.
BCS class III: Drugs are water-soluble but not ready to permeate biomembranes. A
membrane permeability of these drugs is limiting factor for their absorption.
BCS class IV: Compounds consist of water-insoluble drugs which, when dissolved do
not ready by permeate biomembranes. Oral drug delivery formulations of these drugs
tend to be very difficult. (Dressman et al., 1998; Van de Waterbeemd et al., 2003)

Based on this classification system, a drug substance is considered highly
soluble when the highest dose strength is soluble in 250 ml or less of aqueous medium
over the pH range from 1.0 to 7.5. The estimated volume of 250 ml is derived from the
standard glass of water, which should be consumed during the oral administration of
the dosage form.
The effective permeability (P.g) is generally described in terms of units of distance of
molecular movement per unite time (10™ cm/s). A drug is defined as high permeable if
the extent of oral absorption is determined to be > 90 % of an administrated oral dose
(Loftsson et al., 2004). The permeability may be determined by in vitro or in vivo
methods that can predict the extent of drug absorption in humans. The rapid
dissolution class boundary is defined in terms of the in vitro dissolution being grater
than 85 % during 30 min in 900 ml aqueous media at pH 4.5 and 6.8 using USP
Apparatus I (100 rpm) or Apparatus II (50 rpm) (Avdeef, 2001; Yazdanian et al.,
2004).

The key parameters controlling the drug absorption have been suggested by
Amidon et al. (1995) and can be expressed by three dimensionless numbers; a dose

number (Do), dissolution number (Dn) and an absorption number (An); representing
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the fundamental processes of drug dose, dissolution and membrane permeation,

respectively.

Dose Number = Do = My
Cs VO

My: Dose of drug administrated
Cs: Saturation solubility

Vy:  Initial gastric volume

Dissolution Number = Dn = t,, /tps

tess  Mean residence time

tpiss:  T1me required for a drug particle to dissolve

Lo,
R

Absorption Number = An=

res

P.i:  Effective permeability

R: Radius of the intestinal segment

Eq.1.1

Eq.1.2

Eq.1.3

For Class II drugs, limits are imposed on the absorption by the solubility Do or

dissolution rate Dn either in general or on regional basis within the GIT leading

incomplete absorption and bioavailability, despite the high membrane permeability

(An). Generally, for these drugs increasing the dissolution rate increases their

bioavailability (Persson, 2006).

1.1.3 Drug solubility

The solubility of a substance is the amount of substance that has passed into

solution when equilibrium attained between the solution and excess, i.e. undissolved

substance at given temperature and pressure. Values for solubility of drugs (mg/ml)
were obtained from standard references (Merck Index, 2001; USP DI, 2004) defined
the solubility of drugs as listed in table 1.1 (Kasim et al., 2003; Takagi et al., 2006).
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The water-solubility of a drug can be determined using several methods such as
the flask method and column elution method. In addition, it can be estimated using

automated and miniaturized methods (Loftsson and Hreinsdottir, 2006).

Table 1.1  Solubility definitions according to Kasim et al. (2003) and Takagi et al.
(2000).

Parts of solvent Solubility range Solubility assigned
required for one (mg/ml) (mg/ml)

Solubility definitions  part of solute

Very soluble <1 > 1000 1000
Freely soluble 1-10 100 - 1000 100
Soluble 10 - 30 33-100 33
Sparingly soluble 30-100 10-33 10
Slightly soluble 100 - 1000 1-10 1
Very slightly soluble 1000 - 10000 0.1-1 0.1
Partially insoluble > 10000 <0.1 0.01

1.1.4 Drug dissolution

In vitro dissolution testing provides useful information at several stages in the
drug development process, formulation of dosage forms, quality control and in vivo -
in vitro correlation.

Mechanisms of dissolution kinetics of crystals have been intensively studied in the
pharmaceutical science. However, the dissolution of a solid substance can be described
in two steps. At first molecules are released from the surface to surrounding
dissolution media which create a saturated layer (stagnant layer), adjacent to the solid
surface. Then, the drug diffuses into bulk of the solvent regions of high drug

concentration to regions of low drug concentration (Figure 1.3).
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Figure 1.3  Concentration gradient during the dissolution process.

To understand the dissolution of a solid material a layer model has been employed
(Bruner and Tolloczko, 1900; Nernest, 1904; Brunner, 1904). Based on this model, the
mass rate of the dissolution (dM/dt) can be described as given in the Noyes - Whitney

(1897) equation:
d;\;[ = D}'ZS (C,-C,) Eq.1.4
D: Diffusion rate coefficient
S: Total surface area
h: Thickness of the dissolution layer
Cs: Saturation solubility

Ci:  Drug concentration in the bulk solution at time t

The dissolution rate is proportional to both S and C;. In other side, C; is influenced by
the composition of the dissolution medium and its pH. Therefore, the drug solubility
and dissolution rate are not constant throughout the GIT. In the case of BCS class II
drugs, the dissolution rate is influenced both by the physicochemical properties of the
substance and by the prevailing physiological condition in the GIT. These parameters
were discussed in details by Dressman and Reppas (2000) and are given in table 1.2.

According to Noyes and Whitney (1897), the dissolution rate of a drug can be

increased either by increasing the surface area (S) available for the solvent e.g.
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reducing particle size or by increasing the saturation solubility C e.g. solubilisation of
drugs into micelles, liposomes or into cyclodextrins (Pouton, 2006; Stegemann et al.,

2007).

Table 1.2  Physical and physiological factors that can influence drug dissolution in
GIT (Dressman and Reppas, 2000).

Parameter Physical factor Physiological factor

Surface area Particle size Surfactants in gastric

juice and bile

Diffusion coefficient Molecular size Viscosity of luminal
contents

Stagnant layer thickness Motility patterns and
flow rate

Solubility Hydrophilicity and pH, buffer capacity, bile

crystal structure and food components
Concentration of drug in solution Permeability
Volume of GI contents Secretion and

administration fluids

For the determination of in vitro-dissolution, numerous tests for solid dosage
forms are reported in the literature and pharmacopoeias. The two general methods
included in the Ph. Eur. 5.8 are the paddle and basket apparatus. These methods belong
to the closed system and prescribe to measure dissolution from immediate release oral
tablets and capsules or modified release oral dosage forms and other non-oral types of
dosage form (Dyas and Shah, 2006). These methods, however, do not simulate the
absorption in the GIT and are not suitable to measure the dissolution of poorly soluble
drugs, for which sink condition is rather difficult if not impossible to reach.

In vitro systems for poorly water-soluble drugs should ideally maintain sink conditions
and the dissolving solid should be investigated in fresh solvent. Such a situation is
actually achieved in the open system e.g. flow through the cell (Ph. Eur. 5.8) or
Stricker apparatus (Stricker, 1969). The apparatus as a model for drug dissolution test



8 1 INTRODUCTION

can be employed as a useful tool to simulate an in vivo environment and used for low-

solubility powders or immediate-release dosage forms.
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1.2 Ibuprofen as model drug

Ibuprofen (Figure 1.4) a non-steroidal anti-inflammatory drug (NSAID) was
invented in 1969. As NSAID, ibuprofen act through inhibition of cyclooxygenase
enzyme (COX), thus inhibiting prostaglandin synthesis. There are at least two variants
of cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2) and ibuprofen inhibits
both. It appears that analgesic, antipyretic and clinical efficacy is achieved principally
through COX-2 inhibition; whereas COX-1 inhibition is responsible for several
“housekeeping” physiologic functions. However, the inhibition of COX-1 by
conventional NSAIDs produces much of the toxicity and adverse drug events,
particularly gastrointestinal toxicity, associated with these agents (Cannon and
Breedveld, 2001).

Ibuprofen is used for the treatment of acute and chronic pain e.g. dysmenorrhoea and
rheumatic diseases, as single doses of 200 - 800 mg three times to four times a day

(maximum dose per day is 3.2 g) (Martindale, 1993).

CH,

CH
’ COOH

H.C

Figure 1.4  Chemical structure of ibuprofen.

Ibuprofen has been chosen in this study as a model of poorly water-soluble
drug, since it is particularly insoluble in acidic aqueous solution and therefore it was
regarded as representative of drugs that are only sparingly soluble in water (Herzfeldt
and Kiimmel, 1983). The bioavailability of ibuprofen is limited by its dissolution; once
dissolved it readily gets absorbed throughout the gastrointestinal tract, therefore its fall
in BSC class II (Wilson et al., 1989).

Table 1.3 lists the important chemical, physical and pharmacokinetic data of

ibuprofen.
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Table 1.3 Chemical, physical and pharmacokinetic characteristics of ibuprofen.

Ibuprofen
Systemic name 2-[4-(2-methylproply)phenyl]propanoic acid
CAS number 15687 -27 -1
Formula C3H 50,
Mol. mass 206.3 g/mol
Appearance White, crystalline powder or colourless crystals
pK. 44-52
Solubility Practically insoluble in water, freely soluble in

acetone, in methanol and in methylene chloride.
It dissolves in dilute solutions of alkali hydroxides

and carbonates

Melting point 75-77°C
Bioavailability 49 -73 %
Protein binding 99 %
Metabolism Hepatic
Half life 1.8-2h

Extraction Renal
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1.3 Cyclodextrins as strategy to enhance water-solubility of drugs

In the fact, that about 40 % of the drugs being in the development pipelines and
up to 60 % of the compounds coming directly from synthesis are categorized as poorly
water-soluble (Merisko-Liversidge, 2002) and more than one third of the drugs listed
in the US pharmacopoeia are poor water-soluble or water insoluble (Pace et al., 1999).
The increasing number of poorly water-soluble drug candidates in the pharmaceutical
sciences provides challenges for the oral formulation since their water solubility and
rate of dissolution are a limiting step for their absorption and biological availability
(Horter and Dressman, 2001).

Several strategies for enhancing water-solubility and dissolution rate of these
drugs have been attempted including particle size reduction to the nanoscale (Loth and
Hemgesberg, 1986; Tiirk et al., 2002; Martin, 2003), preparation of solid dispersions
(Serajuddin, 1999), drug loading in solid porous carriers (Vallet-Regi et al., 2001;
Charnay et al., 2004; Andersson et al., 2004; Salonen et al., 2005) and liposome
formulation (Gulati et al., 1998). Cyclodextrin and their derivatives, however, have
been successfully applied in the pharmaceutical industry as solubility enhancer
because of the ability to form inclusion complexes with poorly water-soluble drugs

(Fromming and Szejtli, 1994; Loftsson et al., 2004).

1.3.1 Fundamental

Cyclodextrins (CDs) are cyclic oligosaccharides, consisting of (a-1, 4)-linked
a-D-glucopyranose unites, produced by degradation of starch wusing the
glucosyltransferase enzyme (GCT). The first substance isolated and proved to be a
cyclodextrin was published by Villiers in 1891 and characterised in 1903 by
Schardinger (Szejtli, 1998). However, it took more than 50 years to establish and
confirm the structure of CDs (Dodziuk ef al., 2006). The molecular structure (Figure
1.5) of these glucose derivatives, which approximates a truncated cone or tours,
generates a hydrophilic exterior surface and a non-polar cavity interior, due to the fact
that hydroxyl functions are oriented on the cone to the exterior with the primary

hydroxyl groups of the glucose residues at the narrow edge of the cone and the



12 1 INTRODUCTION

secondary hydroxyl groups at the wider edge. The central cavity is lined by skeletal
carbon and ethereal oxygen atom of the glucose, which give it a lipophilic character

(Loftsson et al., 2004).

HOH C

CH,OH
HOH ,C ]:3;;4
OH
Hydrophilic
/ Outside CH,OH
HOH ,C

OH (o]
H HO,
CH,0OH

CH, OH

Hydrophobic
Cavity

Figure 1.5 Chemical structure and toroidal shape of p-cyclodextrin molecule

The natural a-, B- and vy-cyclodextrin consist of six; seven and eight
glucopyranose unites. Cyclodextrins with more than eight glucose unites have been
described, but they are instable (Duchene and Wouessidjewe, 1992).

Natural CDs, in particular B-cyclodextrin, have limited water solubility. The chemical
and physical properties of natural CDs are listed in table 1.4.

Table 1.4  Characteristics of o-, p- and y-cyclodextrin (Fromming and Szejtli, 1994;
Saenger, 1980).

a-cyclodextrin  B-cyclodextrin y-cyclodextrin
No. of Glucose unites 6 7 8
Formula C36Hg0O30 C4oH70035 CusHgoO49
Molecular weight [g/mol] 972.86 1135.01 1297.15
Inner diameter [nm] 50 60 80
Outer diameter [nm] 146 154 175
Height [nm] 79 79 79
Cavity volume 1 g CD [ml] 0.10 0.14 0.20
Water solubility [g/100ml]  14.5 1.85 23
Water molecule in cavity 6 11 17

pKa 12.332 12.202 12.081
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A lot numbers of modified CDs have been prepared and show to have research
applications. However, only the derivates containing the hydroxypropyl, methyl and
sulfobutyl ether substitutes are used as pharmaceutical excipients. Derivatives improve
dramatically the water solubility of CDs.

Due to CDs application in the food and the pharmaceutical industries, it’s
necessary to investigate the metabolism and toxicity of CDs. After the oral
administration, the natural CDs are hydrolysed only in the colon. This hydrolysis
resembles that of starch, but with a lower initial rate due to the fact that CDs are
resistant to B-amylases active on the end of groups and sensitive only to a- amylases
active in the middle of the chains (Duchene and Wouessidjewe, 1992).

The oral administration of CDs does not result in an acute toxicity; moreover, no
significant change in the organs and the biological values was observed after the long-
term administration of CDs.

Intramuscular administration of B-CD results in ulceration and its intravenous
administration has nephrotoxic and haemolytic effects. These effects seem to be less in
the y-CD probably due to their better water solubility.

Lipophilic cyclodextrin derivatives, such as the methylated cyclodextrin, are to some
extent absorbed from GIT into systemic circulation and have been shown to be toxic

after the parenteral administration (Loftsson et al., 2004).

1.3.2 Pharmaceutical applications of CD

CDs are widely applied in the pharmaceutical industries. About 30
pharmaceutical products containing CDs are now on the market worldwide (Loftsson
et al., 2004). However, the most common pharmaceutical application of CDs is to
enhance the solubility, bioavailability and the stability of drugs. In addition, CDs can
be used to decrease the side effect of drugs (gastrointestinal or ocular irritation),
masking unpleasant odour or taste, transform gases or liquids into solids and for

prolonged release drug formulations (Loftsson and Brewster, 1996).
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1.3.3 Cyclodextrin complexes

CDs by their hydrophobic cavity are able to form inclusion complexes (Figure
1.6) with compounds having a size compatible with dimensions of the cavity.
However, geometrical and chemical factors are determining the kind of guest

molecules, which can penetrate into the CD cavity (Fromming and Szejtli, 1994).

Drug CD Drug/CD

Figure 1.6~ Schematic illustration represent equilibrium binding of drug and
cyclodextrin from a 1:1 complex according to Rajewski and Stella

(1996).

This knowledge was first suggested by Cramer in the 1940s. The term “inclusion
compound” i.e. “Einschlussverbindung” was introduced by Schlenk (1950). The most
important pharmaceutical application of CD complexes was patented in 1953 by
Freudenberg, Cramer and Plieninger (Szejtli, 1998).

During the drug/CDs complex formation, no covalent bonds were formed or
broken. The driving force leading to the inclusion complex formation includes release
of enthalpy from substitution of the water molecule from the cavity, electrostatic
interaction, Van der Waal’s interaction, hydrogen bonding, release of conformational
strain and charge-transfer interaction (Loftsson et al., 2004; Fromming and Szejtli,
1994). All these forces are relatively week, allowing free drug molecules in solution to
be in rapid equilibrium with drug bound within the CD cavity (Rajewski and Stella,
1996). However, the complex formation of hydrophobic drugs with CDs through an
equilibrium process can be specified quantitatively by an association or stability

constant (K,.;).
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Drug,+CD, —= Drug,/ CD, complex

[Drug, / CD,]

k o =
“*" IDrugl® [cDJ’

Eq.1.5

a and b: Molar ratio of the sequestered drug molecule to the CD

The knowledge of this stability constant can be used to compare the binding
effectiveness of different CDs, or prediction of the chemical stability of the inclusion
compound or the possible release of the included molecule. Various complexes with
different ratio of drugs/CDs can be formed depending of the CD type and

physicochemical properties of drugs.

