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Abstract

Development of an oral drug delivery platform formuation for the targeted
delivery of celecoxib for the chemoprevention andréatment of colorectal cancer
Bernard McDonald

The anti-inflammatory drug celecoxib (CLX) has betiown to exert protective effects
in colorectal cancer (CRC) therapy. The primaryeobiye of this study was to develop
and characterize a novel CLX multiparticulate ddedjvery technology suitable for use
in the treatment and prevention of CRC which haspgbtential to minimize the side
effects associated with CLX. Liquid CLX formulat®mere developed as precursors to
CLX microbeads and the effect of formulated CLX pée® on the viability and motility
of a CRC cell line was examined. CLX liquid formtides were shown for the first
time to have an enhanced effect in comparisondartarketed CLX product Celebféx
Liguid CLX formulations were translated into an iopkzed CLX microbead
formulation which met a number of pre-defined catiquality attributes. A sustained
release coat was applied to the beadsinAvivo study was performed to compare the
effect of the coated CLX microbeads versus Celébriexthe attenuation of CRC
tumours and inflammation in a CRC mouse model. ¥¥lithe level of CRC tumour
attenuation and inflammation was comparable betwwssh formulations, the CLX
microbead statistically outperformed CelelfteMicrobead production was scaled-up
and subsequent coating optimisation studies wer@mpeed resulting in products that
met pre-defined target product profiles for bothrimet and human colon delivery.
Finally a screening study to assess the applitaloh the platform formulation to a
range of APIs other than CLX was performed with 50f4he actives screened being
successfully incorporated into microbeads. In sumymaein-vitro and in-vivo results
described in this thesis present a significant &tepard in CRC therapy using CLX, as
the microbead formulation developed poses the pitisgiof presenting CLX in a
format that has the potential to minimize Gl and §ife effects whilst enhancing the
effectiveness of the treatment.
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CHAPTER 1
Introduction: Colorectal cancer,

celecoxib and oral drug delivery



1.1Background

Colorectal cancer (CRC) is the third most commarseaof cancer mortality worldwide
with more than 1 million new cases of CRC diagnosach year (Sieget al, 2014).
CRC is a heterogeneous disease, including at ksasé major forms; hereditary,
sporadic, and colitis-associated CRC. Together Vathilial adenomatous polyposis
(FAP) and hereditary nonpolyposis colorectal cafetiPCC), chronic inflammation
is among the top three high risk conditions for CR@ang and Dubois 2010).
Significant research has been dedicated to idemiyel drug targets for CRC
prevention and treatment. Non-steroidal anti-infieaory drugs (NSAIDs) are one
group of compounds that have been found to decrb@sesk of CRC (Rudeet al,
2011). NSAIDs target and inhibit the cyclooxygend€®X) enzymes, COX-1 and
COX-2. Since elevated COX-2 expression has beendfon approximately 50% of
colorectal adenomas and 85% of colorectal adenimcemas (Wang and Dubois 2010),
it is hypothesised that NSAIDs may exert some e@irtlanti-inflammatory and anti-
tumour effects through inhibition of COX-2. Givehig hypothesis, and the fact that
many of the unwanted Gl side effects associated WEAIDs are related to COX-1
inhibition, there has been a focus on the use oX@Gselective NSAIDs for the
treatment and prevention of CRC. Celecoxib (CLX)aisCOX-2 selective inhibitor.
CLX has also demonstrated significant chemopreweeta activity in colon
carcinogenesis (Maieet al, 2004, Reddyet al, 2000 and Kawamoret al, 1998),
however the administration of CLX is associatedhwtite potential risk for serious CV
side effects and also some serious Gl adverse d&Hpite being COX-2 selective
(Sostrest al, 2010 and Pfizer Important Safety Information @mlebre®, 2013).

The overall objective of this project was to deyetonovel CLX formulation for use in

the treatment and prevention of CRC that would roHemore effective and safer
2



alternative to the currently marketed CLX productlebre®. The five subsequent
results chapters broadly describe the followingkvmaickages involved in meeting the
stated objective; a) pre-formulation developmenlipél based CLX formulation, b) an
assessment of the CLX lipid formulations in ianvitro CRC cell culture model, c)
translation of the lipid-based CLX formulationsand multiparticulate microbead, d)
colonic targeting of the microbeads and a subsdqgunernvo assessment in an animal
model and e) optimisation of the microbead inclgdan assessment of the platform
formulation with respect to other active ingredgenEach chapter outlined above
includes a detailed introduction on the subjecttemadf that chapter, therefore this
initial introduction will serve as an overview oRC, CLX and the use of CLX in the
treatment and prevention of CRC and finally thellehges with respect to the oral drug

delivery of CLX.

1.2 Colorectal cancer (CRC)

CRC develops in the colon or the rectum which $® &nown as the large intestine (See
Figure 1.1 below). The colon and rectum are pdrtth® digestive system, also called
the gastrointestinal (Gl) tract. The digestive sgsiprocesses food for energy and also
eliminates solid waste from the body. After foodcleewed and swallowed, it travels
through the oesophagus to the stomach. In the stgnfi@od is partially broken down
before entering the small intestine via the pylofasthe small intestine (consisting of
the duodenum, jejunum and ileum) digestion consnaed most of the nutrients are
absorbed. The small intestine joins the large timtesn the lower right abdomen at the
ileocecal junction. The first and longest part bé tlarge intestine is the colon, a
muscular tube which is approximately 1.5 meteremngth. Water and mineral nutrients

are absorbed from the food matter in the colon,redeethe leftover waste (the faeces)
3



passes into the rectum (the final 15 cm of thedangestine) and is then expelled from
the anus. Cancer develops much less often in ttal #mestine than in the colon or
rectum (American Cancer Society, 2014). The caosodivided into four sections; a) the
ascending colon (extends upward on the right sfdihe abdomen), b) the transverse
colon (crosses the body from the right to the kifte), c) the descending colon
(descends on the left side) and d) the sigmoidrcalere the colon joins the rectum
(sigmoid colon is in the shape of an “S”). The aslveg and transverse sections are
collectively referred to as the proximal colon, ighihe descending and sigmoid colon
are referred to as the distal colon. Colorectateeshave different characteristics based
on their location within the colon or rectum (laetia, 2002). In the case of women and
older patients, proximal tumours are more prevalemiereas distal tumours are more
common among men and younger patients (Matanetskil, 2006 and Nawat al,

2008).
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Figure 1.1 Diagram depicting the gastrointestinal tract, udhg the colon and rectum. (Adapted from

American Cancer Society, 2014).

Most cancers of the colon begin as a noncancenmysgtly called a polyp that develops
on the inner lining of the colorectum (colon/recjuifhe most common kind of polyp is
called an adenomatous polyp or adenoma. Adenonses faom glandular cells in the
mucosa (which produce mucus to lubricate the cotams) as a result of a multistep
process in which normal crypts are initiated tarfdoci of aberrant crypts (ACF) that
proliferate by crypt fission to form microadenomiae( Robertiset al, 2011). The
microadenomas enlarge to give macroscopic aden@ndseventually adenomatous
polyps (Figure 1.2). It is estimated one-third toeénalf of all individuals will
eventually develop one or more adenomas (Bond, 20@D Schatzkiret al, 1994).
Some people are more likely to develop polyps thidwers such as those with a family
history of polyps and/or colorectal cancer. Despiite fact that adenomas have the
capacity to become cancerous, less than 10% aimadsti to progress to invasive
cancer (Levine and Ahnen, 2006 and Riso, 2010), ewew there is an increased
tendency for cancers to evolve as adenomas becarger |(Pickhardet al, 2013).
These cancers are refered to adenocarcinomas €FlgR)y and account for 96% of all
colorectal cancers (Stewast al, 2006). Adenocarcinomas can ultimately metastasiz
and spread to other organs via the blood or lymydtesn. The colorectal cancer
description outlined above relates to the most comgolorectal cancer sequence (i.e.,
adenoma-carcinoma sequence type or sporadic cahogrgver as eluded to in Section
1.1, there exists a number of other colorectal segel types (i.e., hereditary and colitis-
associated cancer types) with their own uniqueopathological features (Tanaka,
2012). For example, in contrast to the involvenwrddenomas in the case of sporadic

cancer, colitis associated cancer involves anofrecancerous condition of the

5



colorectal tissue known as dysplasia which is attarsed by abnormal cell growth and
inflammation. Tissue exhibiting dysplasia can oftenbenign but similar to adenomas
it can also turn malignant (Johns Hopkins Medicworectal Cancer, 2014).

In addition to understanding the histopathologfC&C (sporadic, hereditary and colitis
associated), scientists have also been able te tcaton cancer progression at a
molecular level. Despite differences in the stepwrsitations in oncogenes and tumour
suppressor genes and the expression of key praahgnzymes, there is considerable
overlap in the genetic and signalling pathways iwe@ in the pathogenesis of the
different types of colorectal cancers. For exantipéeexpression of the following genes
and associated proteiris;ras, APC, p-53 ang@-catenin and also the enzymes such as
COX-2 (cyclooxygenase 2) have been shown or sugdédst play a role play in both
sporadic and colitis-associated CRC (Tan&¢Hd 2, Terzieet al, 2010 and De Robertis
et al, 2011).

Spread to other

organs

Microadenoma

Macroadenoma
Adenomatous

polyp

Adenocarcinoma

Figure 1.2 Diagram depicting development of CRC from smallers@ima (polyp) to metastatic
adenocarcinoma (Adapted from American Cancer Sgc2é4).



Whilst a small percentage of human colorectal canege associated with defined
familial syndromes (e.g., FAP and HNPCC), the vasjority of malignant colorectal
cancers arise out of benign adenomatous polyps aveourse of several decades
(Johnson and Fleet, 2013). In the case of non-faingblorectal cancers, malignancy
can develop spontaneously or as a late complicafi@chronic inflammatory state (De
Robertis et al, 2011). Many of the risk factors (including emrimental causes)
associated with cancer (including CRC) are assediatith some form of chronic
inflammation. Up to 20% of cancers are linked toocic infections, 30% can be
attributed to tobacco smoking and inhaled polligaabd 35% can be attributed to
dietary factors (De Robertet al, 2011). In the case of CRC, chronic inflammatsma
result of inflammatory bowel disease (IBD) greatigreases the risk of the disease (van
Hogezandet al, 2002).IBD is a complex class of immune disorders thatehbeen
grouped into two major forms, ulcerative colitis@Jand Crohn’s disease (CD).
Colitis-associated CRC (CACRC) is the subtype of0dRat is associated with IBD, it
is difficult to treat and has a high mortality (Bees et al, 2009). More than 20% of
IBD patients develop CACRC within 30 years of dseanset and >50% will die from

CACRC (Lakatos and Lakatos, 2008).

It is important to note that although the cleatedt between inflammation and colon
cancer is seen in patients with IBD (Fukata al., 2007), colorectal tumours not
associated with IBD have also been shown to disfhyst inflammation and increased
expression of proinflammatory cytokines, which ligihts the key role that

inflammation plays regardless of the colorectalceartype (Terziet al, 2010).



1.3 Celecoxib and CRC

Given the role that inflammation plays in CRC, theas been a lot of focus on the use
of anti-inflammatory drugs for the treatment anévemtion of CRC and in particular
there has been a focus on the role of COX and fspaty COX-2 with respect to
inflammation and CRC progression. Two isoforms @hChave been identified: COX-

1 and COX-2. Both of these enzymes are encodeeéfsrate genes located on different
chromosomes and catalyze the conversion of aracttidaid and other fatty acids to
prostaglandins (lipid inflammatory mediators) (Galez-Angulo et al, 2002).
Evidence has revealed that although both COX-1 @ki-2 catalyze the same
reaction, COX 1 produces metabolites that play atrak role in maintaining
homeostatic functions, including platelet aggremgtirenal blood flow and gastric
cytoprotection, whereas, COX-2 is an inducible emeyexpressed in response to a
variety of physiological stimuli such as inflamnuatj fever, wound healing, and
neoplasia (Gonzalez-Angulet al, 2002). COX-2 is also understood be be induced
physiologically in the heart and therefore playatal role in opposing platlet ahhesion
and aggregation (Funk and Fitzgerald, 2007). Thehar@ism of action of COX-1 and

COX-2 is illustrated in Figure 1.3 below.
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Figure 1.3 Mechanism of action of COX-1 and COX-2 enzymesXElDand COX-2 catalyse conversion
of arachidonic acid into different prostaglandirBrostaglandins resulting from the COX 1 pathway ar
responsible for homeostatic functions whereas COX¥dstaglandins primarily play a role in
inflammation, fever and pain. COX-1 is referredatoconstitutive enzyme as it is produced by celtieun

all types of physiological conditions, whereas C@Xs an inducible enzyme produced only under

specific conditions such as inflammation.

Expression of COX-2 has been found to be increasaites of inflammation and also
in approximately 85% of CRCs and 50% of coloreatidnomas (Eberhaet al, 1994,
Marnett and Dubois, 2002, Wang and Dubois 2010¢. C®X-2 protein is found in the
cytoplasm of neoplastic colonic epithelial cellglao a lesser extent in stromal cells,
whereas normal epithelium is negative for COX-2 (Rebertiset al, 2011). It is
postulated that COX-2 may contribute to tumour ttgwaent by modulating apoptosis,
angiogenesis, and tumour invasiveness and also @@X-2 has a role in the
progression of cancer via activation of metallopases, thereby increasing the
invasiveness of colon cancer cells (Tsujii and DsiatR95). The tumorigenic effect of
COX-2 on the development of colorectal tumoursteen well documented not only in
the sporadic (Oshimat al., 1996) but also in the colitis-associated modelCétC
(Tanakaet al., 2003 and Kimet al., 2008). It is however noted that there exists some
discord with respect to this as a number of othediss cast doubt on the role that

COX-2 plays in the progression of CRC (Grostlal.,2001, Ishikawa and Herschman,



2010, Arbey 2008, Sadet al, 2012 and Sacchetti, 2013). Although the mecharos
cancer protection by COX-2 inhibitors is unknownisispeculated that it may relate to
an altered synthesis of arachidonic acid metalsoliteich, as previously discussed, may
play a role in apoptosis, angiogenesis, and tuniauasiveness, however it is also
possible that COX-2 inhibitors act by COX-2 indegent mechanisms with respect to
colorectal cancer (Arber2008). Regardless of the role that COX-2 playsCRC
progression there is a large body of evidence tnati-inflammatory drugs and
specifically COX inhibitors have a role to play witespect to the prevention and
treatment of CRC. The past three decades have ssi#de more than 200 well-
conducted, randomized, single-blind, placebo-cdietlcanimal studies that showed the
consistent preventive effect of NSAIDs on carcimegaluced colorectal neoplasia in
rodents (Arber, 2008). In a review by Gonzalez-Angand colleagues (Gonzalez-
Angulo et al.,2002), a list of twenty three COX inhibitors susskilly used (to varying
degrees) in animal studies for the prevention dbrc@arcinogenesis is provided. The
review includes two studies by Kawamori and collessy(Kawamori et al., 1998) and
Reddy and colleagues (Reddy et al., 2000) on tleenobreventative effects and the
chemotherapeutic effects of CLX (selective COX-hilntor) with respect to CRC.
These studies demonstrated the inhibitory actieityCLX during the initiation and
post-initiation stages of carcinogenesis (Kawarebral, 1998) but also that CLX can
inhibit tumour growth during the promotion/prognessstage of carcinogenesis when
premalignant lesions have developed (Redtl, 2000). The study by Reddy and
colleagues is of particular interest as it sugggmstscolon tumour development can also
be achieved even when the treatment is delayeditasdbsequently prompted the
clinical use of CLX in secondary prevention of aolcancer in patients with FAP and
also patients with sporadic polyps (details of ¢éhelinical studies are outlined later). As

eluded to above, in addition to a review of anirsaldies, Gonzalez-Angulo and
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colleagues also cite several epidemiological studra clinical trials involving aspirin,
sulindac (non-selective COX-1 and COX-2 inhibitoes)d CLX (selective COX-2
inhibitor) which illustrate the anti-cancer effeat these NSAIDs. The studies cited
reported a) a decreased risk of CRC (epidemiolbgitaly involving aspirin) and b) a
suppression of adenomatous polyp formation/regrassif existing polyps (FAP
clinical studies involving CLX and sulindac). Depievidence regarding the
chemopreventative effects of aspirin and other eatisnal nonselective NSAIDs (e.qg.,
ibuprofen, sulindac, naproxen and diclofenac),rtlogig-term use may result in serious
side effects, with the most significant side efféeing their serious gastrointestinal
toxicity which includes dyspepsia, peptic ulceredise, and significant bleeding with
associated increased mortality These side effesstiscaated with nonselective NSAIDs
are thought to result from gastric cytoprotectiv@>CG1 inhibition (Gonzalez-Angulet
al., 2002). Therefore a lot of attention has focusedtlmn use of selective COX-2
inhibitors (which display reduced Gl side effeatsih respect to their ability to prevent
the development and progression of CRC. As prelyalesscribed CLX, is an example
of one such selective COX-2 inhibitor. CLX is weakdcidic (pKa 11.1), hydrophobic
in nature (Log P 3.5) and has a low aqueous sdailolf 3—7 ug/ml at 20 °C
(Avrahamiet al., 2007). It is categorised as a BCS (biopharmacautiassification
system) class Il drug because of its poor aguealsbifity and high membrane
permeability (Morgeret al, 2012). The structure of CLX is shown in Figuré helow.
CLX has been shown to be 30 times more selectia@ 3OX-2 than COX-1, in
contrast to other COX-2 inhibtors such as rofecaxil valdecoxib (both of which have

been withdrawn from the market) which are 300 tirese selective (Marino, 2011).
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Figure 1.4 Structure of Celecoxib (adapted from Sigma Aldigeltecoxib product page, 2014)