1.3.4 Preparation of drug/CD binary system

Various techniques to prepare drug/CD complexes in solution, suspension,
paste or by dry mixing have been reported in the literature (Fromming and Szejtli,
1994; Cabral-Marques, 1994; Hedges, 1998). However, these methods are similar to

each other, using successively less water.
1.3.4.1 Preparation of drug/CD in a solution

The presence of water is necessary to prepare a drug/CD complex in this

method. Addition of organic solvent may be necessary when the guest molecule is
hydrophobic. Only limited organic solvent e.g. ethanol, methanol, propanol and
diethyl ether can be used.
The common procedure is to stir or shake the aqueous/organic solution for a certain
time (hours - weeks) at a certain temperature (20 - 80 °C). After stirring, the mixture is
stored at a temperature of 3 - 5 °C, then filtered or centrifuged. The crystalline product
is dried to constant weight.

In case of highly soluble CDs the solution can be dried using spry-drying or freeze-
drying.
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The use of organic solvent and high temperature limit the applications of these

methods in the industry; hence, it is described in the literature as a laboratory method.
1.3.4.2 Slurry method

In the so-called slurry method, the CD and the guest are not dissolved, but at
least suspended in the solution. The complex is collected in this method after stirring,
filtering and drying processes. This method can be varied by the use of even less water
to produce the complex “pasta-like”; it is then called “knead” method. The slurry
method, however, is the most feasible method for industrial purpose (Fromming and

Szejtli, 1994).
1.3.4.3 Preparation of drug/CD in a solid

The complex can be prepared by a simple mechanical mixing of CD and the
guest substance using a vibration mill or a ball mill, since the mixing times can range
from hours to days. However, no significant extent of complexation was observed in

this case for B-CD.

The disadvantages of some of these conventional complex formation techniques
are limiting the use of the complexation in a large scale in the industrial applications.
Including the requirement of organic or toxic solvents, the latter may result in residues
in the products, environmental pollution may occur and a multi-stage processing
including long drying steps may affect drug stability. To overcome these
disadvantages, alternative methods for preparing drug/CD complexes using
supercritical fluid (SCF) technology have been developed, since its non-toxic,
environment-friendly behaviour, which dose not leave traces in the product, and no
drying steps are required. SCF techniques used to prepare the CDs complexes are

delineated in detail in section 1.5.

1.3.5 Preparation of drug/CD/polymer ternary system

For reasons of costs, production capabilities and toxicology, only limited

amount of CDs must be used in drug formulation. In fact, the isolated crystalline



1 INTRODUCTION 17

product obtained by each complexation procedure can contain an uncomplexed part of
a drug or empty CD. Methods to improve the inclusion efficiency and optimise the CD
complexation are reported in the literature (Mosher and Thompson, 2006). However,
the addition of a small amount of water-soluble polymers to the aqueous complexation
media increases the complexation efficiency of CDs towards the drug by increasing
the stability of the complexes, resulting in enhanced drug solubility. This knowledge
was confirmed using spectrophotometry, NMR and thermodynamic methods.
Furthermore, the increase of the drug bioavailability through this addition was reported
(Loftsson, 1998; Mura et al., 2001; Faucci et al., 2001; Pose-Vilarnovo et al., 2002;
Valero et al., 2003).

1.3.6 CDs in granules formulations

Although the advantages of granules and tablets as solid dosage forms
compared to powders; only a few numbers of papers and patents formulate the CD
complexes for a solid dosage form.

Fromming and Szejtli (1994) in their detailed review reported some examples for
preparation of granules containing CDs. A preparation of a CD complex as granules
containing drug was reported as well by Ghorab and Adeyeye (2001 and 2003). The
authors in this study prepared ibuprofen-B-CD granules by mixing the drug and B-CD
in a conventional wet granulation process. The complex formation was confirmed
using different characterisation methods; in addition, the enhanced bioavailability of
process-induced fast-dissolving ibuprofen co-granulated with B-CD was investigated.

In 1998 Gazzaniga et al. investigated the use of B-CD as a pelletization agent with
microcrystalline cellulose (MCC) in an extrusion/spherounization process. The
addition of MCC conferred mechanical strength to the obtained pellets and reduced the
amount of B-CD in the final formulation. In related work, Gainotti et al. (2004)
produced drug-free pellets of f-CD and MCC using a high-shear mixer and loaded the

obtained pellets with ibuprofen using powder and solution layering processes.
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1.3.7 Characterisation of CD systems

There is no guarantee that the material obtained by any complexation method is
a true homogeneous inclusion complex. In many cases, the isolated solid product is a
mixture of complex, uncomplexed guest and empty CD. Therefore, the formation of
an inclusion complex has to confirm wusing quantitative analysis methods,
thermoanalytical methods, solid-state spectroscopic methods and morphological
mechanical methods. However, the selection of a specialised technique frequently

depends on equipments available and properties of the guest.
1.3.7.1 Determination of guest content

The quantitative determination of the guest content can be performed by

analytical methods such as UV, GLC, GC and HPLC.
1.3.7.2 Thermoanalytical methods

The complex formation can be confirmed using different thermoanalytical
methods (TG, DTG, DSC and DTA). These methods can only be used when the guest
has a melting/boiling temperature below the thermal degradation range of the
cyclodextrin at about 250 °C. Using the DSC, no energy absorption is observed at the
melting range of the guest when the guest is completed. In fact the guest molecule is
surrounded by the CD. Therefore, an endothermic melting peak can be observed for
the drug and its physical mixture with CD but will be absent for the complex in case of
complete complex formation of drug in CD (Fromming and Szejtli, 1994).

In addition, the uncompleted fraction of the guest can be estimated and quantified from
the melting peak data of the guest using DSC measurement especially if this amount is

large (Salonen ef al., 2005; Mura et al., 2003).
1.3.7.3 Solid-state spectroscopic methods

Several methods such as NMR, FTIR and X-ray are used to prove that the
complex is formed.
Among solid-state analytical techniques, C-NMR is a powerful one for the

identification of CD inclusion complexes and to obtain information on corresponding
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binding modes. The inclusion formation can be confirmed from the unique splitting
pattern of the host lattice spectrum. This method also provides information about the
guest molecule orientation and location of cavity water molecules before and after the
inclusion (Schneider et al., 1998; Injoon et al., 1998; Fromming and Szejtli, 1994;
Cabral-Marques, 1994).

Fourier transform infrared spectroscopy (FTIR) has also been used for analyses
of CD complexes in some case. Upon the host/guest interaction, bands due to the
included part of the guest are generally shifted or their intensities altered. In the
literature most often, FTIR studies of such CD complexes are reported which have a
carbonyl group-bearing guest. This is due to the adequate and well separated bands of
the carbonyls stretching bands that appear between 1680 and 1700 cm™ which is
significantly covered and shifted by CD complexation (Fromming and Szejtli, 1994).

In the recent years, X-ray crystallography is reported as the only exact method
for elucidation of the molecular structure of CD inclusion complex (Saenger, 1980).
Powder X-ray diffractometry is a simple and exact method for the detection of CD
inclusion compounds in powder or microcrystalline state. In case of crystalline guest
molecules, the complex formation can be suggested by missing or appearance of a
reflection band in the CD diffractogram, this method has been exploited to confirm the
complex formation of B-CD with NSAID (Cabral-Marques, 1994; Fromming and
Szejtli, 1994).

1.3.7.4 Morphological mechanical properties

The morphological investigation using scanning electron microscopy (SEM) of
the obtained microcrystalline powder can be utilised to confirm the complex formation
by the appearance of a new crystal population compared to the CD and the guest
crystals and their physical mixture. This method has been used widely in the recent

years.
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1.4 Utilisation of SCF for formation of CD complexes
1.4.1 Fundamental

Supercritical fluids are described as fluids and gases in the temperature and
pressure state of above critical point (Fukushima, 2000). The critical point represents
the highest temperature and pressure at which the substance can exist as a gas and
liquid in equilibrium. The range of pressures and temperatures that define the
supercritical fluid region of the diagram are shown in the PVT phase diagram for the
pure compound (Figure 1.7). The first description of a supercritical phase was in 1822
by Baron Cagniard de la Tour. Despite this early discovery, applications development
reached the initial peak during the period from the second half of the 1960s to the
1970s followed by a secondary peak about 15 years later (Fukushima, 2000)

Pressure

Supercritical
Region

Pc

Liquid \
Critical point
Solid

S p Gas

Tc Temperature

Figure 1.7  Phase diagram for a pure substance.

The physicochemical properties of a supercritical fluid vary over a wide range
depending on pressure and temperature but are generally intermediate between those
of gases and liquids. A comparison of some physicochemical properties of gases,
liquids and supercritical fluids are given in table 1.5 according to McHugh and

Krukonis (1986).
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Table 1.5  Physiochemical properties of gases, liquids and supercritical fluids.

Density Diffusivity Viscosity

[g/cm’] [cm?/s] [¢/(cm.s)]
Gas 10 10” 10
Supercritical fluid 107! 107 107
Liquid 1 10° 102

Supercritical fluids have liquid—like density values enabling appreciable salvation
power. Therefore, the SCFs are capable of extracting like a liquid, but without the
difficulties of removing liquids. In addition, the viscosity of solutes in supercritical
fluids is lower than in liquids and the diffusivity of solutes is higher; hence, the SCFs
facilitate mass transfer and have penetrating properties.

The dissolving power of SCFs offers a safe solvent for the extraction processes in
comparison with the conventional extraction. Products dissolved in a SCF may be
separated out by pressure reduction and/or by changing the temperature avoiding the
use of additional drying steps.

The above-discussed particular properties of SCFs resulted in several
applications in food and pharmaceutical industries. SCF-extraction is the most
commonly used technical process employing SCFs (McHugh and Krukonis, 1986;
King and Bott, 1993; Kaiser et al., 2001). Moreover, SCFs has been utilised for
purification and separation purposes in food processing and distillation industries as
well as in analytical chemistry applications for many years (Arai et al, 2002;
Valcarcel and Tena, 1997). Decaffeination of tea and coffee beans and purification and
fractionation of polymers from residual solvent are examples of its use (McHugh and
Krukonis, 1986).

Furthermore, SCFs offer exciting opportunities to the pharmaceutical scientific to cater
to various processing needs. They can be used in a recent operation as reaction media
during drug discovery process and have been successfully used in the enantioselective
synthesis of drugs. SCF acts as ideal medium for enzyme mediated reactions as
enzymes retain their activity when exposed to SCFs. Additionally SCFs are commonly

used in the polymer engineering technology, particle coating and for generating a
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particle in micro/nano-scale using different techniques such as RESS, precipitation
using a SCF as anti-solvent (GAS and SEDS) and supercritical carbon dioxide assisted
spray-drying (CAN-BD and SAA) (Arai et al., 2002; Pasquali et al., 2006; York et al.,
2004).

1.4.2 Supercritical carbon dioxide

Supercritical carbon dioxide (scCO,) is the most widely used supercritical fluid,
due to low cost, non-toxic, non-flammable and environment-friendly behaviour. In
addition, it exhibits a low critical temperature and pressure (Tc = 30.98 °C, Pc =
73.773 bar) As a consequence, scCO, is suitable for use as a solvent for thermally
labile natural substances or pharmaceutical agents. Moreover, scCO, is a good solvent
for many non-polar (and some polar) molecules with low molecular weight (Devine et

al., 2002).

1.4.3 Formation of CD complexes using SCFs

In the last ten years, SCF processes were developed and optimised in order to
achieve broad applications in drug delivery systems. One of the most frequent
technique applications of the SCF process is to enhance the dissolution of poorly
water-soluble drug using two main strategies, either by micronizing these compounds
into nano/micro particles or to formulate them by encapsulation, CD inclusion and
impregnation (Perrut et al., 2004). However, the complex formation of drugs with CDs
looks as a very promising solution to enhance the dissolution of poorly soluble agents.

Several SCF processes have been attempted to prepare drugs/CDs complex
(Table 1.6).

In 1999, Van Hees et al. prepared a piroxicam/B-CD (1:2.5 molar ratio) inclusion
complex using a static system with a multistage process by keeping a physical mixture
of the drug with a native cyclodextrin three hours in the scCO; at 150 °C and 45 MPa.
The authors assumed the high inclusion yield was due to the high temperature and
pressure of CO,, which could promote exchange of the water molecules with
piroxicam inside the cyclodextrin. In the same technique, the formation of

miconazole/miconazole nitrate complexes with several CDs (B-CD, HP-B-CD, y-CD
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and HP-y-CD) complexes was investigated. Additionally, the influence of different
molar ratios from 1:0.5 to 1:2.5 and the effect of the addition of ternary alkaline
compounds was also studied in temperature of 125-137 and 150 °C, three levels of
pressure (15 - 30 and 45 MPa) and two different contact times (60 and 180 min). The
author established that the complex formation of miconazole and y-CD or HP-y-CD by
treating physical mixtures in scCO; is a good method to improve the water solubility
of miconazole. In both studies, the authors use high temperature processing; however,
this 1s not attractive process for heat-sensitive pharmaceutical substances.
Charoenchaitrakool et al. (2002) prepared the complex of ibuprofen with methyl-f-
cyclodextrin (M-B-CD) as a solid dispersion using a multi-stage dynamic system by
passing a supercritical CO,/ibuprofen mixture through an M-B-CD packed bed. The
authors showed that the maximum of drug loading was 10.8 % wt. at 19 MPa, 35 °C
and 24 h static contacting time in CO,. In this procedure, it should be considered that
under these conditions M-B-CD was melted since M-B-CD starts to transform into a
liquid at 14.7 MPa and 35°C when contacted with supercritical CO,. Using other
technique the same group prepared a naproxen/CD by supercritical anti-solvent
process, using ethanol or DMSO-ethanol or DMSO-acetone mixtures as solvent and
carbon dioxide as anti-solvent. The resulting particles were mainly constituted by
naproxen/CD complex (as shown by DSC curves) exhibiting a very fast dissolution
profile in water at 37 °C, in comparison with a physical mixture or a coevaporated
mixture of both compounds. The use of organic solvent in the last study did not
provide any advantage compared to the conventional methods for complex formation.
However, the use of supercritical anti-solvent as method for the complex formation
was reported later in other works (Freiss et al., 2003; Jun et al., 2007; Moribe et al.,
2007).

The preparation of naproxen/B-CD complex using scCO, and ethanol as cosolvent was
reported by Junco et al. (2002), this study, however, did not contain any data on
dissolution. Bandi et al. (2004) prepared the complex of budesonide and indomethacin
with amorphous cyclodextrin (HP-B-CD) by exposing physical mixtures of
budesonide-HP-B-CD (0.31:1 molar ratio) and indomethacin/HP-B-CD (0.85:1 and
0.35:1 molar ratio) 20 hours to supercritical CO, at 40 °C and 21.1 MPa. The authors
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explain the improved drug dissolution by a change in the physical form of the drug

(from crystalline to amorphous state) and/or HP-B-CD to a more soluble form since

supercritical CO, treatment of the pure drugs did not enhance the dissolution rate.

Table 1.6  Drug/CDs binary complexes processed by SCFs.
Drug CDs SCF Publication
Budesonide and HP-B-CD CO, Bandi et al., 2004
indomethacin
Eflucimibe B-CD DMSO and CO, Freiss et al., 2003
Ibuprofen M-B-CD CO, Charoenchaitrakool
etal., 2002
Ibuprofen B-CD CO, Hussein et al., 2007
and Tirk et al., 2007
Ibuprofen, Trimethyl-B-CD COy/ethanol Moribe et al., 2007
flurbiprofen and
naproxen
Itraconazole B-CD CO, Hassan et al., 2004
and Al-Marzougqi et
al., 2006
Miconazole and B-CD/HP-B-CD/ CO, Van Hess et al.,
miconazole nitrate  y-CD/HP-y-CD 2002
Naproxen Ethanol/DMSO-  Foster et al., 2002
ethanol or
DMSO-acetone
and CO,
Naproxen B-CD CO, and ethanol Junco et al., 2002
Piroxicam B-CD CO, Van Hees et al.,
1999
Simvastatin HP-B-CD CO; and ethanol Jun et al., 2007




CHAPTER 2

AIM OF THE STUDY

Therapeutic effectiveness of a drug depends on the bioavailability and

ultimately on the solubility of drug molecules. For most orally administered, poorly
water-soluble drugs (BCS class II), the absorption is rate limited by dissolution. The
dissolution of poorly water-soluble drugs depends on the effective surface area, crystal
habit, and the energy state within the drug crystals. Although dissolution is directly
proportional to the specific surface area of the hydrophobic drugs, other factors such as
wettability, air adsorption, and agglomeration also play an important role in drug
dissolution (Sharma et al., 2005).
To improve the solubility of drugs, Martin (2003) showed in a previous study, that the
mircronisation to nano-scale of hydrophobic compound (griseovulvin) using rapid
expansion of supercritical solutions (RESS) technology is an important factor to
improve their water-solubility, absorption and bioavailability. Otherwise, the high
surface energy of the obtained nanosized objects gives rise to unique surface properties
and reactions or lead to the agglomeration of particles

With this respect, our aim is to enhance the water solubility of poorly water-
soluble drugs by developing a toxic-free, single-step, SCF process for loading a
submicron drug into solid carriers under the perpetuation of the positive properties of
the carriers. To achieve this goal, the controlled particle deposition (CPD) method is
developed.

With the introduction, drug/CD complex formation is a promising strategy to
increasing the water solubility of drugs. A native crystalline B-CD is chosen as carrier
to be loaded by a model drug (ibuprofen) in the CPD method.

For optimisation of the ibuprofen/B-CD complex formation in the CPD process, the

stability and/or the solubility of both drug and carriers in scCO,, the influence of the
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CPD experimental parameters on the loading process and the process reproducibility
will be investigated.

In order to evaluate this novel technique, the ibuprofen/B-CD complex obtained
by the CPD will be compared with ibuprofen/B-CD complexes obtained using
conventional methods for the complex formation (freeze-drying, co-precipitation and
physical mixture). The obtained solid complexes will be characterised for quantitative
determining of the un- and complexed drug content (HPLC), the crystallinity using X-
ray diffraction (XRD), differential scanning calorimetry (DSC) and morphologically
using scanning electron microscopy (SEM). Furthermore, the interactions between the
drug and B-CD will be elucidated using fourier transform infrared spectroscopy
(FTIR). Ultimately, the ability of the obtained materials to improve the water solubility
compared to the pure drug will be investigated using in vitro dissolution test.

The effect of the addition of a water-soluble polymer on the drug/CD binary
system was investigated in the aqueous solution or/and in the solid, using classical
methods for the complex formation e.g. freeze-drying or spray-drying (Loftsson 1998;
Mura et al., 2001; Faucci et al., 2001; Pose-Vilarnovo et al., 2002; Valero et al.,
2003). To date, the effect of the presence of water-soluble polymers in scCO, as
drug/CD complexation media is not reported. Therefore, the preparation of
ibuprofen/B-CD/ PVP ternary system in the CPD and characterization of its
physicochemical and dissolution properties are the second objective of the study.

The third objective of the study is to expand the application of the CPD by
loading drug in various carriers. Charoenchaitrakool et al. (2002) prepared
ibuprofen/M-B-CD using a multi-step supercritical process; however, the formation of
this complex using a single-step process (CPD) will be investigated in our work.

Finally, granules depending on -CD prepared by a wet granulation method will
be utilise as carrier to be loaded with ibuprofen either by the CPD process or by the
solution immersing (SI) as a conventional method for comparison. The drug-loaded

granules will be characterised for solid state and dissolution properties.



CHAPTER 3

MATERIALS

3.1 Materials

The materials used in this work are divided in three groups: model drug,

excipients and chemicals. All the materials and solvents were of the purest grade

available and used as received without further purification.

3.1.1 Drug

Table 3.1  List of drug.

Name Labelling

Manufacturer/supplier

Ibuprofen Batch No. 460490

Knoll Pharmaceuticals

3.1.2 Excipients

Table 3.2 List of excipients.

Name Labelling Manufacturer/supplier
B-Cylodextrin Cavamax” W7 Pharma  Wacker-Chemie AG
Methyl-B-cylodextrin Cavasol® W7 M Wacker-Chemie AG
Microcrystalline cellulose Avicel® PH 102 FMC Biopolymer
Polyvinyl pyrrolidon Kollidon® 25 BASF AG
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3.1.3 Chemicals

Table 3.3 List of chemicals.

Name Manufacturer/supplier
Gases

Carbon dioxide Air Liquide GmbH
Helium (Type 4.6) Messer Griesheim GmbH
Nitrogen (Type 5.0) Messer Griesheim GmbH

Chemicals

Acetonitril (gradient grade)

Aqua ad injectabilia

Ammoniac solution 25 % wt.

Buffer solution pH 4.0
Buffer solution pH 7.0
Buffer solution pH 9.0
Calcium chloride
Diethyl ether

D (+) Glucose monohydrate

Disodium hydrogen phosphate
HEPES 2-[4-(2-Hydroxyethyl)piperazin-1-

yl]ethanesulfonic acid

n-Hexane

Magnesium chloride hexahydrate

Magnesium sulfate heptahedrat

MES [2-(4-Morpholino) ethanesulfonic acid

Fischer Scientifics GmbH
and J.T.Baker
Own production
Merck KGaA
Merck KGaA
Merck KGaA
Merck KGaA
Merck KGaA
BASF AG
Merck KGaA
Merck KGaA
Fluka

Fischer Scientifics GmbH
and Carl Roth GmbH
Merck KGaA

Merck KGaA

Fluka
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Name Manufacturer/supplier
Phosphoric acid 85 % wt. Merck KGaA
Potassium dihydrogen phosphate Merck KGaA
Potassium chloride Merck KGaA
Sodium chloride Merck KGaA
Sodium dihydrogen phosphate Merck KGaA
Sodium hydroxide 0.1 N Merck KGaA
Sodium hydroxide 1 N Merck KGaA

3.2 General equipments

Table 3.4  List of general equipments.
Equipment Manufacturer
Balance Mettler AT 261 Delta range Mettler Toledo GmbH
Balance Mettler PC 1616 Mettler Toledo GmbH
Balance Mettler PC 4600 Delta range Mettler Toledo GmbH
Balance Mettler PM 6100 Mettler Toledo GmbH
Balance Sartorius CP224s Sartorius AG

Centrifuge Megafuge 1.0R

Drying oven T5050

PH Meter 761 Calimatic

PH Meter Seven Easy

Single channel pipette (5 - 50) pl

Single channel pipette (20 - 200) ul
Single channel pipette (100 - 10000) pl
Turbula mixer T2C

Ultra sonic bad Sonorex Super RK510H

Heraeus Instruments
Haraeus Holding GmbH
Knick GmbH

Mettler Toledo GmbH
Eppendorf AG
Eppendorf AG
Eppendorf AG

Willy A. Bachofen AG

Bandelin electronic GmbH
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Equipment Manufacturer

UV-VIS spectrometer 550 S Perkin Elmer GmbH
UV-VIS spectrometer Lamda 16 Perkin Elmer GmbH
UV-VIS spectrometer Plattenreader. Synergy HT Bio-Tek Instruments
Water distillation apparatus Wagner & Munz GmbH

Water purification system (revers osmosis) Hemo-Ro  Millipore GmbH

3.3 Other consumable materials

Table 3.5 List of other consumable materials.

Name Labelling Manufacturer

Crimp caps (HPLC) Product No.7056 Macherey-Nagel GmbH

Membrane filter 0.45 pm Regenerated cellulose  Sartorius AG

0 25 mm
Membrane filter 0.45 pm Cellulose nitrate Sartorius AG
0 47 mm
Vials (HPLC) Product No.70201 Macherey-Nagel GmbH

3.4 Data processing
Notebook: Acer aspire 1314 LC Athlon XP-M 2400, 512 MB RAM, 40 GB hard disk.

Table 3.6 List of softwares.

Software Manufacturer
ISIS Draw 2.1.4 MDL®
GraphPad Prism 4.0 GraphPad
Microsoft Windows XP Professional Microsoft

Microsoft Excel 2003 Microsoft
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Software Manufacturer
Microsoft Photo Editor 2003 Microsoft
Microsoft Power Point 2003 Microsoft
Microsoft Word 2003 Microsoft
Origin 6.0 OriginLab




CHAPTER 4

METHODS

4.1 Controlled particle deposition process
4.1.1 General description

The key idea behind the controlled particle deposition (CPD) process is to
dissolve the solute in the SCF followed by permeation of this fluid into the solid
carrier, this achieves by in a single-step process without using any organic or toxic
solvent or co-solvent.

Drug loading experiments were carried out at the Institut fiir Technische
Thermodynamik und Kaltetechnik, Universitit Karlsruhe (TH), using a static mode
SCF set-up. The static mode, however, uses a fixed amount of CO,. In the CPD, a
known amount of the drug and the carrier are placed in separate cartridges, which have
a sieve form inside a high pressure cell. Then the high pressure cell was closed and
immersed in a water bath and heated to the desired temperature. The required amount
of the liquid CO, was condensed in the high pressure cell. As soon as the desired
temperature was reached, the drug/scCO, precipitated in the solid carrier. During the
treatment time, pressure and temperature are controlled. At the end of the experiment,
the SCF was removed from the high pressure cell by decreasing the pressure, thereby
allowing the fluid to evaporate in gas form. The final product was taken from the
carrier chamber. The drug loading process by the CPD is depicted schematically in
figure 4.1.
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Figure 4.1  Schematic illustration of drug loading by the CPD process:
(A)  The drug and the carrier packed in separate vessels.
(B)  CO; was condensed in the reactor and the system brought to the
desired temperature and pressure.
(C)  The scCO, dissolved drug particle permeates in the solid carrier.
(D)  After the treatment time depressurisation was occurred and the

drug participate in the carrier.

4.1.2 Phase behaviour study

The knowledge of the equilibrium solubility of the drugs in the SCF is an
essential factor in designing a drug-loading process in the CPD. The investigations of
the phase behaviour were performed at the Institut fiir Technische Thermodynamik
und Kéltetechnik, Universitdt Karlsruhe (TH). The pressure and the temperature of the
three phases SLG coexistence curve of the drug/carrier under CO, pressure were
measured according to the first melting point method (Lemert and Johnston, 1989;
Diefenbacher and Tiirk, 2002). This method depends on the observation of the melting
point onset using a high pressure view cell by controlled increase of the temperature.
The experiments were carried out using a static mode, described in detail by Tiirk et
al. (2007). For a typical experiment, about 1 g of the solid material was placed in the
equilibrium cell. Thereafter, the system is evacuated at 0.4 Pa for 5 min and the view

cell is heated to the desired temperature. Afterwards, CO, is gradually charged from
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the gas cylinder into the view cell and the pressure adjusted at the desired value using

a manual pump.

4.1.3 Primary CPD experimental apparatus (CPD I)

At the beginning of the work, the loading experiments were performed in a
static mode (Figure 4.2 and Figure 4.3). This apparatus enables experiments in the
temperature range from 5 to 80 °C and pressures up to 50 MPa (Tiirk et al., 2007). The
temperature inside the high pressure cell is measured with a Pt-100 thermometer (Merz
Messfiihlertechnik GmbH, Deisenhofen, Germany). The accuracy of the temperature
measurement is within the total limit of £0.06 °C. The system pressure is measured
with a piezoresistive pressure gauge (WIKA Alexander Wiegand GmbH & Co. KG,

Klingenberg, Germany). The total uncertainty of the pressure measurement is within

+0.06 MPa.
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Figure 4.2 Schematic diagram of the CPD I apparatus for preparation of inclusion
complexes in SCF (Tiirk et al., 2007): Liquid thermostat (1), high-
pressure cell (2), drug and carrier cartridges (3), heating (4); cooling
(5), pressure sensor (6), pressure-relief valve (7), Pt-100 thermometer

(8) and inlet/outlet (9).
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(A)

Figure 4.3  Pictures of the experimental set-up CPD |
(A)  High pressure cell.

(B)  Drug and carrier cartridges.

4.1.4 Modified CPD experimental apparatus (CPD I1)

A few technical modifications in the primary CPD I apparatus have been
applied to receive reproducible and predictable results. The first modification was in
the localisation of the drug/carrier cartridges (Figure 4.2, 3), which were placed in
horizontal attitude in the upper part of the high pressure cell instead of vertical in the
primary set-up. This has been done in order to be sure that the loading experiments
occur in the supercritical phase and not in the liquid CO, that may be found at the
bottom of the high-pressure cell during the depressurisation. The second modification
was a change in the position of Pt-100 thermometer (Figure 4.2, 8) which was placed
in the water bath in the modified apparatus CPD II. The last stand of the CPD
apparatus is shown in the schematically representation (Figure 4.4) and the photograph

(Figure 4.5).
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Figure 4.4  Schematic diagram of the CPD Il apparatus for preparation of inclusion
complexes in SCF (Hussein et al., 2007). Liquid thermostat (1), high-
pressure cell (2), drug and carrier cartridges (3), heating (4), cooling
(5), pressure sensor (6) pressure-relief valve (7), Pt-100 thermometer (8)
and inlet/outlet (9).

Figure 4.5  Picture of modified drug or carrier cartridge in the experimental set-up

CPD II.
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4.2  Analytical methods

4.2.1 Determination of ibuprofen content in the binary system using high

performance liquid chromatography (HPLC)

The quantitative determination of the guest content in the CD complexes was
reported by Fromming and Szejtli (1994). In this, the complex has to be dissolved in
50 % ethanol, and then diluted with pure ethanol since B-CD is insoluble in pure
ethanol. The authors in this work recommended other methods for high stable or
poorly water-soluble complexes by dissolving the substance in 0.5 - 1 ml DMSO and
then diluted with 50 % ethanol. However, the determined amount of guest in these
methods does not give information about the un- and complexed part of the guest with
B-CD.

An alternative method for determination of the un- and complexed amount of drug was
reported by Waleczek et al. (2002) and Kaiser (2003), this method is based on the fact
that the B-CD and its complexes are insoluble but the free drug is soluble in n-hexane,
so the uncomplexed part of the guest can be detected by washing the obtained
complexes with n-Hexane. The washed complexes were being dissolved in DMSO to
determine the complexed amount of drug. In this study, a similar method using
different solvents has been employed to detect the un- and complexed ibuprofen

content in the obtained ibuprofen/CD binary system.

4.2.1.1 Preparation of the samples

To determine the free drug content in the complex, a sample (10 mg) of each
product was shaken with n-hexane (1 ml). The n-hexane supernatant was separated
and dried. The residue from the n-hexane layer was dissolved in acetonitrile (10 ml)
and analysed by HPLC. The drug content in the complex was determined by
dissolving the previously washed complex with a small amount of DMSO (400 pl) and
diluted with acetonitrile. After 12 hours, the B-CD had sedimented, and the supernatant

was centrifuged (Megafuge 1.0 R, Heraeus, Hanau, Germany) for 15 min at 1300 rpm,
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removed, filtered and was analysed by HPLC.
4.2.1.2 HPLC method for determination of ibuprofen content in the complex

The HPLC system consisted of a Shimadzu LC-6A pump (Shimadzu Europe,
Duisburg, Germany), an AS-200A injector (Merck/Hitachi, Darmstadt, Germany), a
Nucleosil 100-5 C18 125x4 mm column (Macherey-Nagel, Diiren, Germany), a
Shimadzu SPD-6A UV-detector (Shimadzu Europe, Duisburg, Germany) at 230 nm,
and a Shimadzu C-R6A integrator (Shimadzu Europe, Duisburg, Germany). The
mobile phase was 50:50 (v/v) acetonitrile/20 mM K,HPO, pH 2.5 at a flow rate of 1.5
ml/min. The injection volume was adjusted to 20 pl.

The inclusion yield (% wt.) of the ibuprofen/B-CD binary system prepared with

various methods was evaluated according to the following equation:

Percentage of included ibuprofen =[ complexed amount of ibuprofen /*100

free amount + complexed amount

Eq4.1

4.2.1.3 Calibration and validation of the quantitative determination of ibuprofen

by HPLC

For the calibration curve, an amount of 6.66 mg ibuprofen was accurately
weighed and dissolved in 50 ml of acetonitrile (stock solution [13.32 mg/100 ml]). Six
additional calibration levels (3.33; 2.664; 1.998; 1.332; 0.666 and 0.333 mg/100 ml)
were prepared by dilution of the stock solution with acetonitrile. Each dilution was
analysed at least six times by HPLC.