CLX exhibits anti-inflammatory, analgesic and goyretic activities in animals and is
routinely administered for human therapy as theketad product Celebr&xn the
treatment of osteoarthritis, adult rheumatoid aithand ankylosing spondylitis. Whilst
CLX is extensively hepatically metabolised by thest and these metabolites are in-
active, CLX does not undergo extensive first passabyolism with approximately 50%
of the drug remaining in its active form three Ieafter administration (Paulse al.,
2000). Although there is no absolute bioavailaiagadfor Celebre% in humans due to
the absence of an intravenous dose, bioavailaltiitgies in dogs have demonstrated an
absolute bioavailability in the region of 30 %. (R®net al., 2000). As previously
mentioned, clinical trials have been performeddseas the effect of CLX (Celebf@x
on the prevention of both FAP and sporadic (non FélBted) intestinal polyps. In the
FAP trial, six months of twice-daily treatment oAl patients with 400 mg of CLX led
to a significant reduction (~ 30%) in the numbercoforectal polyps and was found to
be more effective than a 100 mg twice daily dostei(®Bachet al, 2000). This
subsequently resulted in the European approvalfip&éi®s CLX Onsendl) product for
the treatment of FAP. At the same time, CeleBneas approved by the FDA (Food and

Drug Administration) for the treatment of FAP (CandNetwork, 2002). In the EMA
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(European Medicines Agency) approval report for éa$ the following mode of
action for the product was describétig active substance in Onsefiatelecoxib, is an
NSAID that belongs to the group of COX-2 inhibitdtsblocks the COX-2 enzyme,
resulting in a reduction in the production of praglandins, substances that are
involved in processes such as inflammation andattierity of smooth muscle (muscle
that performs automatic tasks such as the openmbctosing of blood vessels). COX-2
is found at high levels in adenomatous colorectlyps. By blocking the activity of
COX-2, celecoxib helps to slow down the formatidnpolyps by stopping them
developing their own blood supply and by increasihg rate of cell death(EMA
Onsend! Approval Report, 200&nd Pfizer Withdrawal Notice for Celebrex for FAP
indication, 2012 The approval for Onserfahnd CelebreX (for the treatment of FAP
only) was subsequently withdrawn in 2011 as a tedfulPfizer being unable to recruit
sufficient patients to support clinical trials toopge the clinical benefits of the product
(EMA Onsend! Withdrawal Notification, 2011). Two further clirattrials, referred to
as the APC (Adenoma Prevention with Celecoxib) #mel PreSAP (Prevention of
Spontaneous Adenomatous Polyps) trials were lauhich000 to assess the effect of
Celebre® in reducing the proportion of subjects with neworettal adenomas post
baseline polypectomy after 1 and 3 years of studyg dadministration. The trials
targeted patients at a high risk of recurrent adesThe APC trial (CLX 200 mg or
400 mg twice daily) and the PreSAP trial (CLX 406 once daily) tested the efficacy
and safety of CLX against placebthe two trials were discontinued in 2004 based on
an analysis that revealed that patients taking Cu®re at increased risk for
cardiovascular (CV) events (Solomat al, 2006). For APC and PreSAP trials
combined, 83 patients (out of a total of 3853 patieexperienced cardiovascular death,
non-fatal myocardial infarction, non-fatal stroke,heart failure (Solomoat al, 2006),

however it is important to note that no excessiaaliovascular toxicity was observed
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for the PreSAP trial where the relative risk on 40§ of CLX one a day compared to
the placebo was not significant (Arb&008). It is also worth noting that the 200 mg
twice-daily dosing in the APC trial also demonstthtimuch less risk than 400 mg
twice-daily compared with the placebo (Solomat al., 2006). Despite the
discontinuation of the trials, the data analysis tfte trials demonstrated that in the
PreSaP trial (in which 80% of patients had complekeir 3 year treatment and follow
up period) that the use of 400 mg of CLX once dais shown to significantly reduce
the occurrence of colorectal adenomas within tlyeses after polypectomy (Arbet
al., 2006). In the APC trial (in which 77% of patientad completed their 3 year
treatment and follow up period) it was demonstrdbed the use of CLX by patients at
high risk for colorectal neoplasia significantlydteed the proportion of patients with
adenomas detected during a three-year study. Addity the trial documented a
prevention of premalignant adenomas with CLX, altjiothe trial was not designed to
assess effectiveness of the drug for the prevemiarolorectal cancer (Bertagno#t
al., 2006). Although the trials were discontinued doeCV toxicity, it has been
reported that the trials exhibiteddose-related increase in CV events and bloogpres
which therefore raises the possibility that lowesels or other dose intervals may be

associated with less CV risk (Solometnal.,, 2006).

1.4 Oral drug delivery and Celecoxib

Based on the information outlined above, it was\péal to develop a colonic specific
CLX formulation for the treatment and preventionGRC, in the belief that targeting a
lower dose of the drug to the colon would allow éosafe and more effective therapy.
There are many ways to deliver drugs into the biodiuding; oral delivery (through

swallowing), sub-mucosal delivery (through bucaadl sublingual mucosa), parenteral
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delivery (through injection), transdermal delive(through skin) and pulmonary
delivery (through inhalation). Among these routésli@ivery, oral delivery is the most
widely accepted by patients with respect to commgka (Guptaet al., 2009). As
previously stated CLX is a poorly soluble drug. Ppowater-soluble drugs are
becoming more prevalent as candidates for oral daligery and it has been estimated
that approximately 60—70 % of newdrug moleculessafficiently soluble in aqueous
media and/or have very low permeability to allow floeir adequate and reproducible
absorption from the gastrointestinal tract (GITlJdewing oral administration (Guptet
al., 2013). Drug development scientists have adoptedusistrategies to enhance the
solubility of these molecules to ultimately enhanbeir absorption. These strategies
can be broken down into two broad methods. The fitsthod involves chemically
altering the structure of the molecule in orderdader it more soluble. The second
method is described as a ‘formulation approach’winich the active material is
physically altered or combined with other materidlat result in the solubilisation of
the active, but critically the chemical structufelee molecule is not altered. In the case
where the chemical structure of the molecule isrett, the outcome is a new chemical
entity with its own toxicological profile. When addsing the solubility of a poorly
soluble drug, the ‘formulation approach’ is usudhyg preferred option, primarily due
to the significant regulatory implications involvedbringing a new chemical entity to
the market. An example of a ‘formulation approaicivolves particle size reduction of
crystalline compounds via micronisation (e.g., Eadanocrystdt technology) which
can increase the surface area and hence the dissotate of the drug, however this
approach may not be desirable in situations wheryer pvettability and handling
difficulties are experienced for very fine powddiGupta et al., 2013). Another
‘formulation approach’ is that of ‘amorphous forratbns’ including ‘solid solutions’

which can be formed using a variety of technologmesuding spray drying and melt
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extrusion in which the drug is rendered amorphond therefore more soluble. A
drawback of ‘amorphous formulations’ is that they display stability issues over time
as they revert back to the crystalline form (Simgthal., 2011). Lipid based drug
delivery systems (LBDDSs) are one of the most psamgi ‘formulation approaches’ for
addressing the challenges associated with poodybkeo drugs and confers many
advantages over other drug delivery systems (Gaptal, 2013). Although the
intention of this project was not to enhance theogttion of CLX, one of the key
formulation objectives was to enhance the solybiit CLX to allow the drug to be
available in a freely molecular form in order foyetdrug to be optimally available to
interact with colonic tissue. The efficacy of artiamancer agent in a patient depends
both on its potency but also on the applicatioramfeffective drug delivery system to
ensure the drug is targeted to the site of ac@ankatesaret al, 2011). On this basis,
a LBDDS in which the drug is delivered in a prewwlized form was selected as the
most appropriate formulation approach for this @coj(refer to Chapter 2 for further
details on LBDDSSs). The second key formulation otiye was to present the drug in a
multiparticulate pellet format based on the follog/iadvantages of multiparticulate
dosage forms (Sharma and Chaurasia, 2013, AsgltaChandran, 2006 and Porter,

2013);

* Multiparticulates/pellets are less susceptible seddumping than single unit
bolus formulations (e.g., tablets, soft gelatingpstdes or powder filled hard

gelatine capsules)

* Multiparticulates reduce intra and inter-subjeatafaility by reducing variations

in gastric residence times and Gl transit times
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o Particles smaller than 2 mm can pass through thstcoted pyloric
sphincter even during the gastric phase of thestige process and
distribute themselves more readily throughout tiseatipart of the
gastrointestinal tract

o Multiparticulates are also retained longer in tbino (thereby allowing
for a more prolonged period of action)

* Multiparticulates disperse freely in the GI tratieteby allowing for more

widespread interaction with Gl tissue

* Multiparticulates can minimise irritant effects
o Single unit dosage forms can potentially lodgesdstnictions within the
gastrointestinal tract, causing the release of tiouge localized and thus
cause mucosal damage should the drug possessitiretiects. This
potentially harmful effect can be minimized with ktiparticulates since
their small size reduces the likelihood of suchragmmnent, while the drug

concentration is spread out over a larger numbedrisafete particles.

* The spherical nature of pellets allows for the ioyad application of controlled

release coating and also enhances flow properties

The combination of these key formulation objectivequired the development of a
multiparticulate formulation that was amenable e encapsulation of lipids and the
application of controlled release polymers. Conweratl LBDDSs such as soft gelatine
capsules were therefore not considered given tiegt tepresent a single unit dosage

form and are not broadly amenable to coating. Tédlecion and development of a
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suitable formulation technology to meet the requeats outlined is described in detail
in Chapter 4.

As referred to earlier, CLX is currently adminigt@rfor the treatment of osteoarthritis,
adult rheumatoid arthritis and ankylosing spondylias the marketed formulation
Celebre® and was previously administered for the treatnudérfAP as the marketed
product Onsen8l(both Pfizer products). Based on a review of thailakle literature it
would appear that Celebf®@and Onsenél are equivalent products marketed under
different brand names (FDA Oncologic Drugs Advis@gymmittee Briefing Document,
2005 and MHRA Safety Advisory Notice, 2011). In tBMA scientific discussion for
the approval of Onserfglthe manufacturing method is outlined. It des@ibegproduct
which is wet granulated (to improve its flow projpes) followed by milling (to reduce
the particle size and increase the surface areaidadissolution) (EMA Scientific
Discussion for the Approval of Onsefial2004). The manufacturing method and
product description for Onseffatorresponds to the visual appearance of Cel&hjx
fine powder filled into hard gelatine capsule).tigh Celebrékis not approved for
use in the prevention or treatment of CRC, itscaffy has been shown in the various
clinical trials previously described. The primamaaback of Celebrékis its CV side
effects and despite being COX-2 selective, Celébigalso associated with Gl toxicity
(Silverstein FEet al, 2000, Pfizer Celebrex® Monograph 2014). The €idé effects
associated with COX-2 inhibitors is understood &abresult of the inhibition of the
physiological induction of COX-2 in the heart (Fuakd Fitzgerald, 2007). In the case
of Gl side effects, COX-2 is produced in the intestepithileum in response to tissue
injury which accounts for aspects of the toxicigsaciated with drugs such as CLX
when administered in combination with non-slect®X inhibitors such as aspirin
which supress the mucosal defence (Wallace, 2000jerature review in relation to

Celebre® identified the unwanted side effects of CeleBréx be a) dose related (CV
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and Gl side effects) and b) dosage form related 4i@¢ effects) (Sacchetti, 2013,
Solomaret al, 2005 and FDA labelling Revision for CelebfeRapsules, 2008). Aside
from COX inhibition, direct damage to the mucuselayand cytotoxicity to the
gastrointestinal epithelia has been observed witterdnt NSAIDs, including CLX
(Tomisatoet al., 2004). In the case of COX-2 inhibitors such as CltXs postulated
that this direct toxicity might occur in spots afher vulnerability where the protective
mucus is weakened by COX-1 inhibition, pre-existiegions and incipient damage
(Tomisatoet al., 2004, Lichtenbergeet al, 2006, Scarpignato and Hunt, 2010 Pfizer
Celebrex® Monograph 2014).

A central hypothesis of this study was that by enéismg pre-dissolved CLX in
multiparticulate form, the Gl irritation effects dhe current dosage form could
potentially be alleviated and in tandem by addresshe solubility issues associated
with the drug it would potentially allow for the pprtunity of administering a lower
dose thereby reducing the potential for both Gl @\dside effects. Celebr&was used
throughout the project as a formulation comparatdh respect to physicochemical
performance (e.gin-vitro release testing) and efficacpnvitro cell line andin-vivo
animal studies) in the belief that the developmainan enhanced formulation with
respect to these parameters would then warranmlaeneed safety assessment in human

volunteers in future studies.
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1.5Nomenclature

Table 1.1List of abbreviations which are listed accordingtteir appearance in the text.

Abbreviation Definition

CRC Colorectal cancer

FAP Familial adenomatous polyposis

HNPCC Hereditary nonpolyposis colorectal cancer
NSAIDs Non-steroidal anti-inflammatory drugs
COX Cyclooxygenase

CLX Celecoxib

Gl Gastrointestinal

ACF Aberrant crypt foci

IBD Inflammatory bowel disease

uc Ulcerative colitis

CD Crohn’s Disease

CACRC Colitis associated colorectal cancer

Ccv Cardiovascular

BCS Biopharmaceutics classification system
EMA European medicines agency

LBDDS Lipid based drug delivery system

MHRA Medicines and healthcare products regulatggray
FDA Food and drug administration
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2.1 Abstract

The purpose of this phase of the project was t@ldgva lipid-based celecoxib (CLX)
liquid formulation which would act as a precursor the development of a suitable oral
drug delivery formulation designed to deliver podubilised CLX to the
gastrointestinal (GI) tract and more specificalty the colon for the treatment of
colorectal cancer (CRC). The solubility of CLX inrange of lipids, surfactants and
cosolvents was evaluated. CLX was solubilised irtunes of these vehicles to produce
liquid formulations. Then-vitro release of these liquid formulations was asseased
compared to the marketed CLX product CeleBrexith optimised liquid CLX
formulations demonstrating a greater release pmdoce to Celebréx A successful
feasibility study was performed in which the potantfor converting liquid CLX

formulations into CLX microbeads was assessed.

2.2 Introduction

2.2.1 Background

The challenges of orally delivering poorly soluldieigs such as CLX to the colon for
the treatment and prevention of CRC were outlim@hapter 1, which concluded that
a multiparticulate lipid based drug delivery systénBDDS) in which the drug is
delivered in a pre-solubilized form was the optirf@aimulation type for CLX for this
indication. Over the past several decades, LBD@2Sui(sions, microemulsions, mixed
micelles etc.) have been explored for resolvingagety of drug delivery challenges
(Cannon and Long, 2008, Kaleptial, 2013). Most frequently LBDDSs for oral use
are designed to present a poorly soluble drug solabilized format to eliminate

dissolution of crystalline material as the rateiting step of absorption (Pouton, 2000).
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For this project the intention was to develop adlipased formulation in which the
dissolution of CLX in the Gl tract would be elimied as a rate limiting step, thereby

allowing for the drug to be delivered to colongstie in a free molecular form.

2.2.2 Lipid based formulations

Lipids are one of the most versatile excipient s¢gsavailable to formulation scientists
for improving the solubility of poorly water solwbldrugs. The formulation options
include lipid suspensions, solutions, emulsionscra@mulsions, mixed micelles,
SEDDs (self-emulsifying drug delivery systems), SMES (self-microemulsifying
drug delivery systems), thermo-softening matriced lgposomes. When designing one
of these lipid based drug delivery systems theeehamdreds of potential excipients
from which to choose, however despite the numbepassibilities there are only a
relatively small subset of lipids which have fouaglplication in clinical development
due to a lack of regulatory approval (Gibson, 2007)pically lipid classes used for
pharmaceutical applications include the followiay;fatty acids, b) natural oils/fats, c)
semi-synthetic mono-, di- and triglycerides, d) tames of glycerides/glyceride
polyethylene glycol (PEG) derivatives and fattydaesters of PEG and e) polyglyceryl
fatty acid esters. A brief background to each asthlipid classes is included here.
Surfactants and co-solvents play a key role irdlfprmulations and are also described.

Finally, a brief overview of the most common liggdsed formulations is provided.
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2.2.2.1 Lipids
A. Fatty acids

Fatty acids are monocarboxylic acid derivativessafurated or unsaturated (carbon-
carbon double bond) aliphatic hydrocarbons. Sagdréatty acids with eight or fewer
carbons are flowable liquids at room temperaturdsivthose fatty acids of 10 or more
carbons in chain length are semi-solid at room sratpre and possess melting points
that increase in proportion to the hydrocarbon rcHangth but which decrease with
increasing degree of unsaturation. Fatty acids fingrmaceutical application primarily
as solubilizing vehicles for poorly water solubleigs (Gibson, 2007 and Saxestaal.,
2013). The structure of oleic acid is provided igufe 2.1 below as an example of a
fatty acid. The abbreviated name for oleic aci€18:1, which describes a fatty acid of

18 carbons containing one carbon-carbon double.bond

— H
HO)I\/\/\W\/\/\/CE

Figure 2.1 Structure of oleic acid (C18:1) (Adapted from Clspider oleic acid technical information

page, 2014)

B. Natural oils and fats

Naturally occurring oils and fats are comprisednaftures of various triglycerides (TG)
and are more commonly (but rarely) referred taiasylglycerols since chemically they
are fatty acid tri-esters of glycerol. Naturallycacring triglycerides contain fatty acids

of varying chain lengths and degrees of unsaturatkased on the length of their
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component fatty acids, triglycerides can be classiés short (< 5 carbons), medium (6-
12 carbons) or long chain (> 12 carbons) (Gibs@f72and Boydet al, 2011). The
structure of a glyceryl trioleate (a major companeholive oil) is provided in Figure

2.2 below as an example of a long chain triglyaerid

O

OJJ\/\/\/\/:\CHQ(CHQ)BCHS

O

OM\N:\CHQ(CHg)GCHg
O\I.(\/\/\/E/CH2(CH2)GCH3

O

Figure 2.2 Structure of a glyceryl trioleate (Adapted frongi®a Aldrich glyceryl trioleate product page

2014).

C. Semi-synthetic mono-, di-, and triglcerides

In addition to naturally occurring triglyceride$iete also exists a wide range of semi-
synthetic mono-, di- and triglycerides which containe, two and three fatty ester
groups respectively. The primary advantage of ssmihetic glycerides compared to
naturally occurring glycerides is that they offeona uniform compositions with respect
to fatty acid content, however it should be ackrealgked that semi-synthetic glycerides
still exhibit a certain amount of compositional iadility (e.g., with respect to fatty acid

content and the position of fatty acids on the @fgt backbone). The compositional
variability of semi-synthetic glycerides can vampénding on the excipient brand and
from batch to batch, therefore careful considerasbould be employed as part of the
selection process. In Table 2.1, the compositiorMadflyol® 810N is shown as an

example of a semi-synthetic medium chain triglyaderiGibson, 2007).
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Table 20omposition of Miglyd? 810N (Gibson, 2007).

Fatty Acid Composition (%)
Caproic (C6) <2
Caprylic (C8) 65-80

Capric (10) 20-35
Lauric (C12) <2
Myristic (C14) <1

D. Mixtures of glycerides/glyceride PEG derivatives ad fatty acid esters of

PEG

Another common class of lipid excipients are miggiof mono-, di- and triglycerides/
glyceride PEG derivatives and fatty acid esterBIB6. These excipients are commonly
used as solubilising vehicles, surfactants, wettagents and as emulsifiers in

SEDDS/SMEDDS. Some typical examples of this exapass are detailed in Table

2.2 below. These excipients range from being hidjplyphilic (e.g., Labrafif M 1944

CS — HLB of 3-4) to being water soluble (e.g., Cophof® RH-40 — HLB of 14-16).

See Section 2.2.2.2 for further details on hydraplpophile balance (HLB).

Table 2.2Examples of mixtures of glycerides/glyceride PEgBivchtives and fatty acid esters of PEG

Chemical name

Composition

Trade name

PEG-32 glyceryl
laurate

Mono-, di-, and trilauric (C12:0) acid esters ofagrol plus
mono- and difatty acid esters of PEG 1500

Gelucir® 44/14

PEG-32 glyceryl
palmitosterate

Mono-, di-, and tripalmitic acid (C16:0) and steracid
(C18:0) esters of glycerol plus mono- and difattidasters of
PEG 1500

Gelucir® 50/13

PEG-8 glyceryl
caprylate/caprate

Mono-, di-, and tricaprylic acid (C8:0) and capaizid (C10:0)
esters of glycerol plus mono- and difatty acid esté PEG
1500

Labrasa?

PEG-6 glyceryl

Mono-, di- and trioleic acid (C18:1) esters of giyal and

Labrafil® M 1944

oleate mono and diesters of PEG 300 CS
PEG-6 glyceryl Mono-, di- and trilinoleic acid (C18:2) esters dyagrol and | Labrafil® M 2125
linoleate mono and diesters of PEG 300 CS
i .| Mixtures of glyceryl PEG ricinolate with fatty acébters of
PEG-35 castor ol PEG, free PEGs and ethoxylated glycerol Cremophd? EL
PEG-40 Hydrogenated glyceyl PEG ricinoleate with 40 malés | Cremophof RH-
hydrogenated hvi ' le of i 0
castor oil ethylene oxide per mole of castor oi 4
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E. Polyglyceryl fatty acid esters

The final lipid classification that was considegesipart of this project was polyglyceryl
fatty acid esters. Polyglyceryl fatty acid estere aomposed of a chain of glycerol
molecules linked together by ether linkages, wladh esterified with one or more fatty
acid molecules. Similar to the previous categorgcdbed, these excipients find
application as solubilising vehicles and surfactaand also as crystallisation inhibitors.
An example of a polyglyceryl fatty acid ester isifl® Oleique which is an octasteraic

acid (18:0) ester of a 6 glycerol unit chain (Gibs?007).

F. Propylene glycol fatty acid esters

Propylene glycol fatty acid esters are another grofisubstances closely related to
glycerides but which do not fit into the classidgid classifications described in
Section 2.2.2. They are chemically derived frompgtene glycol and fatty acids.
Although they have surfactant properties, they ara@st commonly employed as
solubilisers. Some typical examples of this excipielass are detailed in Table 2.3

below.

Table 2.3Examples of propylene glycol fatty acid esters.

Chemical name Trade name(s)
Lauroglycol® FCC
Propylene glycol CapmuP PG-12

monolaurate

Lauroglycol 9¢

Propylene glycol
dicaprylate/dicaprate
Propylene glycol CapryoP PGMC

monocaprylate CapryoP 90
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2.2.2.2 Surfactants

Lipid based formulations often contain surfactatdacilitate dispersion of the drug
and formulation components after ingestion. Coneaal or traditional surfactants are
made up of distinct regions; a hydrophobic portreferred to as the ‘tail’ and a
hydrophilic ‘head’ group. The hydrophobic portioh tbese surfactants is commonly
made up of straight- or branched- hydrocarbon chaivhich may include aromatic
moieties. The hydrocarbon tails are normally fléxikand when aggregated present a
fluid hydrocarbon environment for the solubilisatioof hydrophobic materials
Surfactant structures other than the conventioealdhail arrangement also exist, for
example, bile salts have a less common planartsteievhere the steroidal backbone
presents a hydrophobic face and the reverse fdogrephilic (Liuet al.,2008).
Surfactants are often classified according to thgarophile-lipophile balance (HLB)
number. The HLB balance of a surfactantis a measir the degree to which it
is hydrophilic or lipophilic. Surfactants with loWLB values (1-9) are more lipophilic
and tend to be lipid soluble, whereas those witghhHHLB values (>10) are more
hydrophilic and often form transparent micellarutimins when added to water. A blend
of low and high HLB surfactants are often used he preparation of oil-in-water
emulsions to ensure a maximum resistance to phgsaration and a high degree of
dispersion (Gibson, 2007 and Cannon and Long, 2008)

In the case of traditional surfactants, the chemiegure (i.e., the charge) of the
hydrophilic head group is also used to classifyffasuants into four distinct groups;
nonionic (no charge), anionic (negatively chargedjonic (positively charged) and

zwitterionic (negatively and positively chargedH gependent).
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Nonionic surfactants are the most widely used stafgs in pharmaceutical systems
due to their low toxicity and excipient compatityland were therefore the focus with
respect to surfactants in this project. The headigg of nonionic surfactant molecules
contain no charged moieties, with their hydropipifoperties attributed to the presence
of hydroxyl groups. All of the lipids listed in S&mn 2.2.2.1 D with the exception of
Labrafil® M 1944 CS and LabrafilM 2125 CS are classified as nonionic surfactants.
Other nonionic surfactants include the followindegpries; sorbitan fatty acid esters,
PEG-ylated sorbitan fatty acid esters, PEG fatig asters and vitamin E PEG esters.
The most common nonionic surfactants used in tlarpaceutical industry (including
their HLB values) are detailed in Table 2.4 belovle non-ionic surfactants from
section 2.2.2.1 D are also included. Figure 2.®Wweshows the structure of Solutol
HS-15, a PEG fatty acid ester. Solt®iS-15 (also referred to as KolliplfoHS-15) is

a non-ionic solubiliser and surfactant obtainedrdgcting 15 moles of ethylene oxide
with 1 mole of 12-hydroxy stearic acid. The resqudtiproduct consists of PEG mono-
and di-esters of 12 hydroxystearic (primary lipdightomponent) and of about 30% of
free PEG. Solut§l HS-15 is a yellowish white paste at room tempeeathat becomes
liquid at approximately 30°C. It is soluble in wagand its critical micelle concentration
lies between 0.005 and 0.02% (BASF Soft#t$-15 technical information sheet,

2012).
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Table 2.4Examples of nonioinc surfactants.

Classification Chemical Name HLB Trade name
Sorbitan fatty Sorbltgn mo.nooleate 4 Sfag0
acid esters Sorbltan trioleate 2 Spérss
Sorbitan monolaurate 8 SFap0
Polyoxyethylene sorbitan 17 Tweef 20
monolaurate
Polyoxyethylene sorbitan
PEG-ylated monopalmitate 16 Tweef¥ 40
sorbitan fatty aci Polyoxyethylene sorbitan
esters yoxyethy 15 Tweef? 60
monosterate
Polyoxyethylene sorbitan 15 Tweef 80
monooleate
Polyethyleng Polyethylene glycol-15- SolutoP HS-
glycol fatty acid 15
hydroxystearate 15
esters
Vitamin E PEG : Vitamin E
esters Tocopherol PEG succinat| 13 TPGS
Gelucire¢®
PEG-32 glyceryl laurate 14 44114
Mixtures of PEG-32 glyceryl 13 Geluciré®
glycerides/ palmitosterate 50/13
glyceride PEG i
derivatives and PEG-8 glyceryl 14 Labrasdt
» : caprylate/caprate
atty acid esters
of PEG PEG-35 castor oil 13 Cre”é‘iphd?
PEG-40 hydrogenated 15 Cremopho?
castor oll RH-40
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OH

Figure 2.3 Structure of primary lipophilic component of Saift HS-15 (Adapted from BASF

SolutoPHS-15 technical information sheet, 2012).

2.2.2.3 Cosolvents

Hydrophilic cosolvents may be used in lipid-basedmiulations to improve drug
solubilisation. A second advantage of cosolventhes ability to aid dispersion of lipid
formulations by facilitating water ingress into themulation. When cosolvents are
employed on their own (i.e., single component sysde drug precipitation is likely due
to rapid dissipation of the cosolvent, however wiemulated with lipids, the lipids
remain post cosolvent dissipation thereby prevegnpirecipitation (Cannon and Long,
2008). The amount of cosolvent employed in a foatah is generally limited by its
compatibility with other formulation excipients @e. gelatine in the case of soft gelatine
capsules). Table 2.5 below lists some common cestdvused in the pharmaceutical

industry.
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Table 2.5Examples of cosolvents.

Abbreviated or
Chemical Name Trade Name
Ethanol EtOH
Dimethyl Acetamide DMA
Polyethylene Glycol 300 PEG 300
Polyethylene Glycol 400 PEG 400
Polyethylene Glycol 200 PEG 200
Polyethylene Glycol 1000 PEG 1000
Polyethylene Glycol 4000 PEG 4000
Diethylene glycol monoethyl Transcutd? P
ether
2224 Lipid formulations

Of the various lipid formulations listed in SectioB.2.2, emulsions/SEDDS,
microemulsions/SMEDDS and micelle formulations among the most common
formulation approaches (Hauss, 2007 and Lui, 2088)rief description of these

formulation types is provided below.

A. SEDDS and SMEDDS

SEDDS are drug delivery systems consisting of dailg,and surfactants and may also
include cosolvents. On addition to water (e.gthe Gl tract) and with gentle agitation,
the system will form an emulsion (i.e., a dispemsid droplets of one liquid in another
immiscible liquid (e.g., oil in water)) (Grove amullertz, 2007 and Cannon and Long,
2008). SEDDS are more practical for oral applicagithan ready-to-use emulsions (i.e.,

those that contain water) due to volume considmnatieasier formulation into dosage
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forms such as soft gelatine capsules and also eaachemical stability (due to the
absence of water in the formulation) (Dage al, 2010). SEDDS are essentially
emulsion preconcentrates. SMEDDS are those selfs#fiying systems that form
microemulsions on addition to water and gentle adigih. The term microemulsion
implies an emulsion with a very fine droplet sirmwever microemulsions are not
actually emulsions (Cannon and Long, 2008). Microlsions form spontaneously on
mixing with little or no mechanical energy wherdasemulsions homogenisation is of
critical importance. In comparison to emulsions¢nmémulsions have a much smaller
droplet size (6-80 nm) and are visually transpacgrtanslucent, whereas the drops of
the dispersed phase in an emulsion are generaflg (& 0.1 um) so that they often take
on a milky, rather than a translucent appearanearf@Gn and Long, 2008). In contrast
to emulsions, microemulsions are thermodynamicatigtastable. In emulsions the
average drop size grows continuously with time lsat fphase separation ultimately
occurs under gravitational force (i.e., they areriodynamically unstable and their
formation requires input of energy as describedvapoThe marketed cyclosporine
formulations Sandimmuffe (SEDDS) and Neor8l (SMEEDS) are examples of
formulations which yield emulsions and microemsodiaespectively on dilution with

the aqueous environment of the Gl tract (Narainal, 2007).

B. Micelles

The ability of surfactants to enhance the solupibt poorly water soluble compounds
in an aqueous environment is widely known and iedusy many aspects of drug
formulation development (Liet al, 2008). This enhancement of the aqueous solubilit
by surfactants occurs as a result of the dual eadéirsurfactant molecules (i.e., their

discrete hydrophobic and hydrophilic regions). Téren surfactant describes a surface-
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active agent. The hydrophobic (nonpolar) and hyuitap regions (polar) of these
surface-active agents allow them to orientate &rpwonpolar interfaces (e.g., water/air
or water/oil). Once the interface is saturated,dbrfactants then self-associate to form
micelles and other aggregates, whereby their hydroic regions are minimized and
shielded from aqueous contact by their hydrophiégions. This creates a discrete
hydrophobic environment suitable for solubilisatiohmany hydrophobic compounds
(Lui et al., 2008). Alternatively, the poorly agueous solubtagdmay be solubilized
within the head group layer at the surface or s ghlisade portion of the micelle (the
portion between the surface and the core) (Ranggliiet al, 2005). In the case of
dilute surfactant solutions, the polar head groopsthe surfactant molecules are
generally arranged in an outer spherical shell,levtihe hydrocarbon chains are
orientated towards the center forming a sphericelele (Figure 2.4 A) which are
usually between 3-50 nm in size (Paul and Prud’hen2801). Depending on the type
of surfactant employed and the solution conditidhe, aggregates may form structures
other than micelles such as lamellar bilayers (fégR.4 B) or spherical bilayers
(vesicles) containing an encapsulated aqueous p(fdgare 2.4 C). As micelles
become larger they have been shown to become nsyranazetric with their shape
changing from spherical to cylindrical and lamellas stated above, surfactants self-
associate in aqueous media to minimize the aremmfct between their hydrophobic
tails and the aqueous solution. The concentratibnswrfactant at which this
phenomenon occurs is referred to as the criticakhi@ concentration (CMC) (Liat al,
2008). At surfactant concentrations below the CMI& surfactant molecules exist
predominantly as monomeric units (no micelles) wherat surfactant concentrations

above the CMC, micelles exist.
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Figure 2.4 Structure of surfactant aggregates: A) spheridakle, B) lamellar bilayer and C) spherical

bilayer (vesicle) (Adapted from Mc Clements, 2007).

Surfactant mixtures (forming mixed micelles) arenocaoonly used in pharmaceutical
applications as they often perform better thamglsisurfactant system. In addition to
enhancing drug solubilisation, the use of mixed eltés can result in a synergy
whereby the total concentration of required sudatctequired is reduced (Liet al
2008).

As with SEDDS and SMEDDS, micelle formulations argually formulated in the
absence of water (i.e., they are micelle pre-comatss). Due to incompatibility with
encapsulation materials (e.g., gelatine) in curtechinologies, micelle pre-concentrates
are less common than SEDDS and SMEDDS however gheenumber of components
in SEDDS and SMEDDS, it is expected that severapatision mechanisms are
operating in parallel in these type of formulatiqiscluding the presence of micelles
and mixed micelles) (Narargf al, 2007 and Grove and Mullertz, 2007). Examples of
LBDDS which are predominantly surfactant based @edeby could be referred to as
micelle pre-concentrates are a) the amprenavir dtation Agenerase b) the
cyclosporine formulation Gengfgfc) the fenofibrate formulation Feno§aind d) the

ibuprofen formulation SoluféhaGé (Liuet al.,2008and Strickley, 2007).
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2.2.3 Characterization of release from LBBDS (release téisQ)

The characterisation of the release of an API acpharmaceutical ingredient) is
usually performed for a number of reasons; a) togare formulation candidates during
the development of a drug, b) to predict the penfmice of a formulatiom-vivo and c)

to act as a quality control (QC) tool (to distingluibetween different batches, to assess
formulation changes, to assess product qualityndum products shelf life etc.).
Characterisation of release from LBDDS is performedin-vitro release testing. The
primary focus oin-vitro release testing in the context of this stage efpttoject was to
compare formulation candidates and to a lessernextbeir potential in-vivo
performance. LBDDS present special challenges i@ design of release tests
(Dressmanet al, 2007). Unlike the majority of other oral dosggens in which the
APl is present in a solid format (e.g., tablets grahules) and which therefore undergo
dissolution testing the drug in LBDDS is usuallyeqatissolved, therefore despite the
fact that the same medthodies are employed (i.e,afisdissolution test apparatus,
dissolution media etc.), the use of standard diswwi terminology is not appropriate to
describe the results of these experiments. In #seg of LBDDS, these tests are
performed as a measure of how well the drug diggeos releases into the chosen
media rather than a measure of how the drug diesolWhen designing a release
experiment for the testing of lipophilic dosagenfist the contents of the dissolution
medium are important when trying to mimicvivo conditions. For example, in the Gl
tract, dispersion of the formulation will occur v@mulsification in the stomach and

small intestine (Dressmaet al, 2007) and therefore it is important to mimic the

! Given that the methodologies involved include tise of standard dissolution apparatuses, dissaolutio
media etc., the term ‘dissolution’ will be useddiscribe the methodologies where appropriate, hemwev
the term ‘release’ will be used to describe theasé/dispersal of drug from the dosage varioussfanio

the media.
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components of the intestinal fluids to simulates tamulsification process (i.e., the use
of biorelevant dissolution media). An alternatiygpeoach to the release testing of lipid
based dosage forms and the approach that was ddobete is to test the lipophilic
dosage forms in simple aqueous media such as &ul¥iater (PW), Simulated Gastric
Fluid (SGF — pH 1.2) and Simulated Intestinal FI(8dF — pH 6.8) on the basis that the
formulation should be as robust as possible witpeet to the physiology of the Gl

tract (i.e., not reliant on Gl conditions).