The validation of ibuprofen content has been carried out according to ICH
guidelines of analytical procedures (ICH Q2(R1), 2005). In this, the linearity of
calibration curve was analysed using a linear regression model and correlation
coefficients. The calibration curves, residuals and standardized residuals were
inspected to assess linearity according to Gottwald (2000). The limits of detection

(LOD) and limits of quantification (LOQ) were determined from serial dilution and
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were calculated according to the following equations:

LOD = 330

S Eq.4.2
LoQ= 122

S Eq.4.3

o: The standard deviation of the responses

S: The slope of the calibration curve

The system precision and the recovery was determined by analysing four different
concentrations (0.5, 1.0, 2 and 3 mg/100 ml) of ibuprofen. Each determination was
repeated at least six times, mean value; standard division and relative standard division

were calculated.

4.2.2 Determination of ibuprofen content using UV spectrometer

The determination of the total amount of ibuprofen in the ternary system
(ibuprofen, B-CD and PVP), B-CD-granules and the dissolved amount of the drug in all
dissolution measurements were performed using UV photometry at wavelengths of

264 or 221 nm (Figure 4.6).
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Figure 4.6 UV spectrum of ibuprofen in different pH values.

4.2.2.1 Preparation of hanks balanced salt solution

Ibuprofen in phosophat buffer pH 6.4

== |buprofen in phosophat buffer pH 3.5

—2— lbuprofen in phosophat buffer pH 2

In this work hanks balanced salt solution (HBSS) has been used as medium for all

dissolution experiments, determination of ibuprofen content in the ternary system and

B-CD-granules. HBSS (Table 4.1) was supplemented with glucose (1 g/l), buffered

with 5.07 g/l HEPES (pH 7.4) or 2.13 g/l MES (pH 6.0) and adjusted to the desired pH

using sodium hydroxide (0.1 N or 1 N).

Table 4.1  Composition of hanks balanced salt solution (HBBS).

Name g/l

CaCl, 0.14
KCl 0.40
KH,PO, 0.06
MeCl, x 6 H,0 0.10
MgSO, x 7 H,0 0.10
NaCl 8.00
Na,HPO4x 2 H,O 0.06
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4.2.22 Sample preparation of B-CD ternary system and p-CD granules

The drug content loaded in the ternary system and B-CD-granules was
determined by UV measurement. Sample amount of 100 mg were dispersed in 10 ml
HBSS buffer pH 7.4 and placed in an ultrasonic bath for one hour, the resulted
suspension was filtered through a 45 pm, cellulose nitrate membrane filter
(Starourious, Gottingen, Germany) and measured by a UV-VIS spectrophotometer

(550 S, Perkin Elmer) at 264 nm.

4.2.2.3 Calibration and quantitative determination of ibuprofen by UV

spectrometry

For the calibration of ibuprofen at pH 5, six solutions of ibuprofen in HBSS
within a range of (0.5240 - 1.8 mg/100 ml) were made by dilution stock from solution.
Each dilution was analysed at least six times by UV-VIS spectrophotometer (550 S,
Perkin Elmer) at 221 nm. For the calibration of ibuprofen at pH 6, eight solutions of
ibuprofen in HBSS within a range of (0.50 - 4.01 mg/100 ml) were made by dilution
from stock solution. Each dilution was analysed at least six times by UV-VIS
spectrophotometer (550 S, Perkin Elmer) at 264 nm. For the calibration of ibuprofen at
pH 7.4, nine solutions of ibuprofen in HBSS within a range of (0.727 - 36.36 mg/100
ml) were made by dilution from stock solution. Each dilution was analysed at least six

times by UV-VIS spectrophotometer (550 S, Perkin Elmer) at 264 nm.
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4.3 Solid state characterisation
4.3.1 Fourier transform infrared spectroscopy

Fourier transform infrared (FT-IR) spectroscopy in ATR mode (Attenuated
Total Reflection) was performed using a Spectrum One FTIR-spectrometer (Perkin-
Elmer Co, USA). A small amount of the powder was placed on top of the crystal and
pressed down to achieve good contact between the crystal and the sample. Each
spectrum was collected in the range of 650 - 4000 cm™ and a scan speed of 0.5 cmy/s.
The baseline was corrected for all spectra using the Perkin-Elmer Spectrum software
(Perkin-Elmer Co, USA). The FTIR measurements were conducted at the

Pharmazeutische Chemie, Eberhard Karls Universitdt Tiibingen.

4.3.2 Thermal behaviour

Differential scanning calorimetry (DSC) measurements were performed using a
Mettler DSC system (TA 8000, DSC 820, Mettler Toledo, Giessen Germany). The
samples were placed in perforated 40 pl aluminium standard pans and crimped with
punched lids. An empty aluminium sample pan was used as a reference. The DSC

methods used for different materials are listed in the table 4.2.

Table 4.2 DSC method.

Calibration Tau-Lag (Gallium, Indium, Tin)

Temperatures (Gallium 29.8 °C, Indium 156.6 °C, Tin 231.9 °C,
Zink 419.6 °C) Heat of fusion (Indium AHf = 28.45 J/g)

Flushing gas Nitrogen gas (10 ml/min)
Cooling Nitrogen liquid

Temperature range 25 - 200 °C for ibuprofen and their products
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Heating rate 10 °C/min for determination of the melting point and 5 °C/min
for quantitative determination of the drug loaded in crystalline

form

Sample weight 2 - 10 mg per run

The determination of the crystallinity from the melting peak data using DSC
measurement was performed according to Mura et al. (2003) and Salonen et al.
(2005). The crystalline drug content was expressed as percent of drug mass fraction in
the starting sample; this fraction was estimated by the ratio between the heat of fusion
of ibuprofen detected in the amount of drug-loaded sample and that of the amount of

pure drug, according to the following equation:

AHf S/ me %
Crystalline drug content = x 100
Ay my,

Eq. 4.4

AHf;: Heat of fusion of crystalline ibuprofen in drug-loaded sample (J)
M.  Sample weight of drug-loaded sample (g)

AHf,,: Heat of fusion of pure ibuprofen (J)

my,:  Sample weight of pure ibuprofen (g)

* The heat of fusion (AHf) was determined by integrating the melting peak of
ibuprofen using STAR® software, version 8.10 (Mettler Toledo, Giessen, Germany).

4.3.3 X-ray diffraction

Powder X-ray diffraction (PXRD) patterns were carried out using a Guinier
step scan diffractometer (G600, Huber Diffraktionstechnik, Rimsting, Germany) with
monochromatic CuKo,; radiation (A = 1.54056 A). The voltage and current were at 40

kV and 30 mA. The diffraction patterns were recorded in the rang of 5° < 20 < 60°,
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with a step size of 0.025°, and a 5 sec time per step. The XRD measurements were

conducted at the Instiut fiir Kristallographie, Universitdt Karlsruhe.

4.3.4 Scanning electron microscopy

The surface morphology of the raw material and the obtained products were
examined by the use of a scanning electron microscope (SEM) (DSM 940 A, Carl
Zeiss, Oberkochen, Germany). The pictures were taken with a Contax M 167 Mt
camera (Yashica-Kyocera, Japan) and digitized using Orion system (Orion 5, E.L.T.
sprl). Each sample was fixed on an aluminium pin using double adhesive tape
(Tempfix) and then coated with gold, by employing a Sputter Coater (E 5100, Bio-
Rad, Miinchen, Germany). The samples were sputtered four times for 60 sec and
exposed to 20 mA current and 2.1 kV acceleration voltages at a vacuum of 0.02 - 0.03
mbar. The micrographs were taken at 5 kV and 10 kV and at a magnification between

5000 and 20000.

4.3.5 Surface area measurement

The specific surface area was determined using nitrogen gas adsorption at a
temperature of -196 °C based on the Brunauer, Emmett and Teller (BET) method
according to the Ph. Eur. 5.8. A quantity of test granules, providing a surface area of at
least 1 m’, was accurately weighed and analysed using a SA 3100 Beckman Coulter
system (Beckman Coulter, Krefeld, Germany), the outgas temperature was 30 °C and
the outgas time 360 min. The surface area was calculated using a SA-VIEW™
software, version 2.12 (Beckman Coulter, Krefeld, Germany). The measurements were

repeated three times with different sample quantities.

4.3.6 Determination of the water content

The water content in the selected fraction of B-CD-granules was determined by
infrared drying method. A sample (1 g) of granules was placed on an IR-balance
(Mettler P160 and Mettler LP12, Mettler Toledo, Giessen, Germany) and dried to a

constant weight. The water content % wt. was calculated from the mass loss.
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4.3.7 Friability

The friability was measured according to Gainotti et al. (2004) using an Erweka
friability tester (type PTF1, Pharmatest Apparatebau, Heusenstamm, Germany). 100 g
of the granules was tested for 4 min at 25 rpm. Loose dust particles were removed
from the granules with air pressure before and after the test. The granules friability
was calculated from the loss of mass and expressed as the percentage of the initial

mass.
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4.4 Invitro drug release

The dissolution experiments were carried out with a Stricker (1969) flow-

through cell dissolution apparatus (Sartorius, Gottingen, Germany) (Figure 4.7).

Figure 4.7  Stricker dissolution apparatus.

A quantity sample of ibuprofen or equivalent amount of their products
containing the same content of ibuprofen (Table 4.3 and Table 4.4) was added to the
dissolution vessel containing 100 ml HBSS buffer and rotating at 1.2 rpm and
temperature of 37 °C. Samples of 4 ml were taken from the dissolution vessel and
replaced with an equal volume of the dissolution fluid. The withdrawn samples were
filtered through a membrane filter (45 um pore size; Cellulose Nitrate, Sartorius,
Gottingen, Germany). The filtrates were assayed spectrophotometrically (UV-VIS
spectrophotometer 550 S, Perkin Elmer, Uberlingen, Germany). The dissolution
coefficient (K,,) was calculated according to the Weibull equation (Heinrich et al.,

1986) in order to describe the kinetic parameter of the curve.

1
W te3004

t 63.29: Time needed to resale 63.2 % of the drug
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This equation was used earlier by Loth and Hemgesberg (1986) or Charoenchaitrakool
et al. (2000 and 2002) for the characterisation of ibuprofen dissolution kinetic. The

specific parameters of the dissolution test are given in table 4.3 and table 4.4.

Table 4.3  Dissolution parameters of ibuprofen and their binary systems with -CD.

Sample weight 3 mg of ibuprofen or equivalent amount " of their n-Hexane
washed binary systems.
Dissolution fluid HBSS buffer pH 5
Withdrawn samples 8 samples were taken from the dissolution vessel at 0, 5, 10,
15, 30, 45, 60 and 75 min
Assaying method UV photometry at 221 nm

Table 4.4  Dissolution parameters of ibuprofen, their ternary systems and

ibuprofen-loaded granules.

Sample weight 25 mg of ibuprofen or equivalent amount’ of their ternary

systems and ibuprofen-loaded granules
Dissolution fluid HBSS buffer pH 6

Withdrawn samples 12 samples were taken from the dissolution vessel at 0, 5, 10,
15, 30, 45, 60, 75, 90, 105 and 120 min
Assaying method UV photometry at 264 nm

" Equivalent amounts of products contain adequate amount of drug was estimated

according to the drug content measurements.
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4.5 Error propagations and statistic analysis

The statistical method for determining a value with its uncertainty is to repeat the
measurement several times thus allowing an average, the average deviation, the
standard deviation (SD) or the confidence interval (CI) to be calculated by the

following equations:

X1 +)(2 +...+Xn
n

¥y =

n: Number of measurement x E.q.4.6

D - \/d1+ dy+...+dp

n
d]I(Xl-;),dzz(Xz-;),... Eq47
ci=x+ 232
n
Z: Value determined by the probability E.q.4.8

The statistical evaluation of data was analysed by Student's T-test and multiple
comparisons by one-way analysis of variance (ANOVA) followed by Tukey posterior
test for multiple comparisons using GraphPad Prism software, version 4.0 for

Windows (California, USA, http:// www.graphpad.com). A value of p<0.05 was

considered significant.


http://www.graphpad.com/

CHAPTER 5

RESULTS

5.1 Analytical methods results

5.1.1 HPLC analytic of ibuprofen in their binary systems with g-CD

The calibration curve of ibuprofen provided a linear relationship between the
peak area (Y) and the concentrations of ibuprofen injected (X) in mg/100 ml with a
regression equation of Y = 164800 X — 4808 (1> = 0.9944) in the concentration range
0f 0.033 to 3.33 mg/100 ml (Figure 5.1).

0.7

0.6

0.5

0.4

0.3 -

Peak area [106]

0.2

0.1 -

0.0 T T
0 0.5 1 1.5 2 2.5 3 3.5
Ibuprofen [mg/100 ml]

‘ ——95% Confidence interval 95% Confidence interval (10 times) —— Linear

Figure 5.1 HPLC calibration curve of ibuprofen.

Validity of the analytical method can be verified by establishing several
analytical and statistical parameters (Table 5.1). The linearity of the detector response

for ibuprofen was confirmed between 0.333 - 3.33 mg/100 ml. In addition, the
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calibration curve (Figure 5.1) was inspected to assess linearity. The calibration curve

was analysed using a linear regression model and correlation coefficients (Table 5.1).

The calculated limits of detection (LOD) and limits of quantification (LOQ) according
to the Eq.4.2 and Eq.4.3, respectively, were found to be 0.27 and 0.82.

The system precision in the range of 0.5 - 3.0 mg/100 ml was 1.19 % and the recovery
of ibuprofen was found to be 98.69 %. Raw data of the validation are given in table

9.1.

Table 5.1  HPLC calibration data of ibuprofen.

Parameter Calibration of ibuprofen
Concentration range [mg/100 ml] 0.333-3.33

Number of concentration 6

Number of calibration samples 36

Univariant 34

Correlation coefficient 0.9944

Calibration equation Y = 164800 X —4808
LOD [mg/100 ml] 0.27

LOQ [mg/100 ml] 0.82

System precision 1.19% (n=4)
Recovery 98.69 %

5.1.2 UV analytic of ibuprofen

The calibration curve of ibuprofen in HBSS buffer pH 5 provided a linear
relationship between the peak area (Y) and the concentrations of ibuprofen measured
(X) in mg/100 ml with a regression equation of Y =0.4131 X —0.0112 (r*=0.9991) in
the concentration range of 0.525 to 1.837 mg/100 ml (Figure 5.2). The calibration data

are given in table 5.2.
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Figure 5.2 UV calibration of ibuprofen in HBSS buffer at pH 5.
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The calibration curve of ibuprofen in HBSS buffer pH 6 provided a linear
relationship between the peak area (Y) and the concentrations of ibuprofen measured
(X) in mg/100ml with a regression equation of Y = 0.0182 X — 0.0039 (> = 0.9999) in
the concentration range of 5.00 to 40.01 mg/100 ml (Figure 5.3). The calibration data

are given in table 5.2.

The calibration curve of ibuprofen in HBSS buffer pH 7.4 provided a linear
relationship between the peak area (Y) and the concentrations of ibuprofen measured
(X) in mg/100 ml with a regression equation of Y =0.0185 X — 0.0073 (r* = 0.9997) in
the concentration range of 7.27 to 36.36 mg/100 ml (Figure 5.4). The calibration data

are given in table 5.2.
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Figure 5.3 UV calibration of ibuprofen HBSS buffer at pH 6.
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Figure 5.4 UV calibration of ibuprofen in HBSS buffer at pH 7.4.
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Table 5.2  Calibration data of ibuprofen in HBSS buffer pH 5, 6 and 7.4 determined
by UV-VIS spectrometry.

Parameter Calibration of ibuprofen

HBSS buffer pHS pH 6 pH 7.4

Conc. range 0.525 - 1.837 5.00 - 40.01 7.27-36.36

[mg/100 ml]

Number of conc. 6 8 9

Number of 36 48 54

calibration samples

Univariant 34 46 52

Calibration Y=04131 X - Y =0.0182 X - Y =0.0185 X -

equation 0.0112 0.0039 0.0073

Correlation 0.9991 0.9999 0.9997

Wavelength (nm) 221 264 264
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5.2 Preparation of ibuprofen/B-CD complex using CPD process

5.2.1 Phase behaviour study

The phase behaviour of B-CD was investigated as described in chapter 4 (4.1.2)
and published previously by Tiirk et al. (2007). B-CD exhibits stability in scCO, under
the experimental parameters. Thereby, no melting or solvation of B-CD in scCO, was

visually observed at temperature of 40 °C and pressure up to 30 MPa for 24 h.

For ibuprofen, the melting point decreases with increasing pressure from 75.45 °C at
0.1 MPa to 47.15 °C at 15.1 MPa, whereas in the pressure range between 15 and 28

MPa, the melting temperature is nearly constant.

In parallel to the SLG behaviour of CO,/ibuprofen, the solubility of ibuprofen
in scCO, was studied, since the solubility data are essential parameters for an accurate
experimental design in the CPD process. The solubility of ibuprofen was investigated
at 40 °C and a pressure range of 20.5 - 25.5 MPa (Figure 5.5). Our measured solubility
data, however, supplement solubility data measured in a range of 9.5 - 22 MPa and
reported previously by Charoenchaitrakool et al. (2000). The measured solubility data
agree with those calculated by Tiirk et al. (2007) using the Peng-Robinson equation
(Peng and Robinson, 1979) of state and Van der Waal’s mixing and combination rules
(PR-Eo0S). As shown in figure 5.5, the solubility of ibuprofen in scCO, increases by
increase in the pressure. When the pressure increases, carbon dioxide density increases
and the intermolecular mean distance of carbon dioxide molecules decreases;
therefore, the specific interaction between the solute and solvent molecules increases

(Gurdial and Foster, 1991).
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Figure 5.5  Solubility of ibuprofen in scCO, at 40 °C measured by
Charoenchiatrakool et al. (2000), and measured / calculated solubility
from PR-EoS equation by Tiirk, M.

5.2.2 Optimisation of CPD experimental parameters for preparation of

ibuprofen/p-CD complex

5.2.2.1 Influence of the CPD experimental parameters on the ibuprofen/-CD

complex formation

The optimisation process of the CPD experimental parameters for preparing
ibuprofen/B-CD complex was investigated in the CPD I apparatus (Figure 4.2 and
Figure 4.3) using the method reported in chapter 4 (4.1.1). This process was conducted
at the Institut fiir Technische Thermodynamik und Kéiltetechnik, Universitdt Karlsruhe
(TH) and some data of this optimisation process published previously by Lowenberg
(2003).

The experiments were carried out by using constant amounts of ibuprofen (6.5 g) and
B-CD (8.5 g) and at 39.5 °C and a pressure up to 24 MPa (24, 25.26 and 27.4 MPa) to
avoid melting point depression of ibuprofen when contacted with scCO,. The time of

exposure was varied at each pressure level in a range between 6 and 114 h. The
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experiments were evaluated by HPLC determination of the un- and complexed
ibuprofen fraction in the obtained materials and by calculating the inclusion yield

using different experimental conditions (Table 5.3).

Table 5.3  Influence of the CPD experimental parameters (pressure and exposure
time) on the total ibuprofen content and the inclusion yields in the

ibuprofen/p-CD complex.

Pressure Exposure Total Complexed Inclusion
Exp. [MPa] time ibuprofen ibuprofen yield
[h] [% wt.] [% wt.] [% wt.]
p 246 12 0.57 0.51 88.44
0 24 0.51 0.22 42.42
T 48 0.56 0.21 36.70
S 48 0.84 0.04 47.22
B 114 0.72 0.48 66.92
R 2526 6 2.84 2.47 87.04
Vi 13.5 1.56 1.37 87.83
Q 48 0.66 0.30 46.25
7 114 3.88 2.52 65.01
V2 278 13.5 0.62 0.20 32.96
V4 13.5 1.29 0.80 62.12
A 48 3.09 1.59 51.59
48 1.72 0.08 43.92

AA
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The effect of the pressure on the complex formation was investigated over a
range between 24.7 and 27.8 MPa. The treatment time and the temperatures were kept
at 48 h and 39.5 °C, respectively.

As illustrated in figure 5.6, an increase in the pressure resulted in a higher total
ibuprofen content, whereas the inclusion yield increased in the rage of 24.7 - 25.28
MPa and was found to be similar by increasing the pressure form 25.28 MPa to 27.8
MPa. In other words, by increasing the pressure up to 27.8 MPa, increase the drug

transfer but did not seem to affect on the inclusion yield.
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Figure 5.6  Effect of pressure on the inclusion yield and the total ibuprofen content
loaded in B-CD at temperature of 39.5 °C and time of exposure of 48 h.

The effect of the contact time on the total ibuprofen content and the inclusion
yield was investigated by varying the contact time from 6 to 114 h at three pressure
levels (Table 5.3).

As shown in figure 5.7, the total loaded amount of ibuprofen at constant temperature
(39.5 °C) and pressure of 24.6 MPa is almost independent on the loading time < 1 %
wt. The optimum of the inclusion yield at this pressure level was at a contact time of

12 h.
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Figure 5.7  Influence of the exposure time on the total ibuprofen content and the

inclusion yield at pressure 24.6 MPa and temperature 39.5 °C.

At a higher pressure of 25.26 MPa the total ibuprofen loaded decreases by
increasing the contact time from 6 to 48 h, but this amount increased drastically at an
exposure time of 114 h (Figure 5.8). The inclusion yield optimum was seen at a

contact time of 6 and 13.5 h.
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Figure 5.8  Influence of the exposure time on the total ibuprofen content and the

inclusion yield at pressure 25.26 MPa and temperature 39.5 °C.
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By increasing the pressure to 27.8 MPa, the total amount of ibuprofen and the
inclusion yield decreased compared to the experiments performed at 25.26 MPa
(Figure 5.9). Moreover, experiments performed at the same conditions, show quite

variable results with regard to the total ibuprofen amount and inclusion yield.

100 4
80 A
-3 ?

p— Y
2 <
= 60 &
T) (=]
= I -2 ;i.
=
=) =
g 40 - I "—';
o) I °
= -1 &

20 1

0 ) ) ) 0

13.5 13.5 48 48

Exposure time [h]
Inclusion yield == Total ibuprofen

Figure 5.9  Influence of the exposure time on the total ibuprofen content and the

inclusion yield at pressure 27.8 MPa and temperature 39.5 °C.

The preliminary study shows that the optimum of the CPD experimental
conditions were at a temperature of 39.5 C°, a pressure of about 25 MPa and a contact
time about 14 h. on the other hand, reproducibility of the experiments in the CPD was
not achieved in the CPD apparatus in this stand (Figure 4.2 and Figure 4.3). A
modification in the apparatus was required. As a reason for the varying results was the
vertical attitude of the drug and the carrier. We observed in some experiments that the
process obviously occurred in a liquid CO, phase at the bottom of the high pressure
cell during the depressurisation step. To overcome this disadvantage, the drug/carrier
cartridges were placed in a horizontal attitude in the upper part of the high pressure
cell to be sure that the CPD process occurs exclusively in the supercritical CO, phase

(Figure 4.4 and Figure 4.5).
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5222 Investigation of reproducibility

After the modifications on the CPD set-up, at first, reproducibility of
ibuprofen/B-CD complex formation was investigated by performing several
experiments using the same defined experimental parameters.

In this, adjusted amounts of ibuprofen (8 g) and B-CD (13 g) were placed in separate
cartridges inside the high pressure cell. Then the high pressure cell was immersed in a
temperature-controlled water bath (39.5 °C) and pressurized to 24.7 MPa. The contact
time was kept at 15.5 h. The repeatability of the process was evaluated by HPLC
determination of the un- and complexed ibuprofen fraction and the inclusion yield

(Table 5.4 and Figure 5. 10).

Table 5.4  Evaluation of CPD reproducibility for preparing ibuprofen/p-CD.

Total ibuprofen Complexed Inclusion
[%0 wt.] ibuprofen yield
[% wt.] [% wt.]

V35 2.73 1.45 52.97
V36 2.99 1.49 50.01
V37 291 1.36 46.86
V90 2.50 1.26 50.30
Vol 2.62 1.17 44.54
Vo2 3.06 1.66 54.29
Mean 2.802 1.398 49.83

SD 0.220 0.174 3.7
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The results show that the preparation of ibuprofen/pB-CD using the CPD method
under these experimental conditions is reproducible; since the determined amount of

total ibuprofen and the complexed part were repeatable, significant variation was not

observed.
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Figure 5.10 CPD reproducibility for preparing ibuprofen/B-CD complex.
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5.3 Physicochemical characterisation and comparative evaluation of
ibuprofen/B-CD complexes obtained by CPD and other conventional

methods

In order to evaluate the effectiveness of the CPD as new developed supercritical
carbon dioxide processing for preparation of B-CD-complexes, the physicochemical
characteristics of the material produced by the CPD are compared to material obtained
by different conventional methods (co-precipitation and freeze-drying). In addition,

the dissolution properties of the products have been investigated.

5.3.1 Preparation of ibuprofen/B-CD binary systems

The solid complexes of ibuprofen and B-CD were prepared by different
processes by the CPD using scCO, and by the freeze-drying and the co-precipitation,
according to Kurozumi et al. (1975) as well known standard methods for comparison.

A physical mixture of the drug and B-CD was prepared as a control.
53.1.1 CPD process

Ibuprofen/B-CD complexes (n = 6) were obtained by the CPD according to the

method and experimental procedures described in section 5.3.2.2.
5.3.1.2 Co-precipitation method

The co-precipitation complexes (n = 3) were prepared with a molar ratio of 1:3
ibuprofen/B-CD. Ibuprofen and B-CD were dissolved/suspended in diethyl ether and
water, respectively, and mixed together. The mixture was stirred at room temperature
for 24 h. After that, the suspension was kept at 0 °C and finally the microcrystalline

precipitate was filtered, washed with a small amount of water and dried at 50 °C.
5.3.1.3 Freeze-drying method

The freeze-dried complex (n = 3) was prepared by dissolving ibuprofen and [3-

CD (1:3 molar ratio) in 2.34 % aqueous ammonium solution. After 15 min of agitation
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at room temperature, the resulting solution was frozen and lyophilised (Lyovac GT 2
freeze-dryer, Finn Aqua Santasalo-Sohlberg Co., Tuusula, Finland) using a 24 h
drying program: -30 °C for 8 h; 0 °C for 4 h; 10 °C for 6 h and 20 °C for 6 h.

5.3.1.4 Preparation of the physical mixture

A physical mixture was prepared as a reference by mixing of previously sieved

ibuprofen and B-CD with 1:3 molar ratio in a Turbula T2C mixer for 15 min at 42 rpm.

5.3.2 Characterisation of ibuprofen/p-CD binary systems

5.3.2.1 Determination of ibuprofen content

The HPLC determination of the ibuprofen content in the ibuprofen/B-CD
binary systems shows the highest inclusion yield in the freeze-dried material, a
medium efficiency in the CPD and the co-precipitated, and as expected, almost no
effect in the physical mixture. Significant amounts of the loaded drug were
incorporated in the CD though a portion of the physical mixture was present in all

preparations except the freeze-dried product (Table 5.5).

Table 5.5  Inclusion data of ibuprofen/-CD systems prepared by the CPD (n=6)
and the other methods (n=3).

Product Total ibuprofen content Inclusion yield
[% wt. = SD] [% wt. = SD]
CPD 2.8+0.22 49.83 £3.65
Co-precipitation 5.39+£0.07 5191+ 1.73
Freeze-drying 5.34+0.22 97.01+1.70

Physical mixture 5.37+£0.28 3.25+1.89
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5322 Infrared spectroscopy

The FTIR-ATR spectrum of pure ibuprofen (Figure 5.11, A) shows all the
characteristic bands of the drug, including the carbonyl stretching at 1706 cm™. A shift
to higher frequency in the characteristic acid carbonyl stretching in the physical
mixture to 1714 cm™ (Figure 5.11, C), the CPD to 1714 cm™ (Figure 5.11, D) and the
co-precipitated material to 1731 cm™ (Figure 5.11, E) was seen. In addition the C=0
stretching was weak in the CPD (Figure 5.11, D) and was completely absent in the
freeze-dried material (Figure 5.11, F), indicating the inclusion of this part of the drug
molecule in the B-CD. The disappearance or shift of the carbonyl stretching was
reported earlier as evidence for the inclusion of ibuprofen inside the B-CD cavity

(Cabral-Marques, 1994; Mura et al., 1998; Bratu et al., 2005).
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Figure 5.11 FTIR-ATR spectrums of pure ibuprofen (A), p-CD (B), ibuprofen/p-CD
physical mixture (C) CPD (D), co-precipitation (E) and freeze-drying

(F) products.
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5.3.2.3 Thermal behaviour

The thermal behaviour of the ibuprofen/B-CD binary systems was studied with
DSC to confirm the formation of a solid complex by the disappearance of the
endothermic melting peak of crystalline ibuprofen. Pure ibuprofen exhibits an
endothermic melting peak at about 77 °C (Figure 5.12, A). The DSC thermograph of
B-CD (Figure 5.12, B) shows a broad endothermic peak around 105 °C, corresponding
to the release of water. In the thermal curve of the physical mixture (Figure 5.12, C)
the characteristic endothermic melting peak of ibuprofen was observed. The
thermograms of the ibuprofen/B-CD complex prepared by the CPD (Figure 5.12, D)
and the co-precipitation (Figure 5.12, E) displayed a melting peak at 77 °C, which still
reflects the presence of drug crystals not incorporated in the carrier in this preparation.
A complete disappearance of the endothermic peak of free ibuprofen was in contrast

observed for the complex obtained by the freeze-drying method (Figure 5.12, F).

A Aexo

Heat flow [a.u.]
=

30 60 90 120 150
Temperature [°C]

Figure 5.12 DSC thermograms of pure ibuprofen (A), p-CD (B), ibuprofen/p-CD
physical mixture (C), CPD (D), co-precipitation (E) and freeze-drying

(F) materials.
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5.3.24 X-ray diffractometry

A change in the crystallinity of the drug (PXRD) indicates complex formation by
appearance of a new or at least a deviation from the original pattern (Fromming and
Szejtli, 1994; Cabral-Marques, 1994; Mura et al., 1998). The PXRD of ibuprofen
(Figure 5.13, A) shows the characteristic pattern of the drug. A significant reduction of
the X-ray diffraction pattern of the drug was observed in all complex formation
methods, especially in the freeze-dried product indicating a complete loss of
crystallinity. In addition, new peaks were observed at 6.82°, 7.3° and 7.35° in all
diffractograms of CPD (Figure 5.13, D), co-precipitation (Figure 5.13, E) and freeze-
dried (Figure 5.13, F) materials, respectively. These peaks may suggest the formation

of ibuprofen/B-CD complexes.
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Figure 5.13 PXRD patterns of pure ibuprofen (A), B-CD (B), ibuprofen/p-CD
physical mixture (C), CPD (D), co-precipitation (E) and freeze-drying
(F) products.

5.3.25 Morphological investigation

The morphological changes of obtained materials compared to the pure drug, -

CD and the physical mixture were investigated by scanning electron microscopy
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(SEM). Pure ibuprofen (Figure 5.14, A) appeared as needle-shaped crystals with a
rough surface and B-CD (Figure 5.14, B) with a parallelogram shape. The ibuprofen/f3-
CD physical mixture (Figure 5.14, C) shows bulky particles (B-CD) with small needles
(ibuprofen) adhered to its surface. In all materials obtained by complex formation
methods, a new population of particles with a typical shape occurred, which was not
seen in the pure material and the physical mixture. The CPD material (Figure 5.14, D)
showed crystals looking different from those of ibuprofen and B-CD and having a
smaller crystal size. Agglomerates of multiple crystals appeared in the co-precipitation
material (Figure 5.14, E), and no crystals from the pure drug or pure B-CD could de
distinguished. The freeze-dried material (Figure 5.14, F) appeared in a typical
morphology with a soft and fluffy structure. The occurrence of the new form of
crystals in all the produced materials gives evidence for the formation of the solid
inclusion complex.

In addition to the SEM study, the different morphological state of ibuprofen/p3-
CD complex obtained by different methods was depicted using digital pictures (Figure
5.15). In this, the CPD material is shown as free-flowing powder, the co-precipitation,

the freeze-dried materials in contrast were in aggregate form.
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20pm

Figure 5.14 SEM micrographs of pure ibuprofen (4), [-CD (B), ibuprofen/p-CD
physical mixture (C), CPD (D), co-precipitation (E) and freeze-drying
(F) products.

Figure 5.15 Pictures of freeze-drying (A), co-precipitation (B) and CPD materials.
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5326 Determination of drug release

In order to evaluate the ibuprofen/B-CD complexes obtained using different
techniques in improving the water solubility of ibuprofen, in vitro dissolution testing
was performed at pH 5, where pure ibuprofen (Figure 5.16, E) shows low dissolution
with only about 60 % of drug dissolving after 75 min (Table 5.6).