2.2.4 Objectives

Bioavailability studies have shown CLX to be a ppa@oluble, highly permeable drug,
(i.,e., class Il of the Biopharmaceutical Classtiima System), in which the
bioavailability of the drug is limited by its poaolubility (Paulsoret al.,2001). This
poor aqueous solubility and consequent poor diisolun gastric fluids is considered
to be a major drawback of celecoxib therapy (Raeawd Jain, 2004). The poor
solubility of the drug reduces its effectivenesdremting the diseases for which it is
indicated. In order to counteract this poor bioklaiity the drug is administered in
high doses, however these high doses result iraeagrincidence of severe adverse side
effects (FDA labelling revision for Celebf®x2008). It is also postulated that the
effectiveness of CLX in the prevention and treatimeh CRC is prohibited by the
presentation of the current dosage form (powd&dfitapsule) which is not amenable
to widespread interaction with colonic tissue iineee molecular form.

The primary goal of this phase of the project wasdevelop a formulation for
improving the solubility of CLX using a combinatiarf excipients that were suitable

for oral administration and ultimately the incoration of the resultant formulations
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into a suitable drug delivery technology for oralidery. The primary aims/objectives

of this stage of the project to meet the stated weee as follows:

2.3

The first objective of the study was to screen ageaof vehicles (lipids,

surfactants and co-solvents) and identify thosewhlich CLX was readily

soluble. It was proposed that by employing lipidsd asurfactants in the
formulation, that the solubility of CLX would be lesnced, thereby increasing
its oral effectiveness in the local treatment ofCCR

The second objective was to use data collected fhaninitial screening studies
to form the basis for the design of liquid formidas. The drug release
performanceif-vitro release testing) of these liquid formulations vdothien be
compared to the currently marketed CLX product B&€’. The drug release
performance of the liquid formulations would als® dompared to each other to

assess the impact of changing excipient types atiasr

The third objective was to perform an initial fdakiy trial on selected liquid

formulations to assess if the liquid formulatiorelested were amenable to
incorporation into microbeads (Refer to Chapter ot flevelopment and
optimisation of microbeads).

The fourth and final objective was to select optiriguid formulations for

progression to a CRC cell culture study (Refer hayiter 3).

Material and methods

2.3.1 Materials

Solubilisation studies were performed using a widege of vehicles consisting of

lipids, surfactants and cosolvents. The vehiclesdusere were as follows; corn oll,

soybean oil, olive oil, oleic acid, linoleic acstearaic acid, Sp&r80, Spafi 85, Spafi

20, (all Sigma Aldrich, USA), Incrome§al G3322 (Croda, UK) Mineral Oil, Tweé&n
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20, Tweef® 40, Tweef! 60, Tweeff 80, EtOH, DMA, PEG 300, PEG 400, PEG 200
(Merck, Germany), Miglydl 810, Miglyol® 812, Miglyol® 829 (all Sasol, South
Africa), Labrafra®, Lipophile WL1349, Capry§l PGMC, Caprydt 90, Lauroglycd?
FCC, Lauroglycd! 90, Labrafa@ PG, Plurol Oleiqu® CC497, Gelucir@ 44/14
Geluciré® 50/13, Transcut8l P, LabrafiP M2125, Labrafif M1944 CS, Gelucif®
33/01, Labrasél, Maisiné® 35-1, Peceol (all Gattefosse, France), Cé&pt&00,
Capmuf MCM, CapmuP PG-12 (all Abitec, USA), Imwitt 308, Imwitof® 742 (both
Cremer, Germany), CremopRoRH40, Cremophét EL, Solutof HS-15 (all BASF,
Germany) and Vitamin E TPGS (Eastman, USA). Miceuse were prepared using
these vehicles in combination with porcine geldtiitta Gelatin, Japan) and sorbitol
(Neosorl?) (Roquette, Franace). A sample of CLX API was kingrovided by
Erregierre (Italy). The purity of the APl was 99.6%4sed on the COA provided by the
supplier. All chemicals used for the release expents, HPLC and UV testing were of

laboratory grade.

2.3.2 Methods

2.3.2.1 Solubility measurements

CLX was added to measured quantities of a randidf, surfactants and cosolvents
in glass vials (minimum of n =2 measurements). €hasxtures were stirred at room
temperature (20°C) (except in the case of excipiemhich were solid at room
temperature, in which case the solubilisation mesamants were performed at elevated
temperatures) using a magnetic stirrer. Additiomalounts of CLX were added to
samples and were allowed to stir for periods oé fimin prior to observations being
made.The solubility of CLX in the liquid vehiclesas/ recorded as the range between

which the samples transgressed from transparexbtoly.
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2.3.2.2 CLX liquid formulations

CLX liquid formulations were prepared by dissolvimgasured quantities of CLX into
measured quantities of liquids. Formulations wereppred as one, two or three
component systems (i.e., containing a single liquéhicle or mixtures of liquid

vehicles).

2.3.2.3 In-vitro release testing

Release testing of CLX API was performed at 37°GiiR (pH 6.8), SGF (pH 1.2) and
PW (pH 7) to determine whether pH had an impacthendissolution of CLX. The
protocols for SIF and SGF were taken from the Whis¢ates Pharmacopoeia (United
States Pharmacopeia, 2010). A high throughput telegase screening study=1) was
then performed on CLX liquid formulations at 37°6€ PW. For optimal liquid
formulations, these release experiments were rege@t3). All release experiments
were performed out using either a Varian/Vankel UKJ dissolution apparatus
(VanKel, USA) or a Distek Evolution 6300 (DistekSH) equipped with standard glass
vessels and USP type Il paddles. Paddle rotatiegdsn all experiments was 75 rpm.
Formulations containing 50 mg of dissolved CLX wesmeighed and added to 1000 mL
of the relevant dissolution medium (SIF, SGF or PW{) specified times 1.8 mL
samples were withdrawn, filtered through a 70 pme didter (QLA, USA) and analysed
using either a high performance liquid chromatogygagHPLC) method or an
ultraviolet (UV) spectrophotometric method analysithe % of drug released at

particular time points was determined from pealasnghich were calculated against a
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single point external reference standard in thee adsthe HPLC method, whereas a

standard curve was used for the UV method.

2.3.2.4 HPLC and UV Analysis

The HPLC method for the analysis of the releaseamsdy samples was adapted from
Saha and colleagues (Sadtaal., 2002). The HPLC column used was a reverse phase
4.6 x 250 mm Inertsil C8 column (Inertsil, The Netherlands) with 5 pnmtisées. The
mobile phase was acetonitrile:water (65:35). Theristic method used a flow rate of
1.25 ml/min and ultraviolet (UV) detection at 23M.nThe injection volume was 20 pl
and the retention time was 8 min. The HPLC appar#tat was used for the analysis
were Thermo Finnigan (Thermo Electron Corporatitd§A) and Waters (Waters,
USA) HPLC systems (and associated Chromquest ango®er software). The UV
method for the analysis of the release samples alss adapted from Saha and
colleagues (Saheat al. 2002). The spectrophotometer used was a A Gerigsgeries
UV-visible spectrophotometer (Thermo Electron Cogbion, USA). Absorbance was

read at a wavelength of 251 nm.

2.3.2.5 Microbead manufacture feasibility study

A microbead manufacture feasibility study was penied on the basis of the CLX
liquid formulation produced. Microbeads containi@gX were prepared via a manual
'dripping’ method. The microbeads were manufactupgdcombining the surfactant
phase premix’(drug dissolved in various combinations of sudats, lipids and co-
solvents) with agelatine phase premixmixture of gelatin, water and sorbitol) and

mixing at approximately 60°C. Droplets of the mbdwvere then allowed to fall into a
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bath of cooling/hardening oil (Migly®l810N) at approximately 10°C. The resultant
beads were then air dried for 24 h (over this tithe water in the formulation

evaporated). Further details on microbead manufaette provided in Chapter 4. Shape
and surface morphology of freshly prepared andddmérobeads were observed under

a Nikon (Nikon, Japan) Eclipse Ti optical microseapounted with a digital camera.

2.4 Results and discussion

2.4.1 Solubility screening studies

Solubility screening studies were performed to fdgnexcipients which had the
capacity to dissolve CLX. The excipients includedaage of lipids, surfactants and
cosolvents. The range of lipids, surfactants ansbleents were chosen based on a
literature review of the various grades of vehictesilable (Hauss, 2007 and Luli,

2008).

24.1.1 Excipient screening - lipids

The solubility of CLX in a range of lipids is praled in Table 2.6. Long chain and
medium chain triglycerides demonstrated a poor @gpéor dissolving CLX. Mixtures
of monoglycerides and diglycerides proved to biieffit solubiliers for CLX. Capmiil
MCM (glyceryl caprylate/caprate) was the best sitikdy within this class. The best
solubilisers of CLX within the lipids tested wetgetpropylene glycol esters. Capi§ol
90from Gattefosse had the best solubilising powee 3blubility of CLX in Caprydt

90 was determined to be 58-64 mg/g.
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Table 2.6Solubility of CLX in a range of lipids.

Common name/Trade name

Measured Solubility

Classification (mg/g)
Oleic acid 1-1.6
Fatty Acids Linoleic acid 1-2
Stearic acid 6-7
Corn Oill 2-3
Soybean Oil 2-3
Olive Oil 1-2
Natural Oils/Fats
Incromeg& TG3322 <7
(Omega 3 oil)
Mineral Oil <4
Miglyol® 810 6-9
Miglyol® 812 8-11
Miglyol® 829 15-19
Capte® 300 9-11
Labrafra® Lipophile 6-9
WL134¢
. . . CapmuP MCM 67-72
Semi-synthetic mono-, di-
and triglycerides Peced? 21-28
Maisine® 35-1 14-20
Imwitor® 308 42
Imwitor® 742 40
Geluciré® 33/01 7-13
CapryoP PGMC 49-56
CapryoP 90 58-64
Propylene glycol fatty ester LauroglycoP FCC L
LauroglycoP 90 27-32
Labrafa® PG 14-21
CapmuP PG-12 23-39
Polyglyceryl fatty acid esters Plurol Olei§ueC497 21-28
Labrafil® M 1944 CS 31-39
Mixtures of
glycerides/glyceride PEG
derivatives and fatty acid
esters of PEG Labrafil® M 2125 CS 30-60
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24.1.2 Excipient Screening — surfactants

The solubility of CLX in a range of surfactantspiovided in Table 2.7. The sorbitans
(Span$) and the vitamin E PEG ester demonstrated a papadity for dissolving
CLX. The best results for the solubilisation of CL&ere found within the
glyceride/PEG ester mixtures, the PEG-ylated sambfatty acid esters and the PEG
esters. Among the excipients with the best soktilbn capacity were CremopRdEL,
Tweer? 20 and Solutél HS-15 (Solutol required melting at approximatedyG) which

had solubilisation capacities for CLX of 264-330332269 and 320-356 mg/g

respectively.
Table 2.7Solubility of CLX in a range of nonionic surfactant
Classification HLB Trade name Miegsuree seluialfiy
(mg/g)
4 Spaff 80 <17
Sorbitan fatty acid esters 2 Spaf® 85 <24
8 Spaff 20 <17
17 Tweerf 20 270-300
16 Tweer? 40 280-310
PEG-ylated sorbitan fatty
acid esters 15 -I—WeeﬁlD 60 248-275
15 Tweerf 80 233-269
PEG fatty acid esters 15 SolftatiS—15 320-356
Vitamin E PEG esters 13 Vitamin E TPGS 41-59
14 Gelucir@ 44/14 300-330
13 Gelucir® 50/13 316-342
Mixtures of glycerides/
glyceride PEG derivatives i
and fatty acid esters of PEG 14 Labrasc? 311-354
13 Cremophdt EL 264-330
15 Cremophdt RH-40 240-250
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2.4.1.3 Excipient Screening — cosolvents

The solubility of CLX in a range of cosolvents i©pided in Table 2.8. The solubility
of CLX was found to be high in all of the solvetésted with the exception of ethanol
where the maximum solubility was determined to leéween 100-125 mg/g. CLX
demonstrated high solubility in diethylene glycabmoethyl ether (TranscufoP). The
solubility of CLX in Transcutdl P was 345-390 mg/g. Although the solubility of CLX
in the high molecular weight PEGs appear to be Vvegh, these PEGs required the
input of heat (~45°C for PEG 1000 and ~65°C for PEBO) therefore it is difficult to
determine whether the solubility of CLX is full @utable to the excipient or to the
heat input or a combination of both (Note: it wallicilt to control the heat on the

hotplate magnetic stirrer).

Table 2.8Solubility of CLX in a range of cosolvents.

Trade name /Common

Chemical name name Mggsured
Solubility (mg/g)
Ethanol EtOH 100-125
Dimethyl Acetamide DMA 152-288
Polyethylene Glycol 30( PEG 300 310-362
Polyethylene Glycol 40( PEG 400 282-324
Polyethylene Glycol 20( PEG 200 313-362
Polyethylene Glycol
2000 PEG 4000 615-660
Polyethylene Glycol
1000 PEG 1000 601-625
Diethylene glycol Transcutd? P 345-390

monoethyl ether
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2.4.2 CLX liquid formulations

Liquid formulations containing CLX dissolved in gnevo and three component
systems (i.e., in combinations oils/surfactantsib@nts) were prepared on the basis of
the results of the screening studies above. Theosition of these liquid formulations
is provided in the following sectionn-vitro release testing was performed on these
formulations to assess and compare their perforenalmevitro testing was also

performed on the CLX API and the marketed prodwdetres®.

24.2.1 In-vitro release testing of CLX API

A release test was performed on 50 mg of CLX APPW, SIF and SGF (Figure 2.5).
The release of the APl was very poor in all meditd & maximum release of 4 % after
6 hours in PW. The drug release performance otlthg was shown to be independent

of the pH of the dissolution media.
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Figure 2.5 Percentage of drug released from release testi@d. ¥ APl in PW, SGF and SIFThe data

presented are mean values + STDEV (n=3).

2.4.2.2 In-vitro release of Celebre%

A release test was performed on 50 mg Celébocapsules in PW, SGF and SIF (Figure
2.6). CelebreX wassupplied as 100 mg capsules. The contents ¢f emgsule was
removed and weighed. Fifty percent of the contemése then placed into empty
capsules so that the content of CLX was equal tm§0 The release of the Celelfex
was very poor in all three media (SGF, SIF and ) a maximum release of 6 %
achieved (in PW). The drug release performancéefdrug product was shown to be

independent of the pH of the dissolution medidmrange from pH 1.2 to 6.8
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Figure 2.6 Percentage of drug released from release testiGglebre® in PW, SIF and SGF he data

presented are mean values + STDEV (n=3).

2.4.2.3 In-vitro release performance of preliminary CLX liquid formulations

in comparison to CLX API and Celebrex®

Two liquid formulations, CLX 001/L and CLX 002/L éble 2.9) were prepared by
dissolving CLX in Capryd 90 and Tweeh 20 respectively. A set quantity of both
formulations equating to 50 mg of CLX were fillecto empty gelatine capsules and
were added to the dissolution medium. PW was chasethe dissolution media as

previous results demonstrated that the releasd_¥fuas independent of the pH of the

media (Figure 2.7).
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Table 2.€omparison of the composition of formulations CLXILIL and CLX 002/L.

100
90
80
70
60
50
40
30
20

% Drug Released

Formulations CLx CLx
001/L 002/L
=5 Celecoxib 50.0 24.39
cC =
£2g
=3 § S Capryol® 90 950.0 )
o €
©3
TweerP 20 - 975.61
i —
L r 3
. -
T T
4 6
Time (h)

—o—CLX001/L

——-CLX002/L

—a—Celebrex®

Figure 2.7 Percentage of drug released from release testinGL&X 001/L, CLX 002/L,

Celebref and CLX API in PWThe data presented are mean values + STDEV (n=3).

The release of the CLX 002/L was greaterthanCLX ARd the Celebrékcapsules.

The release of CLX 002/L was 92 % after 1 hoursTthst demonstrated that the release

of CLX could be dramatically increased by formulgtithe drug in a lipophilc format.
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The results from formulation CLX 001/L demonstratled importance of release testing
with respect to assessing the performance of tjuedliformulations. Although the CLX

was completely dissolved in the Capfy/&@0 in formulation CLX 001/L, this was not
sufficient to enable the drug to disperse withia tiissolution media. This is a common
problem for drugs which are formulated as liquidsolid oral dosage forms (e.g., soft
gelatine capsules). Although the drug is preseiteal solubilised form, there is often
no or insufficient components in the formulationaltow for the dispersal of the drug
(e.g., a surfactant). This is due to the fact tthet current technologies are not

compatible with surfactants when used at signifi¢awels.

2424 In-vitro release comparison of CLX liquid formulations

A further six formulations (CLX 004/L to CLX 009/Lwyere prepared and their release
performance was compared to that of CLX 002/L. €fesmulations consisted of CLX
dissolved in various combinations of Transctite] Caprydt 90, Tweefi 20, Miglyol®
810N and Solut§l HS-15 (Table 2.10). Although the maximum releagethese
formulations (ranging from 5.5 to 14%) were greatemn that of Celebréxand CLX
API, their performance were poor in comparison toXQ@02/L (Figure 2.8). The
primary difference between these formulations ardX M02/L was the level of

surfactant employed (Table 2.10).
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Table 2.10Comparison of the composition of formulations CLB2¢L, CLX 004/L, CLX 005/L, CLX

006/L, CLX 007/L, CLX 008/L and CLX 009/L.

R CLX CLX CLX | CLX [ CLX [ CLX | cLX
002/L | 004/L | 005/L | 006/L | 007/L | 008/L | 009/L
&) : 2439 | 32051 | 141.84 141.84 319.49 194[17 233.64
g Celecoxib
< Transcutdh P - 679.49 - 428.37| 335.46 219.42 378.50
= i
£ Capryof 90 - - 429.79| 429.79 - 388.35 -
(&) _ _ = _
§ Tweerf 20 975.61 428.37, 345.05 198.06
& | Miglyol®810 N ] ] ] ] ] ] 154.21
o
o
€ | SolutoP HS-15 - - - - - - 233.64
O

100
80
- ——CLX 002/L
Q
-4 —o—CLX 004/L
2 60
° ——CLX 005/L
o ——CLX 006/L
2
a 40 —2—CLX 007/L
= ——CLX 008/L
20 —a—CLX 009/L
0

Time (h)

Figure 2.8 Percentage of drug released from release testingLaf 004/L, CLX 005/L, CLX 006/L,

CLX 007/L, CLX 008/L and CLX 009/L tested in PW. i§lwas a high throughput screening study (n=1).
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CLX 002/L comprised a surfactant concentration ©6.81 mg/g (Twe€eh20), whereas
the maximum surfactant concentration for the foatiohs described in Table 2.10 was
for formulation CLX 005/L (428.37 mg/g of TweBr20). The results also suggested
that the type of surfactant employed was also ofjomenportance as CLX 009/L
achieved the highest % of drug released (aside e 002/L) despite its surfactant
(SolutoP HS-15) concentration being less than that of theroformulations tested. It
was also observed and noted that precipitation bK GQvas more prevalent in

formulations containing TranscufdP.

2.4.2.5 Comparison of CLX liquid formulations with increasing

concentrations of Tween 20

Liquid formulations CLX 010/L, CLX 011/L, CLX 012/LCLX 013/L and CLX 014/L
(Table 2.11) were all prepared by dissolving CLX imcreasing concentrations of
Tweerf 20 to allow for comparisons with formulation CLOO2/L. It was observed
(Figure 2.9) that the percentage of drug releasesigreater for formulations containing
increasing concentrations of TwéeR0. These results demonstrated that there was a
critical surfactant concentration required to futlisperse the drug in the dissolution
media. In the case TweRR0, this was > 961.54 mg/g (conc. of Twe&0in CLX

012/L).
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Table 2.11Comparison of the composition of formulations CLB2¢L, CLX 010/L, CLX 011/L, CLX

012/L, CLX 013/L and CLX 014/L

Formulations CLX CLX CLX CLX CLX CLX
002/L 010/L 011/L 012/L 013/L 014/L

Celecoxib 24.39 150.00 90.91 38.46 142.86 30.80

Component
Concentration
(mg/g)

Tweer? 20 975.61 369.00 909.09 961.54 857.14 969{70
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@ —e—CLX010/L
Q
9 g0
© —=—CLX011/L
=2 50 —e—CLX012/L
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Figure 2.9 Percentage of drug released from release testinfgLaf 002/L, CLX 010/L, CLX 011/L,

CLX 012/L, CLX 013/L and CLX 014/L tested in PW. i§lwas a high throughput screening study (n=1).
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2.4.2.6 Comparison of CLX liquid formulations comprising different

surfactants

Liquid formulations CLX 015/L, CLX 016/L and CLX @IL were prepared by
dissolving CLX in different concentrations of Sdlft HS-15 (Table 2.12).
Formulations CLX 018/L, CLX 019/L and CLX 020/L veeprepared by dissolving
CLX in various concentrations of Labra8g@Table 2.12). Release testing in PW was
performed on all six formulations (Figure 2.10).€adl the percentage of CLX released
was greater for formulations containing SolfitdiS-15 in comparison to those
containing Labras8l These results demonstrated that the degree ichwhe CLX
dispersed in the dissolution media was dependenhenype of surfactant employed
and also the concentration of surfactant emploffed.example, CLX 017/L and CLX
020/L comprised of an equal concentration of suafaic(i.e., 937.50 mg/g), however
the maximum percentage of CLX released was 69 %hé case of CEL 017/L
(formulation containing Solut8l HS-15), whereas it was 38 % in the case of CLX
020/L (formulation containing Labras)l In the case of the formulations containing
SolutoP HS-15), when the concentration of SoltélS-15 was reduced to 800 mg/g

(CLX 015/L), the maximum percentage of celecoxieased dropped to 24 %.
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Table 2.12Comparison of the composition of formulations CLX5{L, CLX 016/L, CLX 017/L, CLX

018/L, CLX 019/L and CLX 020/L.

Formulations CLX CLX CLX CLX CLX CLX
015/L 016/L 017/L 018/L 019/L 020/L

Celecoxib 200.00 100.00 62.50 200.90 100.po 62.50

SolutoP HS-15 | 800.00 900.00 937.5( - - -

Labrasof - - - 800.00 900.00 937.5(

Component
Concentration (mg/g)

80

—==CLX015/L
—o—CLX016/L
—4—CLX017/L
—e=—CLX018/L
—a—CLX019/L
—a—-CLX 020/L
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O T T T
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Time (h)
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Figure 2.10Percentage of drug released from release testiRyMrof CLX 015/L, CLX 016/L,

CLX 017/L, CLX 018/L, CLX 019/L and CLX 020/L. Thizvas a high throughput screening

study (n=1).
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Following a review of the results obtained to datewas observed that the most

effective surfactants employed in the CLX liquidrfaulations to date were Solutol

HS-15 and Tweéh20. A further six formulations were prepared (CDX1/L to CLX

026/L - Table 2.13) containing SolutoHS-15 or Tweef 20 in combination with

Miglyol® 810N and Transct8IP. Two additional CLX liquid formulations contaiwj

Cremopho? EL, which had previously been shown to be an &ffecsolubiliser of

CLX were also prepared (CLX 028/L and CLX 029/Lable 2.13). Release testing in

PW was performed on all eight formulations (FigRrel).

Table 2.13Comparison of the composition of formulations CLX1¢L, CLX 022/L, CLX 023/L, CLX

024/L, CLX 025/L, CLX 026/L, CLX 028/L and CLX 0209/

Formuation CLX | CLX | CLX T CLx [ cix | cX | cLx | cix
021/L | 022/1L | 023/L | 024/L | 025/L | 026/L | 028/L | 029/L

S | Celecoxib | 66.67| 90.91| 9091 6667 9091 90l91  60.260.00

[@)]

1S

= | SolutoP HS- | 60000 | 45455 454.5¢ ; ; - ; ;

S 15

g [ Miglyol ®

= ol 333.33| 45455 227.27 333.33 45455 22727 110.000.001

o

c

S | Transcutd? P - - 227.27 - - 227.271  400.0D .

=

()

5 | Tweeff 20 - - - | 600.00| 45455 45455 @ - ]

IS

o

S Cre”é‘l’_ph‘)@ ] ] ] ; ] - | 230.00] 630.0¢
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Figure 2.11Percentage of drug released from release testiRyMrof CLX 021/L, CLX 022/L,
CLX 023/L, CLX 024/L, CLX 025/L, CLX 026/L, CLX 028 and CLX 029/L. This was a high

throughput screening study (n=1).

Overall the percentage of CLX released was grefierformulations containing
Solutof’ HS-15 in comparison to those containing Twe2a or CremophS8tEL. The
results for CLX 021/L, CLX 022/L and CLX 023/L weparticularly interesting when
compared to that of CLX 015/L. In the case of CLX50., the concentration of
Solutof’ HS-15 was 800 mg/g and the maximum percentagasel@as 24 %, whereas
in the case of CLX 021/L, CLX 022/L and CLX 023/lhet maximum release
percentages were 100%, 66 % and 80 % respectieslpite lower concentrations of
Solutof HS-15 (600 and 454.55 mg/g). These results demaiadtthat the addition of
a lipid component (CLX 021/L contained MigljoB10N in addition to Solut&lHS-
15) improved the drug release performance of tp@philic CLX formulations
containing Solutdl HS-15(compared to formulations in Figure 2.10).
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2.4.3 CLX microbead production feasibility study

On the basis of the liquid formulations that wesv@loped, a microbead production
feasibility study was performed which involved tpeeparation of six formulation

mixtures (mixture of surfactant phase premix anthtgee phase premix) with the
intention of converting them to microbeads using thethod described in section
2.3.2.5 above. These six formulations are describédable 2.14 below. Formulations
CLX 027/B, CLX 028/B, CLX 029/B, CLX 031/B and CLR32/B were prepared as
mixtures but were not progressed to microbeadbdeasitug precipitated in the mixture
upon contact of the surfactant phase premix with gelatine phase premix. The
surfactant phase premix in these formulations ¢oeth26% w/w CLX dissolved in

various combinations of Solufol HS-15, MiglyoP 810N, Cremophér EL and

Transcutd? P.

Table 2.14Composition of CLX microbead formulations CLX 027/BLX 028/B, CLX 029/B, CLX

030B, CLX 031/B and CLX 032/B.

CLX CLX CLX CLX CLX CLX

Relmiauens 027/B | 028/B | 029/B | 030/B | 031/B | 032/B
Celecoxib 100.00| 104.00 98.79 23.08 10041 98/02
Gelatine 553.85| 540.00 558.02 55440 552|35 560.62
D-Sorbitol 61.54 | 60.00| 62.00 61.70 6147  62.39

Transcutd? P 153.85| 160.00 - - - -

Miglyol® 810N 42.31 44.00 41.80 130.53 42.48 -

SolutoP HS-15 88.46 - - 230.34 243.20 278.97

Component Concentration
(mg/g)

Cremopho? EL - 92.00 | 239.38 - - -
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One of the formulations (CLX 030/B) produced duriigs phase of experiments did
not result in precipitation on contact and was peeged to the manufacture of
microbeads. This formulation contained 6% w/w CLXsolved in 60% w/w of
Solutof HS-15 and 34% w/w of Migly8l 810N. The emulsion produced on the
combination of the surfactant phase premix andtipelgphase premix was transparent,
suggesting that it was a microemulsion (i.e., arglstable, isotropic liquid mixtures of
oil, water and surfactant). During the manufactofehe beads it was observed that a
portion of the microemulsion was dissipating int@ tcooling solution. The resultant
beads were roughly spherical and robust and becgague upon drying. Photographs
of beads (multiple beads and a single bead) framlthtch of microbeads is shown in
Figure 2.12 below. This preliminary experimentsliated that it was possible to make
microbeads from a formulation consisting of CLX stitved in Solutdi HS-15 and
Miglyol® 810N. The liquid formulations produced up to th@nt were reviewed and
the formulations described in Table 2.15 below wdsmtified as potential candidates
for anin-vitro CRC cell line study (Chapter 3) principally basedtheirin-vitro drug
release performance. It should be noted that faatimrs containing Tweéhn 20,
Cremopho? EL or Labrasdt were excluded from consideration as Sofitd5-15 had
been shown to be a better surfactant to these adtlaat formulations containing
Transcutd? P were also excluded as precipitation appearée tmore extensive in the
case of CLX 027/B than for CLX 031/B or CLX 032/B.comparison of the quality
attributes of the remaining formulations (Table 8).lwas made to select two

formulations for progression.
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1.5mm

Figure 2.12Photographs of CLX 030/B beads (multiple beadsaasthgle bead).

Table 2.15Comparison of the quality attributes of formulaticandidates for progression to CRC cell

culture study.

% Release | % Release | High Drug . @
Formulations inPWatl | inPWat6h Load Sl_?lsu_tfé@ Mégl%cl)\:
h>50% > 50% M
CLX 016/L 4 x v v x
CLX 017/L 4 v x v x
CLX 021/L v v x v v
CLX 022/L v x v v v

[1] High drug load defined as8% (w/w).

Two candidates were required for progression tockle culture study. The primary
criteria for selection for the first candidate vea®rmulation which demonstrated a high
% drug release and which remained stable over &def 6 h. Based on the
comparison in Table 2.15, formulations CLX 017/lda@LX 021/L met this criteria.
CLX 021/L was selected as the first candidate anlhsis of its greater drug release
performance compared to CLX 017/L. CLX 021/L reprdged a two component

formulation. The selection criteria were revised fine selection of the second
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formulation to exclude a) two component formulaticend b) formulations with low
drug loadings (i.e., < 8% wi/w). These criteria wigrduded to ensure a diverse sample
set given the preliminary nature of the developmeotk. CLX 016/L was the only
remaining formulations that met these two critesiad therefore was selected for

progression.

2.5 Conclusions

The solubility of CLX in a range of liquid vehiclegas assessed. On the basis of this
assessment, liquid formulations were produced. m@gitliquid formulations produced
(e.g., CLX 016/L and CLX 021/L) were demonstratednaive a greater drug release
performance than that of the marketed CLX produelefire®. These formulations
were based on the nonionic surfactant Sofutds-15 and the semi synthetic medium
chain triglyceride Miglyd? 810N. A feasibility study was performed to asstss
potential for these optimal liquid formulations be translated into gelatine based
microbeads. Spherical and robust microbeads wepeessfully produced which
represented the first step in the developmentsafitable oral drug delivery formulation
designed to deliver of pre-solubilised CLX to thelom for the treatment of CRC.
Despite evidence that CLX is a potentially usefuigdfor the prevention or treatment of
CRC, a number of questions regarding itssafetyanerfGonzalez-Angulet al.,2002).

A major safety concern relating to CLX is the sesdsl side effects associated with
Celebre®. It is proposed that the Gl side effects are ndy alose related but also a
result of local irritation (Haleret al., 2009) and therefore may be related to the
presentation of the current dosage form (a powtled fcapsule). The work presented
here in this phase of the project constituted dimpneary but significant step towards

the possibility of administering CLX for the pret®m and/or treatment of CRC in a
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free molecular form (i.e., fully dissolved) whictadh a) the potential to reduce the

known GI side effects and b) the potential to beremefficacious than the current

marketed dosage form on the basis that the preldisg the drug would enable direct

interaction with the colonic tissue. The next stépthe project (Chapter 3) involved

testing of this second hypothesis by administerimg optimal liquid formulations

produced here to a CRC cell line and assessing ittliiact on cell proliferation in

comparison to cells treated with Celelftex

2.6  Nomenclature

Table 2.16List of abbreviations which are listed accordingheir appearance in the text.

Abbreviation Definition

CLX Celecoxib

Gl Gastrointestinal

CRC Colorectal cancer

LBDDS Lipid based drug delivery system

SEDDS Self emulsifying drug delivery system

SMEDDS Self microemulsifying drug delivery system

PEG Polyethyleneglycol

HLB Hydrophilic-Lipophilic balance

QC Quality control

API Active Pharmaceutical ingredient

PW Purified water

SIF Simulated intestinal fluid

SGF Simulated gastric fluid

HPLC High performance liquid chromatography

uv Ultraviolet

CLX i Celecoxib liquid formulation numbering system where
XXX is a sequential number and L is liquid

CLX x0x/B Celecoxib bead formulation numbering system where

XxX is a sequential number and L is liquid
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CHAPTER 3

| n-vitro cell study

Publication Status: The work presented in this chapter in addition d&tad
from chapters 5 and 6 has been accepted for ptibhcgd2-11-14) in the
Journal of Pharmacy and Pharmacology under thewaoll title ‘In-vitro

characterization of a novel celecoxib microbeadmidation for the

treatment and prevention of colorectal cancer’.
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3.1 Abstract

The purpose of this phase of the project was teszsthe effect of lipid based celecoxib
(CLX) ligquid formulations on the viability of a clmoxygenase 2 (COX-2) expressing
colorectal cancer (CRC) cell line (HT29) and to pame the inhibitory effect to that of
the marketed CLX product Celebfextn-vitro cell viability (measured via MTT and
flow cytometry assays) and motility (measured vecetch wound healing assay) were
shown to be significantly reduced after treatmeith WCLX liquid formulations relative
to the control, whereas the results for treatmetit ®elebre® were comparable to the
control. Release experiments and correlation aisalydemonstrated that the
formulations with enhanced and stable drug reléese greater drug release profiles)

resulted in reduced cell viability and motility.

3.2 Introduction

3.2.1Background

A study by Eberhart and colleagues was among tise th demonstrate a significant
elevation of cyclooxygenase 2 (COX-2) expression niost human colorectal
carcinomas and also in fifty percent of adenomée(Rartet al, 1994). Following this
observation by Eberhart and colleagues, COX-2 eswa was also demonstrated in
induced tumours from CRC mouse and rat models (8hab,1999 and Boolbokt al.,
1996). These findings, in addition to others ascdieed in Chapter 1, regarding the
relationship between the COX-2 inhibitor CLX and ©Rhave stimulated research
focusing on studying the effects of COX-2 inhibgdincluding CLX) on CRC cell lines

(Buecheret al.,2005 and Sadet al.,2012).