The presence of B-CD in the physical mixture (Figure 5.16, C) improved the
dissolution of ibuprofen significantly; this is likely to be due to the wettability-
enhancing effect of B-CD (Govindarajan and Nagrsenker, 2004; Charumanee, 2004) or
the complex formation with drug in a solution.

Although the drug dissolution of the co-precipitation material (Figure 5.16, D) after
the first 15 min was well expressed and significant, this improvement was rather
limited after 75 min because of agglomerates found in this product (Table 5.6). The
highest enhancement of the drug dissolution was seen for the CPD product and the
freeze-dried materials with about 90 % of ibuprofen released within 75 min (Figure

5.16, B and A) respectively.
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Figure 5.16 Dissolution profiles of ibuprofen (E), ibuprofen/B-CD physical mixture
(C), CPD (A4), co-precipitation (D) and freeze-drying (B) products in
HBSS buffer pH 5 at 37 °C.
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The calculated Weibull-coefficient (K,,) confirmed these results. Here, the CPD
and the freeze-dried materials show the highest dissolution rate compared to the pure
drug, the physical mixture and the co-precipitation material. For pure ibuprofen and
the co-precipitated material, this coefficient could not be calculated because of their

slow dissolution (less than 63.2 % after 75 min).

Table 5.6 Dissolution rate coefficient (K,, #SD) and amount of ibuprofen dissolved

after 15 and 75 min (% £ 95 % CI).

Product Dissolution rate Dissolved amount of Dissolved amount of
coefficient [min '] drug after 15 min drug after 75 min
CPD 0.086 + 0.002 (A) 71.9£3.62 (A) 93.5+£2.89(A)
Co-precipitation ~ <0.013 59.3+1.17 (B) 61.3+0.52 (B)
Freeze-drying 0.114 £ 0.007 (B) 90.4 £5.05 (C) 90.6 £2.54 (A)
Physical mixture  0.039 + 0.002 (C) 50.8 £0.19 (D) 78.5 £0.85 (C)
Tbuprofen <0.013" 22.0 +3.56 (E) 59.5 + 4.86 (B)

"K,, < 0.013 means that ibuprofen dissolution did not reach 63.2 % within 75 min.
These values were excluded from statistical analysis.

Values marked with different letters differ significantly (ANOVA, Tukey-test, p<0.05;

n=3).
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5.4 Preparation and characterisation of ibuprofen/B-CD/PVP ternary system

5.4.1 Preparation of ibuprofen/f-CD/PVP ternary system using CPD method

In this part of the study, the addition of water-soluble polymer to increase the
complexing and solubilizing efficiencies was investigated. Ibuprofen/B-CD/PVP
ternary system was carried out in the modified set-up CPD II in two different
procedures, either by using two cartridges, one for the drug and the other for B-
CD/PVP mixture (separate) or only one cartridge which was filled with ibuprofen/B-
CD/PVP physical mixture (physical mixture). Experiments were carried out at a
pressure of 24.5 MP, a temperature of 39.5 °C and an exposure time of 15.5 h. More

details about the experimental conditions are given in table 5.7.

Table 5.7  CPD experimental parameters for preparation of ibuprofen/p-CD/PVP

ternary systems.

Ibuprofen B-CD PVP
2] 2] [%] wt.
V75 2.67 14.72 1% Physical mixture
V76 2.66 14.61 10 % Physical mixture
V77 2.67 14.43 1% Separate
V78 2.67 14.43 10 % Separate
V95 16.0 14.30 1% Separate
Voo 16.0 3 1 % Separate
V97 8.0 13 10 % Physical mixture

Vg 8.0 13 10 % Physical mixture
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5.4.2 Characterisation of the ibuprofen/p-CD/PVP ternary system
5.5.2.1 Drug content

The HPLC determination of the un- and complexed ibuprofen fraction was
not possible due to presence of PVP in the ternary system, Therefore the total drug
content was determined using UV photometry according to the method described in
section 4.2.1. The uncomplexed drug amount was estimated using DSC by integrating
the melting peak of the drug, which appeared in the thermograms of the obtained
ternary system according to the method described in section 4.3.2.

As shown in the table 5.8, the entire drug loaded in experiments performed
with a low ibuprofen amount (about 2.6 g) and a high carrier amount (about 14.4 g)
was complexed with B-CD/PVP mixture, since crystalline drug was not observed in
the DSC measurement (V75 - V78). No significant different in the total loaded
ibuprofen content was observed by variation of the PVP amount from 1 % to 10 %
(V75 - V76 and V77 - V78). On the other hand, the total ibuprofen content was higher
in experiments preformed by placing drug and carrier in separate cartridges (V77 and
V78) compared to keeping the drug and carrier as a physical mixture (V75 and V76).
Increasing of the drug amount to 16 g and keeping the carrier amount at 14.4 g (V95)
leads to an increase in the loaded amount of ibuprofen to 9.79 % wt. Only 1.73 % wt.
of this amount was found outside the complex (free drug). The highest amount of drug
being outside the complex was found in experiment V96, due to the use of high drug
concentration but a low amount of the carrier.

Experiments conducted with the same amount of ibuprofen and B-CD as used in the
preparation of the binary complex (5.2.2.2) but with addition of PVP 10 % wt. (V97
and V98) showed a loaded drug content of ~ 4.7 % wt., whereas only about 0.5 % wt.

was found as free drug outside the complex.
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Table 5.8  Total and free ibuprofen content in ibuprofen/p-CD/PVP ternary

Systems.

Product Total ibuprofen Free ibuprofen

[% wt.+ SD] [% wt.£ SD]
V75 1.00 +0.011 -
V76 1.01 £0.011 -
V77 1.96 +£0.011 -
V78 1.93 +£0.003 -
Vo5 9.76 £0.053 1.73 £ 0.044
Vo6 14.13 +0.133 13.39+£0.16
Vo7 4.90 +0.109 0.68 +0.02
Vo8 4.47+0.115 0.31 +£0.03
5422 Thermal behaviour

Products obtained by the same experimental conditions (V97 and V98) were

chosen for more detailed characterisation.

As shown in (Figure 5.17, A), the melting peak of ibuprofen appears at about 77 °C.
The B-CD/PVP mixture exhibits an endothermic melting peak around 105 °C,
corresponding to the release of water (Figure 5.17, B). In the thermal curve of the
ibuprofen/B-CD/PVP physical mixture (Figure 5.17, C) the characteristic endothermic
melting peak of ibuprofen was observed; this peak disappeared because of the
complexation with B-CD/PVP after the treatment with scCO, in the CPD process
(Figure 5.17, D).
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Figure 5.17 DSC thermograms of pure ibuprofen (A), f-CD/PVP physical mixture
(B), ibuprofen/B-CD/PVP physical mixture (V98) before the treatment
with scCO, (C) and ibuprofen/B-CD/PVP physical mixture (V98) after
the treatment with scCO; in the CPD (D).

5.4.2.3 Dissolution study

The dissolution rate of ibuprofen at pH 6 (Figure 5.18) was low with 80.89 +
0.61 % wt. dissolving at the end of 120 min. The percentage of ibuprofen dissolved
(85.41 £ 3.32 % wt.) from the physical mixture (ibuprofen/B-CD/PVP) was not
statistically different from pure ibuprofen. The CPD processing physical mixture
significantly enhanced the dissolution rate of ibuprofen with 101.01 £+ 2.36 % wt.
dissolved after 120 min. The Weibull-coefficient (K,,) calculated confirmed this
results, whereas the dissolution rate coefficient of the physical mixture was
significantly different from pure ibuprofen. The Weibull-coefficient was in the order:

ibuprofen < physical mixture < CPD ternary system (Table 5.9).
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Figure 5.18 Dissolution profiles of ibuprofen (A), ibuprofen/p-CD/PVP physical
mixture (V98) before the treatment with scCO, (B) ibuprofen/p-CD/PVP
physical mixture (V 98) treated with scCO, in the CPD(C) in HBSS
buffer pH 6 at 37 °C.

Table 5.9  Dissolution rate coefficient according to Weibull (K,, £ SD) and amount

of ibuprofen dissolved after 120 min (% wt. 95 % CI).

Product Dissolution rate Dissolved amount of drug
coefficient [min '] after 120 min

CPD-V98 0.092 + 0.001 (A) 101.01 £2.36 (A)

Physical mixture 0.053 £0.003 (B) 85.41 £3.32 (B)

Ibuprofen 0.020 £ 0.001 (C) 80.89 £ 0.61 (B)

Values marked with different letters differ significantly (ANOVA, Tukey-test, p<0.05;
n = 3).
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5.5 Preparation and characterisation of ibuprofen/M--CD complex

5.5.1 Preparation of ibuprofen/M-p-CD complex using CPD process

The ability to prepare a solid dispersion in the CPD technique in a single-step

process was tested by marking a complex of ibuprofen with M-B-CD. This complex
was produced previously by Charoenchaitrakool et al. (2002) using a multi-stage
dynamic system in a two step process when at the first, the drug was extracted with
scCO, and thereafter, the scCO,/ibuprofen mixture was passed through the M-B-CD
packed bed.
The authors showed that the maximum of the drug loading was 10.8 % wt. at 19 MPa,
35 °C and 24 h static contacting time with scCO,. In this procedure, it should be
considered that under these conditions M-B-CD melted, since M-B-CD starts to
transform into a liquid at 14.7 MPa and 35°C when contacted with scCO..

In our study, the ibuprofen/M-B-CD complex was produced in the modified set-
up CPD II using the method described in chapter 4 (4.1.1). In this, a fixed amount of
ibuprofen (13 g) and M-B-CD (5 g) were placed in the same cartridge and were
separated with a metal screen. The conditions used for preparing the ibuprofen/M-f3-
CD complex were temperature (39.5 °C), pressure (24.5 MPa) and exposure time of
15.5 h.

5.5.2 Characterisation of ibuprofen/M-p-CD complex
5.5.2.1 Drug content

The HPLC assay indicated the total ibuprofen content loaded into M-B-CD
during the CPD process was found to be 7.60 + 0.07 % wt. This entire amount was
complexed with M-B-CD, since any free drug was not detected in the n-Hexane wash

solution.
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5.5.2.2 Thermal behaviour

The thermal behaviour of ibuprofen/M-B-CD complex obtained by the CPD
was studied with the DSC to confirm the formation of a solid complex by the
disappearance of the endothermic melting peak of crystalline ibuprofen. Pure
ibuprofen exhibits an endothermic melting peak at about 77 °C (Figure 5.19, A). The
DSC thermograph of M-B-CD (Figure 5.19, B) shows a broad endothermic peak
around 60 °C, corresponding to the release of water. A complete disappearance of the
endothermic peak of free ibuprofen was in contrast observed for the complex obtained
by the CPD (Figure 5.19, C) confirming the HPLC results. Our results, regarding the

product, are consistent with Charoenchaitrakool et al. (2002).
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Figure 5.19 DSC thermograms of pure ibuprofen (A), M-p-CD (B) and ibuprofen/M-
[-CD complex prepared by the CPD (C).

5.5.2.3 Morphological study

As shown in the digital picture (Figure 5.20), ibuprofen/M-B-CD complex
obtained by the CPD were irregular in the size and the shape, very likely due to the
melting phase transition of M-B-CD/ibuprofen/scCO, ternary mixture under the

experimental conditions.
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Figure 5.20 Picture of the ibuprofen/M-f-CD prepared by the CPD method.

5.5.24 Dissolution study

Due to the irregular particle size of the ibuprofen/M-B-CD complex obtained
by the CPD, the dissolution kinetic of this material shows an irregular curve with a
high standard deviation. However, the obtained ibuprofen/M-B-CD complex shows
enhancement in the drug dissolution at pH 5 with about 90 % drug released after 75

min compared to pure ibuprofen (Figure 5.21).
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Figure 5.21 Dissolution profiles of ibuprofen (B) and ibuprofen/M--CD complex
obtained by the CPD (A) in HBSS buffer pH 5 at 37 °C.
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The calculated dissolution rate coefficient K, according to Weibull was found to be
0.031 £ 0.006 min™' for the CPD material, and less than 0.013 min™ in the unprocessed
ibuprofen (Table 5.10).

Table 5.10 Dissolution rate coefficient (K,, +SD) and amount of ibuprofen dissolved

after 15 and 75 min (% £ 95 % CI).

Product Dissolution rate Dissolved amount of Dissolved amount of
coefficient [min ']  drug after 15 min drug after 75 min

CPD 0.031 + 0.006 44.56 £3.18 (A) 99.17 £9.95 (A)

Tbuprofen <0.013 * 22.0+3.56 (B) 59.5 + 4.86 (B)

"K,, < 0.013 means that ibuprofen dissolution did not reach 63.2 % within 75 min.
These values were excluded from statistical analysis.

Values marked with different letters differ significantly (Students T-test, P<0.05; n=3).
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5.6 Ibuprofen loading into f-CD granules using CPD and other conventional

methods

5.6.1 Preparation and evaluation of the drug-free granules

The ability of the CPD process to load drugs in solid carriers (granules) was
investigated. For this aim drug-free granules depending on B-CD were produced by a
wet granulation process. The powder mixture of B-CD (160 g) and MCC (40 g) was
mixed in a Turbula T2C mixer for 15 min at 42 rpm. Afterward it was kneaded with
150 ml of PVP-aqueous solution (10 % wt.) using a Z-blade kneader (LK 5, Erweka,
Heusenstamm, Germany). The wet mass was forced through a 3.5-mm screen by hand.
The granules formed were dried at 40 °C for 20 min and sieved to obtain granules with
particle size of 1-2 mm. The obtained drug-free granules give solid carriers that
exhibited good mechanical properties with regard to friability (4.59 = 0.76 % wt.). The

water content in this fraction was 15.1 + 0.47 % wt.

5.6.2 Drug loading procedures

The selected fraction (1-2 mm) of the granules was loaded with a model drug
(ibuprofen) using the controlled particle deposition (CPD) method and with solution

immersing (SI) as conventional method for comparison.
5.6.2.1 Drug loading by supercritical CO,

Drug loading experiments were performed in a high-pressure cell in the
modified apparatus CPD II. In this, a weighted amount of ibuprofen (13.0 g) and B-
CD-granules (8.0 g) were placed into separate cartridges inside the high-pressure cell
and placed in a constant temperature water bath. Prior to the loading experiments, the
whole system was evacuated for 5 minutes to remove atmospheric moisture and air.
Then, the required amount of liquid CO, (437.14 + 3.55 g) was condensed into the
high-pressure cell and heated to the desired temperature. As soon as the desired
pressure in the high pressure cell was reached, the exposure time was fixed to 15.5 h.

At the end of the experiments, depressurization occurred within 30 seconds. The same
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conditions were used to investigate the effect of scCO, on the drug-free granules with

absence of the drug.
5.6.22 Drug loading by solution immersing (SI)

This method 1s widely used for drug loading (Vallet-Regi et al., 2001; Charnay
et al., 2004; Andersson et al., 2004; Salonen et al., 2005) and based on immersing
drug-free carriers in an organic solution of the drug with subsequent surging. In this
study, n-hexane was selected as loading solution, since ibuprofen has a good solubility
in this solvent but the carrier (B-CD-granules) has not. A weighted amount of 3-CD-
granules (1 g) was placed in a metal basket with sieve form and immersed in 200 ml
saturated solution of ibuprofen in n-hexane (54 mg/ml). The basket rotated with 50
rpm at room temperature for 2 h. At the end of the loading period, the obtained sample
was washed with 10 ml n-hexane to remove unbound ibuprofen crystals and dried for

24 h at room temperature.

5.6.3 Characterisation of the drug-loaded granules

5.6.3.1 Loading efficiency

The UV determination of the total amount of ibuprofen loaded into granules
(Table 5.11) shows superior loading yield in the CPD method compared to the drug
adsorbed by the SI. A part of the loaded ibuprofen was found in crystalline form,
which could be observed by the appearance of the endothermic melting peak of
ibuprofen at about 77 °C in the drug-loaded granules (Figure 5.22). This amount was
quantified by integration of the melting peak of ibuprofen; this fraction was higher in

the CPD-product (Table 5.11).
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Table 5.11  Total/free ibuprofen content loaded in f-CD-granules.