78



At the conclusion of Chapter 2, a hypothesis wassgmted that the liquid CLX
formulations developed had the potential to be meifecacious than the current
marketed CLX dosage form (Celeb®on the basis that pre-dissolving the drug would
enable direct interaction with the colonic tisssdle drug would be presented in a free
molecular form (i.e., fully dissolved). The primaaym at the outset of this phase of the
project (Chapter 3) was to test this hypothesisabyninistering the optimal liquid
formulations developed in Chapter 2 (CLX 016/L a@dX 021/L) to a COX-2
expressing CRC cell line and assessing their impaatell viability in comparison to

cells treated with Celebr&x

3.2.2HT29 CRC carcinoma cell line

CRC cell lines are useful models for understandimg underlying biological and
molecular basis for colon cancer and are also udefuassessing the impact of
chemotherapeutics on colon cancer cells (Rutzky,,land Moyer, M. P., 1990). In a
review by Ettarh and colleagues (Ettathal., 2010), a variety of CRC cell lines that
have been used in-vitro investigations on the effects of NSAIDs (non-siab anti-
inflammatory drugs) on several aspects of tumoutiation and progression were
summarised. A review of this summary identified @@X-2 expressing cell line HT29
as one of the most widely used cell lines for tigpe of studies. The HT29 cell line was
also included in the studies cited in Section 3(Bdecheret al, 2005 and Sadet al,
2012). HT29 is a human CRC adenocarcinoma cell with epithelial morphology.
The cell line was cultured by Jorgen Fogh, and established in 1964 from the
primary tumour of a 44 year old female with CRC ramtmarcinoma (HT29 Cell Line
Summary, Memorial Sloan Kettering Cancer Centrd420In addition to the use of the

HT29 cell line forin-vitro chemotherapeutic studies (such as that describedey the
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HT29 cell line is also used as a xenograft tumodehdor CRC and also as an
vitro model to study absorption, transport, and secrdtip intestinal cellfHT29 Cell

Line Summary, Memorial Sloan Kettering Cancer Geri2014)

3.2.3Cell viability (MTT Assay)

As described in Section 3.2.1, the primary aimhatdutset of this phase of the project
was to assess the impact of the optimised CLX fétatians on the viability of HT29
cells following drug treatment and to compare tlegfect to that of Celebréx There
are a number of assays available which are desigmedeasure the viability and
cytotoxicity of cells in culture after treatmenttiwvivarious stimuli. Assays for cell
viability may monitor the number of cells over tintee number of cellular divisions,
metabolic activity, or DNA synthesis (Frei, 2018n example of an assay which
measures cell viability via metabolic activity atlte assay which was used for this
study is the MTT (3-[4,5-dnethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide)
assay. The MTT assay is based on the conversidheofetrazolium salt (MTT) into
formazan crystals by living cells, which determinestochondrial activity. This
conversion is thought to be facilitated by NADPHc@tinamide adenine dinucleotide
phosphate-oxidase) or NADH (nicotinamide adenimadeotide phosphate) produced
by dehydrogenase enzymes in metabolically activls ¢Berridge and Tan, 1993).
Since for most cell populations the total mitochaaldactivity is related to the number
of viable cells, this assay is broadly used to mesashein-vitro cytotoxic effects of
drugs on cell lines or primary patient cells (varéviooet al, 2011).

MTT is a water soluble tetrazolium salt. DissolMdd T is converted to an insoluble
purple formazan by cleavage of the tetrazolium tygdehydrogenase enzymes. This

water insoluble formazan can be solubilized usialyents (e.g., dimethyl sulfoxide
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(DMSOQO)) and the dissolved material is measured tepgltotometrically yielding
absorbance as a function of concentration of cdesledye. The cleavage and
conversion of the soluble yellow dye to the instéuburple formazan has been used to
develop a cell viability assay system as activeoahiondrial dehydrogenases in living
cells will cause this conversion whereas dead aidisnot cause this change (Frei,
2011). The reduction of MTT to coloured formazanmpounds only occurs in
metabolically active cells. The primary disadvaetafjthe MTT assay is that the living
cells must be metabolically active in order to @tlse cleavage, therefore the assay
cannot distinguish between dead cells and lividts ¢kat are not metabolically active
and therefore viable cells which are not metabthicactive can be excluded from the
cell number result. In light of this deficiency thle MTT assay, a second cell viability

assay (apoptosis assay) was performed to suppdmds from the MTT assay.

3.2.4Cell viability and apoptosis (Flow cytometry assay)

Flow cytometry can be defined as a technology tasuee properties of cells as they
flow in a liquid suspension. The majority of flowtometers can measure two kinds of
light from cells; a) light scatter and b) fluoresce. Light scatter is the interaction of
light and matter. All materials, including cellsilivgcatter light. In the flow cytometer,
light scatter detectors are located opposite therl&elative to the cell), and to one side
of the laser, in-line with the fluid-flow/laser baantersection. The measurements made
by these detectors are called forward light scaitet side light scatter, respectively.
Forward light scatter provides information on te&tive size of individual cells, whilst
side light scatter provides information on the tiek& granularity of individual cells

(Loughran, 2007). Fluorescence is the property ohaecule to absorb light of a
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particular wavelength and re-emit light of a long&velength. The wavelength change
relates to an energy loss that takes place in tbeeps. By gathering fluorescence
information, flow cytometry can be used to assedkwability and more specifically
apoptotic and necrotic processes in conjunctiom witmmercially available molecular
tools. Forward scatter and side scatter are uséocts on (referred to as gating) on a
population of cells which are simultaneously anadlydor fluorescence (Loughran,
2007).

Apoptosis, or programmed cell death is a normakpaiggic process for the removal of
unwanted cells. Necrosis is defined as unschede#dlddeath, usually as a result of
injury or disease. Apoptosis is a genetically pamgmed process that occurs during
embryonic development, as well as in maintenancetissfue homeostasis, under
pathological conditions, and in aging (Hingorahal.,2011). The term apoptosis, from
the Greek word for “falling off” of leaves from eek, is used to describe a phenomenon
in which a cell actively participates in its ownstheictive processes. The process is
characterized by specific morphologic featuresjuiiog loss of plasma membrane
asymmetry and attachment, plasma membrane blebtmnglensation of the cytoplasm
and nucleus, and internucleosomal cleavage of DNdéss of plasma membrane
asymmetry is one of the earliest features of ampidlingoranet al.,2011). In normal
healthy live cells (viable cells), phosphatidyliser(PS) is located on the cytoplasmic
surface of the cell membrane (Figure 3.1 A). Howgewve apoptotic cells, PS is
translocated from the inner to the outer leaflethaf plasma membrane, thus exposing
PS to the external cellular environment. The hurracoagulant, Annexin V, is a 35—
36 kDa C&"-dependent phospholipid-binding protein that hagya affinity for PS and
can be used to identify apoptotic cells by bindiad®S. Annexin V can be conjugated
to fluorochromes (e.g., fluorescein isothiocyan@f C)) whilst maintaining its high

affinity for PS and therefore can serve as a seesirobe for flow cytometric analysis
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of cells undergoing apoptosis (Figure 3.1 B). P&hglocation precedes the loss of
membrane integrity, which accompanies the lategesteof cell death resulting from
either apoptotic or necrotic processes, hencejistawith Annexin V is usually used in
conjunction with a fluorescent dye (referred tcaadtal dye) such as propidium iodide
(P1) that binds to nucleotides and which only peates damaged cellular membranes.
Intercalation complexes are formed by Pl with deustranded DNAdeoxyribonucleic
acid), which results in an amplification of the fluorescenThis vital dye is used in
order to distinguish between early apoptosis (FigBrl B), late apoptosis/necrosis
(Figure 3.1 C) and necrosis (Figure 3.1 D). Sin& tPanslocation and loss of
membrane integrity are features of both apoptotid aecrotic processes, albeit at
different stages, (Hingoraet al.,2011 and Kawamura and Ye., 2007) a combination of
these dyes are required to distinguish betweenfdhe events (viable cells, early
apoptosis, late apoptosis/necrosis and necrosis).

In summary, when molecular tools such as AnnexifIWV€ and Pl are used in
combination the following interactions occur; viabtells with intact membranes
exclude Annexin V-FITC and PI (i.e., negative fathp, whilst cells in the early stage
of apoptosis stain positive for Annexin V-FITC amegative for PI. In the case of cells
that stain positive for both Annexin V-FITC and Bgse cells are classified as late
apoptotic or necrotic as it is possible that thegyrhave died via necrosis or apoptosis.
In the case of late apoptotic/necrotic eventss ipossible to gain more information
about the mechanism of cell death by measuringtapigpover time, as it allows cells
to be tracked from Annexin V-FITC and Pl negatiwgalfle, or no measurable
apoptosis), to Annexin V-FITC positive and Pl negat(early apoptosis with intact
membranes), and finally to Annexin V-FITC and Pkipwe (end stage apoptosis and

death). The presence of cells with these three qilipas within a mixed cell

83



population, or the “movement” of a synchronized ge&lpulation through these three

stages, suggests apoptosis (Hingoedrl, 2011).

Finally, it is proposed by Kawamura and Ye thatscéhat are undergoing or have
recently underwent necrosis stain negative for XArm¥&-FITC but positive for PI. It is
possible to distinguish these cells from apoptotits as a result of the fact that the cell
membrane of cells undergoing necrosis being muchie npermeable to Pl than
apoptotic cells, resulting in PI staining priorR& externalizing on the outer surface of
the cell membrane (Kawamura and Ye., 2007). Iw foytometry using Annexin V-
FITC and P), this necrotic event is not cited tmeaextent as the other three events
(viable, early apoptotic and late apoptotic/nec)iptinowever the event warrants
reporting under the following circumstances; a) ihthere is a specific Annexin V-
FITC negative/PI positive result for a particuleatment group in comparisons to other
groups (i.e., the event is not attributable to ma preparation artefact) and b) where
the results are gated for size and granularity ister® with cells (i.e., unwanted

particles such as debris from necrotic eventsinsiehted).
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Figure 3.1 Diagram showing viable healthy cells (Annexin VFEI and PI), early apoptotic cells

(Annexin V-FITC" and PI) late apoptotic/necrotic cells, (Annexin V-FIT@nd PT) (Hingoraniet al,

2011) and necrotic cells (Annexin V-FIT@nd PT) (Kawamuraet al, 2007). The diagram includes the

markers for the detection of apoptosis and necrdgie diagram is presented in a quadrant which

correlates to the position of these cells in fldawometry dot plots (see Figure 3.6). This figures baen

adapted from Hingorani and colleagues (Hingoedrail 2011).
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3.2.5Cancer metastasis (scratch wound healing assay)

Metastatic disease is the major cause of deathaiiernis with colorectal cancer, and
depending on the tumour stage, liver metastasas at@0% to 70% of patients, while
lung metastases occur in 10% to 20% of cases (fmtaet al., 2011), therefore the
metastatic potential of tumour cells (i.e., thelility to migrate and invade) is an
extremely important factor for formation of solightours and necessary for their spread
to distant organs. COX-2 expression is a hallmdrinoreased metastatic potential in
colon cancer cells (Greenhoughal.,2009) and NSAIDs have been shown to abrogate
this invasiveness (Tsujet al., 1997). Cell migration is defined as the movement o
individual cells, cell sheets and clusters from @eation to another. It is central to a
variety of different pathologic and physiologic pesses across many disciplines of
biology including wound healing, cancer, cell grovand differentiation. (Hulkower
and Herber, 2011). There are many complex mechanisrderlying the processes of
cell migration and invasion including angiogenegihysiological process through
which new blood vessels are formed from pre-exgstiassels). Interestingly, COX-2
inhibition has been suggested to block angiogerasis CLX has been successfully
used in combination with other compounds to blagkdur cell migration and invasion
in-vitro (Zengelet al.,2010).

Scratch wound healing assays have been widely tssessess the effect of drugs,
including CLX, on cell migration and proliferatiofcrdog et al, 2013, Sadest al,
2012). The basic principle of the assay is thatcaatch’ is inflicted on a monolayer of
cells which creates a ‘wound’, followed by monitagiof the ‘*healing’ of the wound as
a result of cells migrating/growing towards the tcerof the wound, thereby closing the

wound (Figure 3.2). In the event that the additdrdrug (treated cells) prevents cell
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migration and proliferation, the % wound closurewdobe expected to be less than for

untreated cells or control-treated cells.

Figure 3.2 Scratch wound healing assay. A) a confluent momolaf cells are grown in a well, B) a
scratch wound is inflicted with a pipette tip, @etwidth of the wound is measured prior to incudrati
with drug and D) the width of the wound is measuaftér incubation for a specified number of hours.

Image adapted from Hulkower and Herber (Hulkowet Herber, 2011).

3.2.60bjectives

As described in Chapter 1, CRC is the third mostroon cause of cancer mortality and
significant research has been dedicated to idemiibyel drug targets for CRC
prevention and treatment, including the use of COKhibitors such as CLX (Sieget
al., 2014). In the context of the overall aim of thigjpct to develop a CLX formulation
(in which CLX was pre-solubilised) for the prevemtiand treatment of CRC, the work
presented in this chapter focused onitheitro evaluation of the effect of liquid CLX
formulations (i.e., pre-solubilised CLX) on the bility of the COX-2 expressing colon
cancer cell line HT29, compared to the marketeddpeb CelebreX. The primary

aims/objectives of this stage of the project weréodlows:

A. Firstly to assess and compare the effects of CldKidi formulations and

Celebre® on the viability of HT29 using an MTT assay.
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B. Secondly to use flow cytometry as a secondary assegnfirm the cell viability
results of the MTT assay and also to assess tHedeeth pathway (i.e.,

apoptosis and necrosis).

C. The third objective was to assess and compareetfext CLX of liquid
formulations and Celebr&xon the metastatic potential of HT29 via a scratch

wound healing assay.

D. The fourth objective was to analyse the data abthfrom A, B and C above in
order to assess if there existed any correlatiowdsn the solubility of the
formulations and the anti-carcer effect observed tanperform additional drug
release studies where applicable to further ingatti any possible correlation

identified.

E. The fifth and final objective of this stage of thmject was to confirm that the
liquid formulations tested were suitable precurstos the development of

optimal microbead formulations (Chapter 4).

3.3 Materials and methods

3.3.1Materials

3.3.1.1Formulation materials

CLX liquid formulations were made using the follegi materials; Solutol HS-£5
(BASF, Germany) and Migly&l810N (Sasol, South Africa). A sample of CLX active
pharmaceutical ingredient (API) was kindly providadErregierre (ltaly). The purity of

the APl was 99.6% based on the COA (certificataralysis) provided by the supplier.
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All chemicals used for the release experiments ldRU.C testing were of laboratory

grade. Celebrékwas manufactured by Pfizer (USA).

3.3.1.2In-vitro model materials

McCoy's 5A modified medium, L-glutamine, 10% FBSetdl bovine serum), 1%
penicillin/streptomycin, molecular grade DMSO, pploate buffered saline (PBS) (all
Sigma Aldrich, USA), VybrantMTT assay kit (Invitreg, USA) and Annexin V-

FITC/PI Apoptosis Detection Kit (BD Biosciences, A)S

3.3.2Methods

3.3.2.1Preparation of liquid formulations

CLX liquid formulations were prepared by dissolvimgasured quantities of CLX into
measured quantities of liquids. Formulations wampared as one or two component

systems (i.e., containing a single liquid vehialemxtures of two liquid vehicles).

3.3.2.2In-vitro release testing

Release testing of CLX formulations were perfornfed3) at 37°C in purified water
(PW). All release experiments were carried out gigither a Varian/Vankel VK7010
dissolution apparatugvVanKel, USA) or a Distek Evolution 6300 (Distek,SK)
equipped with standard glass vessels and USP typsdtlles. Paddle rotating speed in
all experiments was 75 rpm. Formulations contairiigng of CLX were weighed and

added to 1000 ml of the relevant dissolution mediAtrspecified times 1.8 ml samples
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were withdrawn, filtered through a 70 pm pore fi(@LA, USA) and analysed using a
high performance liquid chromatography (HPLC) methdhe % of drug released at
particular time points was determined from pealasnghich were calculated against a

single point external reference standard.

3.3.2.3HPLC method

The HPLC method for the analysis of the releaseamsdy samples was adapted from
Saha and colleagues (Sadtaal, 2002). The HPLC column used was a reverse phase
4.6 x 250 mm Inertsil C8 column (Inertsil, The Netherlands) with 5 pnmtisées. The
mobile phase was acetonitrile:water (65:35). Theristic method used a flow rate of
1.25 ml/min and ultraviolet (UV) detection at 23.nThe injection volume was 20 pl
and the retention time was 8 min. The HPLC appar#tat was used for the analysis
were Thermo Finnigan (Thermo Electron Corporatitd§A) and Waters (Waters,

USA) HPLC systems (and associated Chromquest anmb®er software).

3.3.2.4Cell culture

The HT29 cell line was grown in McCoy’s 5A modifietedium supplemented with 1.5
mM L-glutamine, 10% FBS (fetal bovine serum) and g@éicillin/streptomycin. The

cells were grown in a humidified atmosphere comtgim% CQ.
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3.3.2.5Cell viability — MTT assay

Cell viability was measured using the VybrantMTTsag kit according to the
manufacturer's guidelines. HT29 cells (10,000) weptated in 100ul of complete
McCoy’s 5A media in 96-well tissue culture dishAster 24 h cells were treated with
CLX (CLX liquid formulations, Celebrékand CLX dissolved in DMSO) at 20, 30, 50
and 100uM (n=6 for each concentration). In the case of CLX digsdlin DMSO, the
CLX was dissolved overnight in DMSO before treatmd&ime working concentration of
DMSO in all treatments involving DMSO was <0.1%. d@weontrol groups were
employed, one which involved no treatment (refeteeds media) and the other which
involved treatment with DMSO and media (referrei$oDMSOQO). After 72 h, the MTT
labelling reagent (10 ul) was added and incubabed3fh, followed by solubilisation
with DMSO. The absorbancé&) was determined in a BioRad 680 microplate reader
(BioRad, USA) at 550 nm. The effect of a placeborfgation (i.e., no CLX) on the
viability of HT29 cells was also assessed (using pnocedure described above) by
treating cells with excipient mixtures equating goantities of excipients that were
present in the equivalent 20 and @@ CLX liquid formulations. The same passage
number of cells was used for both the active ardgilo experiments. In the case of
both experiments treatments were compared to demivbich were set to 100% to

reveal relative viability.

3.3.2.6Cell viability and apoptosis assay (flow cytometry)

HT29 cells were seeded at 5 XX bells/mL in 10% FBS-supplemented medium prior to
treatment with CLX at 50 pM (CLX liquid formulatispCelebreX and CLX dissolved
in DMSO) for a period of 72 h. Two control groupsr& employed, one which involved
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no treatment (referred to as media) and the otlméchninvolved treatment with DMSO
dissolved in media (referred to as DMSO). Cell iligband the onset of apoptosis was
monitored using an AnnexinV-FITC/Pl Apoptosis De¢ime Kit which contains
recombinant Annexin V-fluorochrome FITC conjugatel @he vital dye (PI) followed
by flow cytometry on a FACSCalibur system using |Qakst software (BD
Biosciences, USA) . Data for at least 10,000 evere collected for each treatment
made and two-dimensional plots of Annexin V-FITQstes Pl were generated from
gated populations consistent with size and graiylaf HT29 cells (as determined

using forward and side light scatter).

3.3.2.7In-vitro scratch wound healing assay

Cellular motility was measured by amvitro scratch wound healing assay. HT29 cells
were seeded in six-well plates and incubated uhgly were 90% confluent. The
monolayer of cells was scratched vertically dowa phate with a sterile pipette tip and
debris was removed from the culture by washingegwvith PBS. Images were captured
immediately after wounding, with ldikon Eclipse Ti opticainverted microscope with
4X objective (Nikon, Japan). The cells were thesubmated in complete medium with or
without CLX at 50uM (CLX liquid formulations, Celebrék and CLX dissolved in
DMSO). Two control groups were employed, one whisiolved no treatment (referred
to as media) and the other which involved treatnvatth DMSO dissolved in media
(referred to as DMSO). Wound closure was monitangctoscopically after the wound
persisted for 72 h. Scratch width before and dfiesling was measured (n=9) and
compared to the controls. The percentage woundidsetween the wound edges were
analysed using Nikon NIS microscope imaging sofewafhe experiments were

performed with a minimum of three replicates.
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3.3.2.8Statistical analysis

Statistical analysis was performed using GraphR&iP(La Jolla, USA). Results are
presented as mean + SEM (n=3-9). Statistical saante was determined by ANOVA
using the Dunnett’s test for multiple comparisomshie relevant controf{* p <0.001,

** n <0.01, * p< 0.05.

3.4 Results and discussion

3.4.1CLX liquid formulations
Based on the findings detailed in Chapter 2, twaitl formulations (CLX 016/L and
CLX 021/L) were selected for progression to thevitro cell culture study described

here. The composition of formulations CLX 016/L &@idX 021/L are detailed in Table

3.1 below.

Table 3.Comparison of the composition of formulations CL¥60L and CLX 021/L

Formulations CLX 016/L CLX 021/L
Celecoxib 100.00 66.67
Component
: Solutol HS-15 900.00 600.00
Concentration
(mg/g)
Miglyol 810N - 333.33
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3.4.2Effects of CLX formulations on the viability of HT29 cells

The effect of CLX liquid formulations, CLX 016/L dnCLX 021/L, on the viability of
HT29 colorectal cancer cells was assessed and cethpathat of the marketed CLX
product Celebrék In addition to the two control groups (media d@MSO), cells
were treated with CLX formulations CLX 016/L and XI021/L, CelebreX and CLX
API (dissolved in DMSO) at 20, 30, 50 and 108 for a period of 72 h. The results for
the two control groups were comparable. It was oleskthat formulations CLX 016/L
and CLX 021/L resulted in a reduction in cell vidigi by approximately 60—70%
(compared to media) in the concentration rangeleflR0uM whereas in contrast CLX
API (compared to DMSO) and Celebfegcompared to media) reduced cell viability by

only 30—40 % across the same concentration rarigaré-3.3).

=
o
=)

0 Media

DMSO

B cLx 021/L
B cLx o16/L
E Celebrex(]
Celecoxib API

Ul
L

Relative Cell Viability (%)

e Tt L L A S A L R R ]

VIS SIS IS IY

B nn e et S S L L R S L L S S

VISV SIS IS IS IS4 I4

=
=
=
=
-
-
=
=
=
-
-
=
=
=
-
-
=
=
=
-
-
-
=
=
-
-
-
=
=
-

s s
§ §
\ \

=
-
-
-
=
=
-
-
-
=
=
-
-
-
=
=
-
=
=
=
=
-
=
=
=
wh

®
S

Figure 3.3The effect of CLX on the viability of HT29 cellsAY HT29 cells were plated in 96-well plates
and after 24 h the cells were treated with CLX (Cligtid formulations, Celebré&xand CLX dissolved
in molecular grade DMSO) at 20, 30, 50 and 100 (n=6 for each concentration) for 72h. Cellular

viability was determined by MTT assay.
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As outlined in the objectives, the first aim ofglphase of the project was to compare
the effects of treatment with liquid CLX formulati® to that of Celebréxon the
viability of a COX-2 expressing CRC cell line, HT2GLX liquid formulations were
used as they represented a precursor to microloesulitations and were also amenable
for direct application to the cells (in contrast testing with microbeads which was
unviable due to the quantity of media required ydrate and dissolve the microbeads).
The primary hypothesis of this phase of the projexs that presenting CLX to the cells
in a stable soluble form would allow for maximunstdbution of CLX to the cells (and
hence interaction) and consequently would allow dogreater inhibition of cellular
viability. The results observed from the MTT asddygure 3.3) agree with this
hypothesis, wherein both CLX liquid formulations L¢C 021/L and CLX 016/L)
inhibited HT29 viability (approximately 60-70% assothe range from 20 uM to 100
KUM) to a much greater extent than the current medkproduct Celebréx(reduction of
cell viability in the region of 30—40% across tleme concentration range). It has been
reported that maximum anti-cancer effects of Cel¢bare enhanced at higher doses
such as 800 mg/day (Steinbaeh al, 2000) whereas the recommended dosage of
Celebre® for its anti-inflammatory indication is 200-400 fdgy (CelebreX Rxlist,
2014) and that the risk of Gl and CV side effects greater at higher doses (discussed
at length in Chapter 1). The MTT assay resultseesl here reveal the possibility for
using a reduced dose of CLX to exert an anti-caatfect with a consequent reduction
or elimination of these unwanted side effects. Bhady also revealed that CLX
dissolved in DMSOhad an enhanced inhibitory effeacinpared to Celebr&x ICso
concentrations were not established for the fortraria across the concentration range
tested, however the primary objective was to olesditferences in the inhibitory effect
of the various formulations rather than establighime 1Go (which based on the results

would require a broader range of drug concentrajion
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In order to confirm that the inhibitory effect ohet CLX liquid formulations were
related to the activity of the drug (CLX) as oppmbde the excipients, a placebo
formulation (excipient mixture of SolutdlHS-15 and Miglyol 810R) was prepared
and cells were treated with an excipient mixtureagg to quantities of excipients that
were present in the equivalent 20 andu®0formulation of CLX 021/L (see Table 3.1
for concentration of excipients employed). FormolatCLX 021/L was selected for
comparison on the basis that it contained both t851LHS-15 and Miglyol 810R.
Although there was some inhibitory effect obserf@dthe placebo formulation, it is
shown in Figure 3.4 that the placebo formulatich it have the same inhibitory effect
as the formulations containing CLX, with the plagebormulation resulting in
approximately a 1.25 fold decrease in the numberialfle cells whereas formulation

CLX 021/L resulted in approximately a 2.5 fold dease.
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Figure 3.4 A comparison of the effect of placebo and CLX folations on the viability of HT29 cells
(the same cell passage number was used for bateljdaand active experiments). HT29 cells were glate
in 96-well plates and after 24 h the cells werated with (A) CLX liquid formulation CLX 021/L at®@

and 50uM (n=6 for each concentration) for 72h and (B) a placekdpient mixture at equivalent 20 and
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50 uM concentrationsrn=6 for each concentration) for 72h. Cellular vidlyitvas determined by MTT
assay. The placebo formulation resulted in a 1dt® dlecrease in the number of viable cells, whereas

formuation CLX 021/L resulted in a 2.5 fold decreas

3.4.3Effects of CLX formulations on cell viability and apoptosis

Cell viability and the onset of apoptosis were assd via flow cytometryin addition

to the two control groups (media and DMSO), cellerav treated with CLX
formulations, CLX 016/L and CLX 021/L, Celebféexand CLX API (dissolved in
DMSO) at 50uM for a period of 72 hr(=6). Relative to the controls (media in the case
of CLX 016/L, CLX 021/L and Celebr&and DMSO in the case of CLX API), it was
observed that the % of viable cells for formulatiddLX 021/L and CLX 016/L were
significantly reduced whereas in the case of Celbithere was no significant
reduction in the % of viable cells (Figure 3.5).heT% viable cells in the case of
formulation CLX 021/L (59.6 + 2.59%) was lower thdmat for formulation CLX 016/L
(70.51% + 3.99%). The % viable cells for CLX ABB(02 + 2.71%) was higher than
that for formulation CLX 021/L but was comparable formulation CLX 016/L,
however the % of necrotic death for CLX API (1398.48%) was significantly higher
than for any of the other formulations tested. ¥hef cells undergoing early apoptosis
for formulation CLX 021/L and formulation CLX 016Avere 22.08 + 0.92% and 10.77
+ 1.84% respectively, which was higher than for CARI (6.30 + 1.42%) and notably
higher than that achieved for Celetffg8.91 + 0.83%). An example of one of the dot
plots from which this data was obtained is showfigure 3.6. It was noted that in the
case of formulations CLX 021/L and CLX 016/L, thhé cell culture media remained
transparent following treatment with the drug thattthe media was or became cloudy
in the case of treatments with Celelfreand CLX API (dissolved in DMSO). In the

case of CLX API, the media was not initially cloudy application of the drug but
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appeared cloudy when observed at 72 h as resultugf precipitating out of solution
(the onset time for precipitation is unknown) wleerdn the case of Celebféxthe
media became cloudy immediately on applicatiorheftreatment as Celebfesid not

dissolve in the media.
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Figure 3.5 HT29 cells were plated in 24-well plates 24 h ptio treatment with CLX at 50uM (CLX
liguid formulations, Celebrékand CLX dissolved in DMSO). Seventy two hoursratells were double
stained with recombinant Annexin V-FITC conjugated &1 and survival profiles monitored by flow
cytometry. Viable cells (Annexin V-FIT@nd P1), early apoptotic cells (Annexin V-FIT@nd P1), late
apoptotic/necrotic cells (Annexin V-FIT@nd Pt) (Hingoraniet al, 2011) and necrotic cells (Annexin

V-FITC and Pt) (Kawamuraet al, 2007), were plotted as a percentage of the patpllation for each
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treatment if = 6). Data for 10,000 events was collected for eaglicate. Statistics were performed

relative to media for formulations CLX 021/L, CLXL6/L and Celebrékand relative to DMSO in the

case of CLX API.
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(Annexin V-FITC and P1), the lower right hand quadrant represents egrbptotic cells (Annexin V-
FITC* and Pi), the upper right quadrant represents late apiopietrotic cells (Annexin V -FITCand
PI") and the upper left hand quadrant represents tieccells (Annexin V-FITC and Pf). One

representative experiment is shown.

One of the aims of the cell viability and apoptogssay was to verify the MTT assay
results described in Section 3.4.2. CLX formulagi@LX 016/L and CLX 021/L were
again demonstrated to exert a greater effect ti@elebre® with respect to their
inhibitory effect on HT29 cells relative to a casit{Figures 3.5 and 3.6). The data also
revealed interesting findings with respect to thechanisms of inhibition. In the case of
Celebre®, in addition to the observation that there wassigmificant impact on cell
viability, there was no significant necrotic (pagsicell death) or apoptotic (controlled
cell death) effect observetdhere exists a theory that the cancer killing affefcCLX

on CRC cell lines may be related to direct cytatoxi(resulting from irreversible
binding and damage to the plasma membrane by Cleigtates) as opposed to
molecular toxicity(Sacchetti, 2013). Based on this theory, it couldalipied that the
concentration of Celebr&xused (50 pM) was not sufficient to result in direc
cytotoxicty. In contrast, in the case of CLX APIssiblved in DMSO, a significant
necrotic effect was observed which is consistetit tie direct cytotoxicity theory. It is
postulated that by pre-dissolving CLX in DMSO tha drug was allowed to seed onto
the cells prior to exerting a cytotoxic effect Bxample via direct damage to the plasma
membrane. The capacity of precipitates of CLX tondge cellular membranes has
previously been shown by Sacchétfl. Given that the CLX API formulation (pre
dissolved in DMSO) was observed to precipitatehandell culture media, it is proposed
that the precipitation of the drug allowed it teeeba strong necrotic effect in contrast to

formulations A and B (neither of which were obserte precipitate in the media) and
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also CelebreX which was never in solution and therefore did gett an opportunity to
seed onto the monolayer of cells In strong conhtmathe results obtained for Celebfex
and CLX API there was a significant inhibitory effeobserved for both formulations
CLX 021/L and CLX 016/L without exerting a significt necrotic effect. The strong
apoptotic effect for formulations CLX 021/L and CLXL6/L is very important as it
suggests that these formulations caused HT29 eathdvia molecular mechanisms and
thereby is a new development on the data preséy&hcchetti in which it was found
that in-vitro cell death for CRC cell lines only occurred atolble concentrations of
CLX. The data presented here suggests that a mateoxicity effect is possible for
CLX if the drug is optimally presented to the c€lle., in a stable solubilised state). In
the case of the CLX API dissolved in DMSO, an eapoptotic effect was also
observed (albeit less pronounced than for formaetiCLX 021/L and CLX 016/L —
see Figure 3.5) which suggests some of the APIwhemained in solution may have
been able to exert a toxic effect by molecular rme@dms. The finding that
formulations CLX 016/L and CLX 021/L did not exHila significant necrotic effect is
an important finding given that previous researcgh Tomisato and colleagues
(Tomisatoet al., 2004) has shown that NSAIDs including CLX Kill lseby both
necrosis and apoptosis and that necrosis is lit.kedwanted Gl side effects.

As the assay performed cannot distinguish betwaendpoptotic and necrotic cells in
the case of cells staining positive for both AnneX+FITC and Pl (see Section 3.2.4),
these results are not discussed as it would bessage to perform a time course
experiment to track the movement of cells throulgé stages of viable cells, early
apoptotic cells and late apoptotic cells in oraefully distinguish late apoptotic cells
from necrotic cells. Also while the necrotic effeat the various formulations are
discussed here, it is acknowledged that furthettistuinvolving a time course annexin

V/Pl apoptosis assay, microscopic analysis or derradtive apoptotic assay (e.g.,
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TUNEL - terminal deoxynucleotidyl transferase dUTiRk end labelling) could be

performed to support the proposed necrotic effeseovations for CLX API.

3.4.4Effects of CLX formulations on the motility of HT29 cells

In order to examine the effects of CLX liquid forkations CLX 016/L and CLX 021/L
on the motility of HT29 cells in comparison to Caiex®, anin-vitro scratch wound
healing assay was performed. In addition to thedwmtrol groups (media and DMSO),
cells were treated with CLX formulations, CLX 016#hd CLX 021/L, Celebrékand
CLX API (dissolved in DMSO) at 50QM for a period of 72 h after the scratch wound
was inflicted. Figure 3.7 displays a sample of iem@f the wound on the day of
application and after 72 h of incubation for ilkaive purposes. As seen in the
histogram in Figure 3.8, treatment with formulaso@€LX 021/L and CLX 016/L
significantly reduced the % wound closure relatweghe control (media in the case of
CLX 016/L, CLX 021/L and Celebré&); which indicated a loss in the motility of the
HT29 cells after 72 h. In contrast the % wound atesfor Celebrek and CLX APl was
not significant. The data also revealed a diffeeerin the effect observed for
formulations CLX 021/L and CLX 016/L. As previoustfated in Section 3.2.5, the
high mortality associated with CRC is related ®ability to spread beyond the large
intestine and invade distant sites. Therefore thtastatic potential of tumour cells (i.e.,
their ability to spread) is an extremely importéenttor for formation of solid tumours
and necessary for their spread to distant orgassdescribed in the present study, the
motility of HT29 cells were examined as a measdréheir metastatic potential via the
scratch wound healing assay. As with the other yassgerformed, in contrast to
Celebre®, relative to the control, the CLX liquid formulatis CLX 021/L and CLX

016/L had a significant effect, whereby the % wogtasure was markedly reduced for
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formulations CLX 021/L and CLX 016/L (Figure 3.8)llustrating that these

formulations had the potential to reduce the likatid of CRC cells to metastazize.

Oh 72 h

Media

DMSO

CLX 021/L

CLX 016/L

Celebrex®

Celecoxib

Figure 3.7 The effect of CLX on the motility of HT29 cellsc&tch wound healing assay was conducted
and inverted microscope images were captured aalgsad (including measurements) immediately after
the wound (0 h) and after treatment with CLX at8@ (CLX liquid formulations CLX 016/L and CLX
021/L, CelebreX and CLX dissolved in molecular grade DMS@¥9 for each group) for 72 h. Images

for the control group are also shown.
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Figure 3.8 The effect of CLX on the motility of HT29 cellsh& histogram shows the percentage wound
closure for the controls and for the CLX treatmen®s h after the wound persisted. Statistics were
performed relative to media for formulations CLX1@2, CLX 016/L and Celebréxand relative to
DMSO in the case of CLX API.