Product Total ibuprofen Free ibuprofen
[% wt. £ SD] [% wt. £ SD]

CPD-granules 17.42 +£2.06 (A) 3.8+0.15(B)

SI-granules 3.12+ 1.14 (A) 0.9+04 (B)

Values marked with different letters differ significantly (Student's T-test, p<0.05; n =
3).

5.6.3.2 Thermal behaviour

The investigation of the thermal behaviour of the pure ibuprofen by the DSC
shows an endothermic melting peak at about 77 °C (Figure 5. 22, A). The drug-free
granules (Figure 5.22, B) exhibit a broad endothermic dehydration peak in the range of
80 - 120 °C, the same peak can be seen in the drug-free granules treated with scCO,
(Figure 5.22, C) which demonstrates thermal stability of B-CD-granules in the scCO,
experimental procedure. The endothermic melting peak at 77 °C appears in granules
loaded by the SI and the CPD (Figure 5.22, D and E) indicating that a part of the

ibuprofen is loaded in crystalline form.
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Figure 5.22 DSC thermograms of pure ibuprofen (A), drug-free granules (B), drug-
free granules treated with scCO, (C), SI-granules (D) and CPD-granules

(E).
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5.6.3.3 X-ray diffratrometry

The X-ray diffraction of pure ibuprofen and the unprocessed drug-free granules
(Figure 5.23, A and B) exhibited a series of intense peaks indicative of their
crystallinity. Drug-free granules treated with scCO, (Figure 5.23, C) show the same
intense patterns as unprocessed granules. The diffractogram of the granules loaded by
the SI method (Figure 5.23, D) shows patterns of unloaded granules, but not of
crystalline drug. Although these have been found in the DSC, this fraction (0.9 = 0.4
% wt.) seems to be too small to be detected in the XRD. Patterns of ibuprofen at
14.02°, 16.65° and 20.29° were seen in the CPD material (Figure 5.23, E) indicating

the presence of ibuprofen in its crystalline state, this agrees with the DSC results.
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Figure 5.23  X-ray diffractograms of pure ibuprofen (A), drug-free granules (B),
drug-free granules treated with scCO, (C), Sl-granules (D) and CPD-

granules (E).

5.6.3.4 BET surface area

The drug loading with different techniques into the carrier was confirmed by
reduction of the BET surface area of the CPD (1.134 + 0.070 m*/g) and the SI (1.407 +
0.048 m?*/g) comparing to unprocessed drug-free granules (1.533 + 0.031 m?/g) and
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drug-free granules treated with scCO,. The investigation of the BET-surface area,
however, was observed supporting the drug content results since the CPD-granules

have the highest drug loading.

Table 5.12 BET surface area of the unprocessed, scCO; treated and drug-loaded

granules (n = 3, values are mean + SD).

Product Specific area BET [m™/g]
Drug-free granules 1.533 £0.031 (A)
Drug-free granules treated with scCO, 1.520 £ 0.164 (A)
CPD-granules 1.134 £ 0.070 (B)
SI-granules 1.407 £0.048 (A)

Values marked with different letters differ significantly (ANOVA, Tukey-test, p<0.05;
n=3).

5.7.35 SEM microscopy

The investigation of morphological changes by the SEM shows that the
structure of B-CD-granules (Figure 5.24, A) did not alter after the drug loading in the
SI and the CPD granules (Figure 5.24, C and D). In addition, no needle shaped crystals

of the drug (Figure 5.24, B) were observed on the granules surface.
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Figure 5.24 SEM micrographs of drug-free granules (A), pure ibuprofen (B), SI-

granules (C) and CPD-granules (D).

5.6.3.5 Drug release studies

Dissolution studies were performed at pH 6 in order to evaluate the efficacy of
the loading processes by improvement of the water-solubility of ibuprofen. The
unprocessed ibuprofen shows rather slow dissolution (Figure 5.25) in this medium
with a dissolution rate coefficient (K,) of 0.02 min" and only about 80 % wt.

dissolved amount after 2 h (Table 5.13).
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Figure 5.25 Dissolution profiles of ibuprofen (A), CPD-granules (B) and SI- granules
(C) in HBSS buffer pH 6 at 37 °C.

Table 5.13  Dissolution rate coefficient according to Weibull (K,, +SD) and amount

of ibuprofen dissolved after 30 and 120 min (% £ 95 %).

Product Dissolution rate Dissolved amount of drug
coefficient [min ] after 120 min
CPD-granules 0.053 £0.002 (A) 91.94 £ 0.80 (A)
SI-granules 0.060 £ 0.002 (A) 9235+ 1.37 (A)
Ibuprofen 0.020 + 0.001 (B) 80.89 £ 0.61 (B)

Values marked with different letters differ significantly (ANOVA, Tukey-test, p<0.05;
n=23).



CHAPTER 6

DISCUSSION

6.1 Preparation of ibuprofen/B-CD complex using CPD method

The controlled particle deposition (CPD) was developed to load drugs into solid

carries in a single-step, toxic-free process (Tirk et al., 2007; Hussein ef al., 2007). A
key element of the CPD-process is the use of separate cartridges to hold the drug and
the carrier in a static incubation system. The process requires solubility of the drug but
insolubility of the carrier in the scCO,. Thereby the drug is transported via the
supercritical phase to the carrier and precipitates into the pores of the carrier after
release of the pressure. Under these conditions, no melting of the drug is obtained, in
contrast to comparable methods reported in the literature (Charoenchaitrakool et al.,
2002; Bandi ef al., 2004). This gives a better chance for stable, crystalline or molecular
dispersed products (Charumanee, 2004).
With this respect, B-CD was chosen as carrier; hence, it shows stability in scCO, at the
experimental conditions. On the other hand, the employing of ibuprofen as a model
drug in this work was due to its poor water-solubility (drug class II), furthermore
ibuprofen is able to form an inclusion complex with B-CD using conventional methods
including grinding, co-precipitation, freeze-drying and spray-drying (Kurozumi, et al.,
1975; Nozawa et al., 1994; Mura et al., 1998; Khan et al, 2001). Ibuprofen/B-CD
complex formation was confirmed using the methods described in chapter 1 (1.3.7).
The molecular modeling and the "H NMR studies together revealed that solution state
complexation occurred by inclusion of the isopropyl group together with part of the
aromatic ring of ibuprofen into the B-CD cavity, probably through its wider side
(Ghorab and Adeyeye, 2001) (Figure 6.1).
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Figure 6.1 Molecular modeling of ibuprofen/p-CD complex, side view (A) and top
view (B) according to Ghorab and Adeyeye (2001).

On the other side, ibuprofen is well soluble in scCO, (Figure 5.5) and this is an
essential factor to load drugs into solid carriers in the CPD method. Moreover, the
solubility of the drug in SCF is an important factor to form drug/CD inclusion
complexes; since the SCF soluble drug gives more chance for the interaction with the
carrier compared to insoluble drugs. This knowledge is reported recently by Moribe et
al. (2007) too, who prepared the complexes of trimethyl-B-CD with different active
pharmaceutical ingredients which varied in their solubility under supercritical

conditions.

6.1.1 The influence of CPD process parameters on the complex formation

Upon the previous studies described in the literature, despite of possible
discrepancies, some general trends become apparent regarding the influence of the
process parameters on the preparation of drugs/CDs complexes in the supercritical
fluids. Experimental parameters such as the temperature, the pressure, the time of
exposure and the amount of the drug or the carrier and their solubility in scCO, affect
the CDs complex formation, the effects of these parameters are investigated for

preparing ibuprofen/B-CD complexes in the CPD process (Table 5.3).
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The temperature in this study was maintained at 39.5 °C to avoid drug melting in
scCO,, this was based on the phase behaviour study of the drug in scCO,, since
ibuprofen exhibits a nearly constant melting point of 46 °C over a pressure range
between 15 - 28 MPa. The experiments, however, could be performed at a temperature
over 40 °C with pressure less than 15 MPa, but the use of a high temperature could
damage drug stability.

On the other side, the concentration of ibuprofen in scCO, is of course a relevant
parameter, since keeping the fluid phase saturated gives more chance for a high
inclusion yield. Therefore, the amount of ibuprofen in this study was fixed to reach
saturation under the experimental conditions.

Various effects of the pressure on the complex formation have been reported in the
few studies found in the literature. In our study, therefore the effect of the pressure in a
static mode was investigated in a range of 24.6 and 27.8 MPa by keeping the time of
exposure and the temperature at 48 h and 39.5 °C, respectively. Within this range,
increasing pressure showed commonly positive effects on the total amount of
ibuprofen and the inclusion yield with B-CD, due to the increase of the penetrative
effect of the ibuprofen solute in scCO, and the mass transfer. The increase of the
pressure over this range has no effect on the ibuprofen solubility in supercritical
solution and for this reason the influence of the pressure was not seen in the pressure
range above 25 MPa. However, these results agree with others published previously
(Van Hees et al., 1999; Charoenchaitrakool et al., 2002).

The preliminary investigation of the effect of the static exposure time on the
ibuprofen/B-CD complex over a range from 6 to 114 h at three different pressure-
levels showed that there is an optimum for the treatment time. This optimum was
found to be about 14 h. Van Hees et al. (1999) established that the contact time
between scCO, and the physical mixture of piroxicam and B-CD in the static mode had
a positive influence on the complex formation. The positive effect on the exposure
time, however, was confirmed in earlier findings (Hassan et al., 2004; Moribe et al.,
2007) using model drugs which have lower solubility in scCO, than ibuprofen.

In case of ibuprofen, Charoenchaitrakool et al. (2000) did not detect any significant

difference of the ibuprofen amount loaded in M-B-CD when the static contact time was
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varied from 1 - 24 h and the pressure and temperature were kept at 190 bar, 35 °C,

respectively. This agrees with our results.

6.1.2 Investigation of reproducibility

One of the important factors, which were investigated in this study, was the
reproducibility of the formation of the ibuprofen/B-CD complex in the CPD technique.
The reproducibility was investigated by performing several experiments at defined
experimental parameters (Table 5.4). The repeatability of the experiments was
evaluated by determination of the un- and complexed drug amount loaded under the
same experimental parameters. The results were satisfactory with the relative standard

deviation of 0.22 % in the total ibuprofen loaded.

6.2 Physicochemical characterisation and comparative evaluation of
ibuprofen/B-CD complexes obtained by CPD and other conventional

methods

Following the investigation of the reproducibility of the CPD method for
preparing the ibuprofen/B-CD complex, the CPD as a novel supercritical fluid
technique was compared with conventional methods for complex formation. In
particular, an inclusion complex with 2.8 £ 0.22 % wt. (n = 6) total content of
ibuprofen was obtained using the CPD and compared to 1:3 molar ratio ibuprofen/p-
CD (about 5.5 % wt.) complexes prepared by the co-precipitation, the freeze-drying
methods or a simple physical mixture. These conventional methods, however, involve
organic or toxic solvents in their preparation.

The mechanism for preparation of the complex in the CPD is comparable with those,
which form the complex in suspension (co-precipitation), since this method depends
on precipitation of the dissolved drug into the solid carrier; therefore, the inclusion
yield in the CPD was comparable to the co-precipitation material. The freeze-drying
method, however, showed a better inclusion rate because of the different mechanism

for the complex formation, since the B-CD is dissolved in a solvent (aqueous
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ammoniac solution) prior to form the inclusion. In contrast, the inclusion yield was
very low by the simple dry mixing of ibuprofen and B-CD. Anyway, the inclusion
yield results for the conventional methods and the physical mixture in this study agree
with results reported previously for other systems (Veiga et al., 2001; Govindarajan
and Nagrsenker, 2004; Reddy et al., 2004 ).

As a strategy for improving the water solubility, all the ibuprofen/B-CD binary
systems obtained with different methods, due to the complex formation, enhanced the
drug dissolution at pH 5 compared to the unprocessed ibuprofen (Figure 5.16). In case
of the physical mixture, even though no inclusion complex was formed, the wettability
of the drug is thought to be improved by cyclodextrin (Charumanee 2004;
Govindarajan and Nagrsenker, 2004). The enhancement in the dissolution was quite
limited in the co-precipitated material due to building aggregates after the drying step
during the preparation process, whereas the CPD products were obtained in fine
powder form with good flowability properties, the freeze-dried material was
completely amorphous. The highest dissolution rate, however, was found in the CPD
and the freeze-dried materials.

One possible reason for this improved dissolution rate in the CPD, the freeze-dried and
the co-precipitation materials compared to the physical mixture is likely to be the
formation of a solid inclusion drug/CD complex.

The FTIR investigation gives evidence for the interaction between the drug and
B-CD by a partly disappearance of the C=0 stretch at 1714 cm™ and 1731 cm™ in the
co-precipitated and the CPD materials, respectively (Figure 5.11) or its complete
absence in the freeze-dried product, indicating complete complexation obtained by this
procedure. The formation of intermolecular hydrogen bond between the C=0O group of
ibuprofen and B-CD is a possible reason for an altered environment of the interatomic
C=0 bond in the IR-spectrum of ibuprofen in the obtained complexes. Our results are
consistent with earlier findings (Mura et al., 1998; Bratu et al., 2005).

The interaction between the drug and the carrier was confirmed by the complete
disappearance of the typical melting peak of ibuprofen at 77 °C in the DSC of the
freeze-dried product supporting the view of a partial formation of a complex in the

CPD and the co-precipitation materials (Figure 5.12).
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Comparison of the X-ray pattern (Figure 5.13) indicates loss of reflections in the
products manufactured by CPD, freeze-drying and co-precipitation. This again stands
for the formation of inclusion complexes compared to the physical mixture and the
raw material, but only to an incomplete extend for the CPD and the co-precipitation
methods. The formation of the inclusion complexes, however, is seen by the
appearance of a new reflection band. In the freeze-dried product, a complete loss of
crystallinity is likely due to the absence of reflection peaks, this may be due to
amorphous structure of the complex caused by the use of ammonia during preparation
(Govindarajan and Nagrsenker, 2004). The SEM micrographs (Figure 5.15)
demonstrate the interaction of ibuprofen with B-CD by indicating a morphological
change of the crystals in all the materials obtained, compared to the pure starting
material and their physical mixture. Moreover, SEM micrographs and digital pictures
(Figure 5.14 and Figure 5.15) depict the solid-state of ibuprofen/B-CD complexes
obtained by the different preparation techniques; hence, the powder properties are an
important factor for the pharmaceutical application of the obtained materials. The
fluffy, amorphous powder obtained by the freeze-drying and the aggregate formation
in the co-precipitation material gives unsatisfactory flow characteristics, which limit
the formulation and the application of this material for oral administration route. In
contrast, the CPD process-obtained material with a free-flowing characteristic can be

easily applied in different processes in the pharmaceutical technology.

6.3 Preparation and characterisation of ibuprofen/-CD/PVP ternary system

At the previous stage of our study, we applied successfully the ibuprofen/B-CD
binary system using the CPD method to improve drug dissolution properties. But for
reasons of costs, production capabilities and toxicology, only limited amount of CDs
must be used in drug formulation; moreover, the fact that the isolated crystalline
product obtained by the CPD contain free drug and empty B-CD in its product.
Methods to improve the inclusion efficiency and to optimise the CD complexation are
required. To overcome this problem, the addition of water-soluble polymers to

increase CD complexation with drugs was reported previously in the literature
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(Loftsson 1998; Mura et al., 2001; Faucci et al., 2001; Pose-Vilarnovo et al., 2002;
Valero et al., 2003)

A possible explanation of drug/polymer interaction with CD molecules may be
found in the H-bonding between the CD molecule and OH-groups of the polymer,
which produces an important change in the driving force of the complex formation.
NMR data presented by Valero et al. (2004) revealed that in a naproxen/HP-f3-
CD/PVP ternary system, PVP is outside the cyclodextrin, it must be therefore wholly
or partially recovering the naproxen/HP-B-CD inclusion complex acting as a bridge
between both B-CD molecules and the drug. This binding, however, is based on the
affinity of drug molecules to the polymer matrix.

Consequently, to the addition of a small amount of water-soluble polymer into
the aqueous complexation media, an increase in the complexation efficiency of CDs
towards the drug resulting in enhanced drug solubility was observed. The effect of the
addition of a water-soluble polymer on the drug/CD binary system was investigated in
the aqueous solution or/and in the solid, using classical methods for the complex
formation e.g. freeze-drying or spray-drying (Loftsson 1998; Mura et al., 2001; Faucci
et al., 2001; Pose-Vilarnovo et al., 2002; Valero et al., 2003). However, the effect of
the presence of water-soluble polymers in scCO, as complexation media is not yet
reported. In our study, therefore the preparation of ibuprofen/B-CD/PVP ternary
system was investigated to increase the complexation efficiency. The process was
optimised by varying the amount of drug, B-CD and PVP. Moreover, the effect on the
experimental mode was investigated. The evaluation of the different process
parameters was achieved by determination of the total amount of the drug loaded and
the fraction of ibuprofen loaded in its crystalline form.

Compared to the ibuprofen/B-CD binary system, an increase in the drug loading
yield under the same experimental conditions was achieved in the CPD process.

About 9.76 £ 0.053 % wt. of ibuprofen was loaded in the ibuprofen/B-CD/PVP ternary
system; moreover, most of the drug loaded was incorporated in the B-CD/PVP
complex with only a small part (1.73 = 0.044 % wt.) was found as crystalline form in

the DSC measurements.
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The preliminary optimisation of the CPD process parameters for the preparation
of the ibuprofen/B-CD/PVP ternary system show that there is a more proportionate
increase in percentage drug loading efficiency for every increase in drug concentration
within the range used in our experiments; this is due to more available
ibuprofen/scCO, solution for the complexation. In addition, an effective drug loading
yield was obtained in experiments using two separate cartridges, one for the drug and
the other for the carrier (B-CD and PVP), compared to exposure of the physical
mixture of the drug and the carrier under the same experimental conditions. This may
be due to the diffusivity power of ibuprofen/scCO, solutes into the carriers. No
significant difference in the total loaded ibuprofen content was observed by variation
of the PVP amount from 1 % to 10 % wt. Valero et al. (2003) investigated the effects
of the water-soluble polymer on the complexation of the naproxen/B-CD. The author’s
demonstrate in this study that the presence of different proportions of PVP in a range
of 0 - 1 % wt. does not increase the ability of drug/cyclodextrin complexation but was
important to change the driving force of the complex formation. It was observed that at
low polymer concentrations, the complexation process is driven entropically, while at
higher PVP proportions it is enthalpically favored. The results presented by Valero et
al. (2003) investigated the effect of the polymer quantity in aqueous medium.
However, the effect of water-soluble polymer on the complex formation of
drug/cyclodextrin complex in SCF as a complexation medium required more
investigation.

The CPD product obtained by keeping the physical mixture of ibuprofen/p-
CD/PVP under scCO, (V98) demonstrates significant improvement in drug dissolution
compared to unprocessed physical mixture and pure drug. This was due to the complex
formation with B-CD/PVP, verified by complete disappearance of the melting peak of
the drug after the treatment with scCO, (Figure 5.17).
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6.4 Preparation and characterisation of ibuprofen/M-fi-CD complex

The pervious results present the CPD method as well suitable method for the
preparation of the ibuprofen/B-CD complex. The mechanism of the inclusion depends
on the dissolved drug in scCO, followed by permeation of the supercritical solution
into the solid carrier under the high pressure deployed in this process. In this part of
the study, the utilisation of the CPD process to load drugs into M-B-CD was
investigated, the difference between the native B-CD and M-B-CD as drug-carriers
being due to the phase behaviour of these carriers in scCO,. B-CD shows stability and
kept their solid-state in the SCF experimental procedures (Tirk et al., 2007), M-B-CD,
however, was melted under the same experimental conditions. A melting point
depression was reported previously by Charoenchaitrakool et al. (2002) and decreased
to 25, 35 40, 45 °C when contacted with CO, at 19, 14.7, 14.3 and 9.4 MPa,
respectively. The hypothesis of the complexation mechanism in the case of M-B-CD
depends on the interaction between the solute drug and the molten carrier under the
supercritical condition, giving a chance to form a complex, like a solid disperse.

On this basis, the product resulting from the complex formation of ibuprofen/B-CD
was in powder form, this give it an significant advantage over the complex obtained
from ibuprofen and M-B-CD which appeared irregular in size and shape due to the

melting (Figure 5.20).

Compared to B-CD, the utilisation of M-B-CD as carrier has lead to higher drug
loading yield. An amount of 7.60 + 0.07 % wt. of ibuprofen was loaded in M-B-CD at
39.5 °C, 24.5 MPa and 15.5 h. This amount is comparable with the loaded content (7.9
+ 0.7 % wt.) reported by Charoenchaitrakool et al. (2002) using a multi-step process at
35 °C, 19 MPa and 12 h. However, the maximum drug content obtained by the authors
at 24 h exposure time was about 10 % wt. Due to the complex formation with M--CD
or to the transformation into the amorphous state, the endothermic melting peak of

crystalline ibuprofen disappeared in the DSC thermograms (Figure 5.19).

As consequence to the formation of the complex with M-B-CD, the dissolution of drug
was enhanced compared to the pure drug. About 99 % of ibuprofen was in the solution

in 75 min (Table 5.10). The dissolution rate coefficient of ibuprofen/M-B-CD complex
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was found to be 0.031 + 0.006 min "', this value was higher (0.086 + 0.002 min ) in

the ibuprofen/B-CD complex prepared in the same technique.

6.5 Ibuprofen loading into f-CD granules using CPD and other conventional

methods

Ghorab and Adeyeye (2001) reported the preparation of a CD complex as
granules containing drugs. The authors in this study prepared ibuprofen/B-CD granules
by mixing the drug and B-CD in a conventional wet granulation process. In 1998,
Gazzaniga et al. (1998) investigated the use of B-CD as a pelletization agent with
microcrystalline cellulose (MCC) in an extrusion/spherounization process. The
addition of MCC conferred mechanical strength to the obtained pellets and reduced the
amount of B-CD in the final formulation. In related work, Gainotti et al. (2004)
produced drug-free pellets of B-CD and MCC using a high-shear mixer and loaded the
obtained pellets with ibuprofen using powder and solution layering processes.

Our study utilise the controlled particle deposition (CPD) to load carrier in
granules consists of excipients already used in the pharmaceutical industry (BCD,
MCC and PVP). In contrast to Gainotti et al. (2004) these granules were prepared by a
wet granulation process, moreover PVP was added to the formulation due to the
synergistic effect to CDs in increasing the water-solubility of drugs (Loftsson, 1998;
Pose-Vilarnovo et al., 2002; Valero et al., 2003).

In fact, the dug-free granules obtained according to this modified formulation
exhibiting acceptable mechanical stability. In addition these granules show stability
under scCO, experimental conditions, since the thermal behaviour (Figure 5.22), the
crystalline state (Figure 5. 23) and the BET surface area (Table 5.12) of the
unprocessed materials were not altered by treating with scCO,, this demonstrates that
these granules could be a good carrier for drug loading in SCF processes.

In the CPD, about 17.5 % wt. of ibuprofen was loaded into B-CD-granules,
compared to about 4 % wt. of the drug loaded in the solution immersing (SI).
Furthermore, the loading amount in B-CD-granules was higher than the drug loaded in

B-CD powder under the same experimental conditions. This may be due to the
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different mechanisms involved in the drug loading process. In particular, including the
possibility to form a complex with B-CD/PVP, an adsorption of drug on the granules
surface and filling of the pores are to be considered in case of drug loading in granules
as carrier. The high drug loaded amount in the CPD-granules, however, was confirmed
by a significant reduction in the BET surface area for the CPD-product (Table 5.12). In
contrast, no reduction in the BET surface area was observed in the SI materials due to
the rather small amount of drug loaded in this method.

Only a minor fraction of the drug loaded was found in the crystalline form in the DSC
thermograms (Figure 5.22) and the X-ray diffractograms (Figure. 5.23); this amount
could be estimated by the integration of the melting peak of ibuprofen in the loaded
granules (Table 5.11). Most of the loaded drug was either in an amorphous-state or
complexed with B-CD. No morphological change could be seen in the SEM
micrographs of the unprocessed/ibuprofen-loaded granules (Figure 5.24), which
demonstrate that the drug loading was not due to the crystallization of the drug on the
surface.

With regard to the amount of drug dissolved after 120 min and the dissolution rate
coefficient K, a significant improvement in the water-solubility of ibuprofen at pH 6
was observed by drug-loaded B-CD-granules compared to the pure drug. This was
independent on the drug loading method. One should however, take in to account that
the CPD-granules contain a higher amount of drug compared to the SI-granules. This

reduces the mass of excipients required for a final formulation.
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CONCLUSION

This dissertation presents the controlled particle deposition (CPD) as a
promising process for loading of drugs into solid carriers to improve their water
solubility. The CPD process offers many advantages over the current drug loading
techniques. Additionally to employ the supercritical fluid as a green technology, CPD
has the advantage to be a one-step process, providing easier control over the
experimental parameters. Moreover, the CPD can be considered an effective process
for innovative drugs designed in the pharmaceutical development and manufacturing
to improve dissolution rates of poorly water-soluble drugs for oral delivery systems.

In the CPD, a successful inclusion complex of ibuprofen/B-CD has been
obtained without using any additional substance (ammoniac or organic solvents) which
must be used in the traditional methods for the complex formation.

In fact, the drug loading mechanism in the CPD depends on dissolving the drug in the
SCF followed by permeation of this fluid into the solid carrier. Hence, the solubility of
the drug in the scCO, complex was shown to be the rate-determining factor for the
formation of the inclusion complex. However, the process parameters, such as pressure
and temperature contribute to the complex formation rate through their effect on the
drug solubility in the scCO,, whereas the processing time has no significant effect in
case of ibuprofen, taking advantage of its good solubility in scCO..

The ibuprofen/B-CD complex obtained by the CPD improved the drug solubility in
HBSS buffer pH 5 compared to the pure drug, ibuprofen/B-CD physical mixture and
ibuprofen/B-CD complex obtained by co-precipitation method. However, the drug
dissolution of the CPD product was comparable with the freeze-dried material,
whereas, the CPD material still has an advantage to produce free flowing powder,

which is feasible to use for the pharmaceutical applications.
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One possible reason for this improved dissolution behaviour in the CPD, the freeze-
dried and the co-precipitation materials compared to the physical mixture and the pure
drug is formation of a solid inclusion drug/CD complex. This complex formation was
further confirmed by a partly or complete disappearance of the C=0O stretch in the FT-
IR spectra, loss of crystalline (XRD, DSC) and the appearance of a new population in
the obtained ibuprofen/B-CD complexes using different preparation methods
compared to pure drug, B-CD, and their physical mixture.

A reduction of the free drug amount in the obtained CPD ibuprofen/B-CD
complex and an improvement in the drug-loading efficacy was successfully achieved
by the addition of a small amount of water-soluble polymer to the ibuprofen/B-CD
binary system. About 9 % wt. of total ibuprofen was detected in the ibuprofen/ -
CD/PVP ternary system. The amount of free ibuprofen in this product was only 1.7 %
wt. The ibuprofen/B-CD/PVP ternary system obtained by the CPD exhibited
significantly enhanced dissolution rates compared to the unprocessed ibuprofen/[-
CD/PVP physical mixture and the pure drug, this is due to the complex formation
or/and the amorphisation during the SCF process.

Besides its application to complexes with crystalline CDs, the CPD has benefits
to use amorphous CD as carrier in its process. This procedure depends upon the
reduction of the melting point of the carrier under the high pressure of scCO,. In this
way, a higher amount of ibuprofen was loaded in the M-B-CD compared to thus loaded
into the solid B-CD. The obtained martial, however, was irregular in shape and size,
resulting in irregular drug dissolution rate.

The last part of this study demonstrates an elegant approach to enhance the drug
solubility by loading the drug in granules consisting of excipients already used in the
pharmaceutical industry. The results demonstrate that the CPD as effective method for
loading drugs into granules compared to other conventional method for drug loading
(Solution Immersing). Moreover, B-CD-granules loaded with a model drug (ibuprofen)
show a significant improvement of drug dissolution compared to the pure drug. This

demonstrates that these granules could be good vehicles for poor water-soluble drugs.
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CHAPTER 9

APPENDIX

9.1 Validation data of the quantitative determination of the ibuprofen by

HPLC

Conc. Conc. Conc. Conc.
[mg/100 ml] [mg/100 ml] [mg/100 ml] [mg/100 ml]
0.5 1.0 2.0 3.0
0.482 1.041 1.912 2.963
0.483 1.048 1.912 2.970
0.486 1.054 1.891 2.990
0.487 1.021 1.887 2.938
0.486 1.093 1.896 3.053
0.486 1.033 1.890 2.957

n 6 6 6 6

Mean 0.485 1.048 1.898 2.978

[mg/100 ml]

SD 0.002 0.025 0.012 0.040

RSD [%] 0.423 2.375 0.610 1.350

Mean RSD 1.19 %

Recovery [%]  96.34 104.06 95.61 98.7

Mean recovery 98.69 %
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9.2 Index of suppliers

Air Liquide Deutschland GmbH, Hans-Glinter-Sol-Str. 5, D-40235 Diisseldorf
Bandelin electronic GmbH & Co. KG, Heinrich-Str. 3-4, D - 12207 Berlin

BASF AG, BASF AG, Carl-Bosch-Str. 38, D-68056 Ludwigshafen
Beckmann Coulter GmbH, Europark Fichtenhain B13, D-47807 Krefeld
Bio-Rad Laboratories GmbH, Heidemann-Str. 164, D-80939 Miinchen
BioTek Instruments GmbH, Kocherwald-Str. 34, D-74177 Bad Friedrichshall
Carl Roth GmbH & Co. KG, Schoemperlen-Str. 1-5, D-76185 Karlsruhe
Carl-Zeiss GmbH, Carl-Zeiss-Str., D-72447 Oberkochen

Colorcon Ltd., Dartford, GB-Kent

Eppendorf AG, Barkhausenweg 1, D-22331 Hamburg

Erweka GmbH, Otto-Str. 20-22, D-63150 Heusenstamm

FINNA-AQUA Santasalo-Sohlberg GmbH, Kalscheurener-Str. 92, D-50354 Hirth
Fisher Scientific GmbH, Im heiligen Feld 17, D-58239 Schwerte

FMC Biopolymer, Wallingston, Little Island, IRL-Cork

Fluka (Sigma-Aldrich Chemie GmbH)

GraphPad Software, 11452 EI Camino Real 215, San Diego, CA, USA
Haraeus Holding GmbH, Haraeus-Str. 12-14, D-63450 Hanau

Knick Elektronische Messgerate GmbH & Co., Beucke-Str. 22, D-14163 Berlin
Knoll AG, Knoll-Str. 50, D-67061 Ludwigshafen

Macherey-Nagel GmbH, Valencienner-Str.11, D-52355 Diren

Merck KGaA, Frankfurter-Str. 250, D-64293 Darmstadt

Merz Messfuhlertechnik GmbH, Bahnhof-Str. 3, D-82041 Deisenhofen
Messer Griesheim GmbH, Fittingsweg 34, D-47805 Krefeld

Mettler Toledo GmbH, Ockerweg 3, D-35396 GiefRen
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Microsoft Deutschland GmbH, Konrad-Zuse-Str. 1, D-85716 UnterschleiBheim
Millipore GmbH, Am Kronberger Hang 5, D-65824 Schwalbach

OriginLab Corporation, One Roundhouse Plaza, Suite 303, Northampton, MA 01060
USA

Orion E.L.I. sprl, 46 avenue des jardins, B-1030 Bruxelles

Perkin EImer GmbH, Postfach 1011, D-88662 Uberlingen

Pharmatest Apparatebau, Postrfach 11 -50, D-63512 Hainburg

Sartorius AG, Weender Land-Str. 94-108, D-37075 Gottingen

Shimadzu Deutschland GmbH, Albert-Hahn-Str. 6-10, D-47269 Duisburg
Sigma-Aldrich Laborchemikalien GmbH, Wunstorfer-Str. 40, D-30926 Seelze

Universitat Karlsruhe (TH), Institut fur Technische Thermodynamik und Kaltetechnik,
Engler-Bunte-Ring 21, D-76131 Karlsruhe

VCH Verlagsgesellschaft, Boch-Str. 12, D-69469 Weinheim
Wacker Chemie AG, Hanns-Seidel-Platz 4, D-81737 Miinchen
Wagner & Munz GmbH, In der Rosenau 4, D-81829 Miinchen

WIKA Alexander Wiegand GmbH & Co. KG, Alexander-Wiegand-Str.,, D-63911
Klingenberg

Willy A. Bachofen AG, Utengasse 15-17, CH-4002 Basel
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