3.4.51n-vitro drug release studies on CLX liquid formulations

Given the differences in the effects observed far €LX formulations compared to
Celebre® with respect to thén-vitro cell model parameters examined and also the
enhanced effect for formulation CLX 021/L compatedformulation CLX 016/L, an
in-vitro drug release study was performed over a peridtRdi to study the release of
CLX and to assess whether a correlation existedd®ast drug release performance and
the performance of the various formulations initheitro cell model (previous to this,
release analysis had only been performed overiagoef 6 h). Figure 3.9 shows tire

vitro CLX release profiles of formulation CLX 016/L, foaulation CLX 021/L,
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Celebre® and CLX API (pre dissolved in DMSO). Consistenthwihe in-vitro cell
model data, formulations CLX 016/L and CLX 021/L nkedly outperformed both
Celebre® and CLX API. Interestingly the % release for fotation CLX 021/L
remained steady over the 12 h period at 98.83 £9%,7whereas in the case of
formulation CLX 016/L, CLX was observed to havertgd to precipitate by 6 h and at
12 h the % of drug which remained dispersed inrttezliahad reduced to 59.23 +
9.90%. CLX API (pre dissolved in DMSQO) was also eved to precipitate almost

immediately upon contact with the dissolution media

100 -
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Figure 3.9 Percentage of drug released from release testifaymiulation CLX 016/L, formulation CLX

021/L, Celebrex and CLX API (all tested in PW oweperiod of 12 h). The data presented are mean

values = STDEV (n=3).
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In the case of both the cell viability/apoptosisas and the scratch wound healing
assay, formulation CLX 021/L was observed to haze & greater effect compared to
formulation CLX 016/L. Thein-vitro drug release test performed in PW therefore
revealed a correlation between % of drug released (vhich remained in solution)
(Figure 3.9) and the performance of the formulatrath respect to then-vitro cell
culture model. This is an important finding asdémtifies the use of release testing in
PW as a simple and effective tool for screening seldcting stable CLX formulations.
It was also notable that CLX API, dissolved in DMSaerformed marginally better
than CelebreX with respect to its drug release performance whiabk also the case for

thein-vitro cell culture experiments.

3.5Conclusions

In this phase of the project it was shown that Cliguid formulations performed
significantly better than the marketed CLX prod@glebre® with respect to their
ability to inhibit the viability and motility of eHT29 CRC cell linein-vitro. Whilst
focusing on only one cell line (HT29), it was aldemonstrated that liquid CLX
formulations had an apoptotic effect on HT29 cellsereas CLX API alone had both a
necrotic and apoptotic effect, which was an impurtinding as it presented the
opportunity for targeted CLX therapy with reducelsi@le effects for which there is an
obvious unmet clinical need. Although the exact mamisms for the anticancer activity
of CLX are unclear, a wide array of tumour-asse@tlamoleculat events have been
shown to be modulated by CLX im-vitro assays. It has been proposed that the

mechanisms of action include the induction of apsist cell arrest cycle, regulation of
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angiogenesis and the induction of endoplasmic uletic stress. This study
demonstrated that the liquid CLX formulations deypeld had a greater cytotoxic effect
on HT29 CRC cells in comparison to Celelfteand that the mechanism of cell death
was predominatly via apoptosis. It is proposed liea¢ the administration of CLX to
these cancer cells targets proteins (e.g., penmdsqroliferator-activated receptor
(PPAR) involved in the apoptosis pathway and has ahility to to switch off the
survival signals that these cells depend on (Yamd Brucht, 20001 and Gorej al.,

2012).

A correlation between the drug release performac€LX formulations in PW and
their ability to affect HT29 cells was also obseatyvthereby presenting an effective tool
for formulation screening. CLX liquid formulatiomgere used for this-vitro cell study
as they represented a precursor to microbead fatimons and were also amenable for
direct application to the cells. In Chapter 2, asfbility study was performed to assess
the potential of the liquid formulations producedbie converted into microbeads. The
feasibility study described in Chapter 2 revealéat tit was possible to make
microbeads from a formulation consisting of CLX stitved in Solutdl HS-15 and
Miglyol® 810N. Given the performance of formulations CLX6Q1 (formulation
containing Solut§l HS-15) and CLX 021/L (formulation containing a ruise of
SolutoP HS-15 and Miglyd? 810N) in thein-vitro cell culture study, their suitability
with respect to excipient selection was confirm@&tie next phase of the project
(Chapter 4) focused on the translation of thesenéitations into optimal microbead

formulations.
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3.6 Nomenclature

Table 3.2List of abbreviations which are listed accordiogheir appearance in the text.

Abbreviation Definition

CLX Celecoxib

COX-2 Cycloxygenase 2

CRC Colorectal cancer

NSAIDs Non-Steroidal Anti-Inflammatory Drugs
NADPH Nicotinamide adenine dinucleotide phosphate-oxidase
NADP Nicotinamide adenine dinucleotide phosphate
DMSO Dimethyl sulfoxide

PS Phosphatidyl serine

FITC Fluorescein isothiocyanate

Pl Propidium iodide

DNA Deoxyribonucleic acid

API Active pharmaceutical ingredient

COA Certificate of analysis

PBS Phosphate buffered saline

HPLC High performance liquid chromatography
FBS Fetal bovine serum

PW Purified water

uv Ultraviolet

SEM Standard error of the mean

STDEV Standard deviation

TUNEL Terminal deoxynucleotidyl transferase dUTP nick &ixélling

Celecoxib liquid formulation numbering system whexe is a
CLX xxx/L _ o
sequential number and L is liquid
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4.1 Abstract

The purpose of this phase of the project was teeldgy optimise and characterise a
lipid-based spherical multiparticulate celecoxid X} formulation in which CLX was
retained in a fully solubilised form. One of thenpary objectives of the project to meet
the stated purpose involved developing a robusersgdd microbead with sufficient
drug loading in which precipitation was absent bdtining processing and also in the
final product. This objective was achieved throughcombination of formulation
approaches including; excipient substitution, is@ua of precipitation inhibitors and
ratio alterationsln-vitro drug release and content assay (entrapment effigjenalysis
were the primary tools used to assess and compmareulations. An optimised
microbead with a CLX loading of 6% w/w was produceth an entrapment efficiency
of 97% and arin-vitro drug release result of 80% over 6 h. The structiréhese
microbead formulations were characterised and coadpasing light microscopy which

revealed a correlation between droplet size and drlease performance.

4.2 Introduction

4.2.1Background

At the conclusion of Chapter 3, two CLX lipid-badeglid formulations (formulations
consisting of CLX dissolved in SolufoHS-15 and Miglyd? 810N) were identified as
being better than the marketed CLX formulation Gede® with respect to both thein-
vitro physicochemical performance (i.e., release) iandtro cell culture performance
(i.e., inhibitory effect on colorectal cancer (CR&)29 cell line). The next phase of the
project focused on the translation of these lideignulations into optimal microbead

formulations that would be amenable to colon tanget
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In Chapters 1 and 2, the advantages of oral drligedyg and lipid-based drug delivery
systems were outlined respectively. The limitatiohghe use of conventional dosage
forms such as soft gelatine capsules with respecthe delivery of lipid-based
formulations were also described in Chapter 2. A& tonclusion of Chapter 2, a
feasibility study was described in which liquiditigbased formulations were converted
into  microbeads via a manual dripping’ microencapsulation process.
Microencapsulation is defined as a process, wmeblves the complete envelopment
of pre-selected core material(s) within a definedops or impermeable membrane
(shell) using various techniques, to give miniataized particles (Whelehan, 2010).
Depending on the size of the resultant particlesious terminologies can be applied
(microcapsules, macrocapsules etc.) which can leacbnfusion, however, the term
“microcapsule” is often defined as a sphericaliplrtcontaining a core substance with
the size of the microcapsule varying between 2-2Q60 (Singhet al., 2010). This
definition distinguishes microcapsules from smalfenoparticles or nanocapsules
(Singh et al., 2010). There are many different examples of miccapsulation
processes which include but are not limited to tbowing; spray drying, spray
congealing, hot melt extrusion (HME), coacervati@upercritical CQ — assisted
microencapsulation, concentric nozzle extrusion gmiling (Particle Sciences
Technical Brief, 2010, Umeret al, 2011, Ghosh, 2006). A review of
microencapsulation techniques specifically relatm¢jpid-based drug delivery systems
is included below. The critical quality attributd€€QAs) of the desired CLX
formulation/technology which formed the basis fdre tselection of the manual
‘dripping’ microencapsulation process employed in this stiadythe production of
CLX microbeads is also described. Finally the dlbjes for this phase of the project

are detailed.
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4.2.2Microencapsulation

As described in section 4.2.1, microencapsulatioocgsses yield miniature sized
particles ranging in size from 2-20Q@®n. These miniature-sized particles are usually
referred to as microcapsules or microbeads/micergsh depending on their
morphology. Microcapsules or microbeads may hagelag or irregular shapes and on
the basis of their morphology, they can be clasdifis mononuclear, polynuclear or

matrix types (Figure 4.1).
Microcapsule/Microbead

| _
l l l

Mononuclear Polynuclear Matrix

0. O
O &

Figure 4.1 Morphology of microcapsules/microbeads. (Diagrampeld from Ghosh, 2006).

Q00

The term microcapsule is most commonly used fotigges with mononuclear and
polynuclear morphologies shown in Figure 4.1. Mardear microcapsules are also
referred to as core-shell microcapsules as thetaooa shell surrounding a single core.
In contrast, in the case of matrix encapsulatidre tore material is distributed
homogenously in the shell material. Particles pesag the matrix morphology shown
in Figure 4.1 are commonly referred to as microBeadr microspheres.
Microencapsulation has the potential to pose a murabadvantages as a drug delivery

technology including the following; enhanced shiédf stability (protection of API from
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the storage environment (oxygen, humidity etc.ygspntation of a multiparticulate
amenable to further processing, potential for iehercontrolled and/or targeted drug
delivery, safe handling of potent materials (APtrepped from outer surface), taste
masking and crucially the ability to handle liquas solids (Ghosh, 2006, Singhal,
2010, Umeret al., 2011, Particle Sciences Technical Brief, 2000)e advantages of
microencapsulation described above met the de€i@As for a colon targeted CLX
formulation as outlined in Chapter 1 (i.e., lipidded multiparticulate), therefore the
next step of the process focused on the selectibnthe most appropriate

microencapsulation technique.

4.2.3Microencapsulation techniques

There are many techniques available in which caaterals can be encapsulated within
a shell or matrix. These techniques are typicalyded into chemical, physicochemical
and mechanical processes although there is coabideroverlap between the
techniques. Chemical processes include interfacidin situ polymerization methods.
Physicochemical processes include coacervatiorerday layer assembly, sol-gel
encapsulation, supercritical fluid-assisted andvesdl evaporation. Mechanical
processes include spray drying, spray congealifdEHconcentric nozzle extrusion,
and finally mechanically aided dripping technigsesh as prilling (Ghosh, 2006, Singh
et al, 2010, Umeet al., 2011, Particle Sciences Technical Brief, 2010ye@ithat the
aim of this project was to encapsulate a liquiddligore containing CLX and ultimately
to develop an acceptable pharmaceutical productpaodess (i.e., a low cost, high
efficiency, reproducible and environmentally acedpe process) the focus of the
review below was restricted to the mechanical tetdgies described as they were

considered to have the greatest potential to muweetet requirements. Most of the
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technologies described are based on the princfgdermerating droplets from a polymer
(liquid form) extruded through a nozzle (orificepdathey work on the basis that a
mechanical force (cutting/vibration/atomisationpgplied at the nozzle to break-up the
extruded polymer. In all cases with the exceptidnconcentric nozzle extrusion
(Section 4.2.3.4), the active drug is disperseddganously in the extruded polymer. It
should be noted that spray drying, spray congeading HME can also be used to
produce particles consisting of only matrix materend active drug (i.e., no
encapsulate), therefore the resultant productgaltectively often referred to in terms

of solid dispersions rather than using microcapgeri@inology.

4.2.3.1Spray congealing

Spray congealing or spray cooling involves a metimdhich molten material (e.g.,
lipid) is sprayed (via atomisation at the nozzlgpia cooling chamber and on contact
with cool air, congeals into spherical solid pdetsc(Kalepuet al., 2013). In terms of
microencapsulation, the molten material is usuidléy/core, whereas the matrix consists
of inert fillers such as lactose. Among the adagas of spray congealing are; a) it does
not require the input of agueous or organic solvert) it yields solid particles (often
referred to as solid dispersions) that are direathenable to coating and c) the solid
dispersions produced presents an opportunity fesgmting drug in an amorphous state
thereby potentially increasing its solubility. Déspghese advantages, the technology is
limited with respect to the choice of acceptableigents on two levels; a) a
requirement for the molten excipients to instans®psolidify in the cooling chamber at
the set temperature and b) a requirement for the egcipients to be solid at room
temperature (i.e., the preclusion of liquid exangd. A review of the literature revealed
that spray congealing is usually limited to waxytenals such as polyethylene glycol

(PEG) 4000, PEG 1500, Poloxafier88, and Gelucife50/13 (Passerirgt al., 2006,
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Mackaplowet al.,2006, Cavallaret al.,2005, Passerirgt al.,2002 and Martinsat al,

2012).

4.2.3.2Spray drying

Spray drying is a unit operation in which a druguson (containing the drug, the core
material (lipids) and the shell/matrix (solid car)i dissolved in an organic
solvent/water) is sprayed (atomised at the noznie) a hot chamber in which the
organic solvent or water evaporates thereby giviag to solid microparticles of the
remaining materials. Although spray drying is a loest, readily scalable and efficient
process, there are a number of disadvantages dketheology; a) the solid particles
produced are powder particles which have an ireggghape and have large size
distribution which are directly not amenable to tama (i.e., an intermediate
agglomeration stage is required) and b) organigest$ are routinely employed as
solvents due to the limited selection of suitablater soluble shell/matrix materials

(Gharsallaouet al.,2007).

4.2.3.3Hot melt extrusion (HME)

HME involves pumping a mixture of raw materials ah elevated controlled
temperature (temperature at which the mixture besomolten) and pressure through a
heated barrel into a product of uniform shape amdsiy which is subsequently
extruded through a nozzle and cut into rods ofngefilength (Maniruzzamaet al.,
2012, Andrewset al, 2009). WhilstHME is predominantly used to disperse APIs
(active pharmaceutical ingredients) in a matrithatmolecular level, thus forming solid
dispersions, it can also be used as a microencmsultechnology where the drug is

dissolved/suspended in a lipid which is homogenodspersed in the matrix. HME
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offers many advantages compared with traditiondldsoral dosage processing
techniques namely; solvents are not required ands iamenable to continuous
processing resulting in an environmentally friendhd cost effective process (Andrews
et al, 2009). There are however also a number of daatdges of HME; a) its use is
limited to a narrow range of polymers/excipientg dioe high flow properties required
and b) the technology is not suitable for all aegivand excipients due to the prolonged
thermal residence time involved which can causeattgion (Maniruzzamaet al.,
2012). Another disadvantage of the technology iat tthe extrudate from HME
processes is in the form of a rod and thereforaireg an extra spheronisation step prior

to being amenable the application of a polymer.coat

4.2.3.4Concentric nozzle extrusion

Concentric nozzle extrusion or co-extrusion is acpss that was developed by the
Southwest Research Institute in the USA (Ghoshgp00involves the dual pumping
of two liquids (core and shell) through a concentibrating nozzle which results in the
shell material (generally hydrophilic) envelopindiet core material (generally
hydrophobic) in the form of a droplet. The drophetintains its structure due to
viscosity and crucially surface tension differenbesween the core and shell materials
(Brandau, 2014). The shell of the droplet is thardaned in a hardening bath by one of
a number of processes depending on the nature eofskiell material (chemical
crosslinking, cooling or solvent evaporation). Aagliam depicting concentric nozzle
extrusion is shown in Figure 4.2 below. It should ipted that in some instances the
nozzle may be submerged in the hardening solutiomhich case the surface tension
difference between the shell material and the mandeiquid also plays a key role with

respect to microcapsule formation.
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Vibration Applied to Nozzle

<«——— Hardening Bath

Figure 4.2 Diagram depicting concentric nozzle extrusion (Déag adapted from Ghosh, 2006).

Although in theory co-extrusion technology has pla¢ential to achieve all the benefits
associated with encapsulation technology as ouatlineSection 4.2.2, in practice co-
extrusion poses a number of limitations in terma ééchnology that is suitable for the
colon delivery of pre-solubilised poorly soluble IAFhese limitations revolve around
the limited choice and concentration of surfacthat can be encapsulated in the core.
Because of the key role that surface tension glaysaintaining the concentric droplet
following extrusion from the nozzle, the incorpaoat of a surface active agent (i.e., a
surfactant) with a high HLB (hydrophilic-lipophilibalance — refer to Chapter 2 for
further details) disrupts this surface tension eébgrcausing the droplet to collapse or
the formation of ‘leaky’ microcapsules (Refer tocten 4.4.5 for further details on

‘leaky’ microcapsules) which are not amenable tahier processing because of a lack
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of robustness. The scalability of concentric nozsteusion also poses challenges due
to mechanical/tooling difficulties of producing riple concentric nozzles (both raised
and submerged nozzle processes) and of applyingven flow of the hardening

solution around each nozzle in the case of subrdergezle process (Brandau, 2014).

4.2.3.5Mechanically aided dripping extrusion techniques

Dripping involves a technique similar to the coraston technique described in Section
4.2.3.4, whereby instead of extruding two liquideré and shell) through a concentric
nozzle, a single liquid (mixture of core and simeditrix materials) is extruded through a
single nozzle resulting in a matrix droplet in whithe core material is homogenously
dispersed within the matrix. Similar to co-extrusidhe matrix of the droplet is then
hardened in a hardening bath to form a microsphgrene of a number of processes
depending on the nature of the matrix material ifubal crosslinking, cooling or
solvent evaporation). The principle of this procesbased on natural gravity whereby
when the liquid passes through the tip of the regzzldroplet grows and separates from
the stream before falling into the hardening solutiA diagram depicting gravity
dripping is depicted in Figure 4.3 below (Chavaetial., 2012 and Nisco gravity

dripping, 2014).
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Matrix/core mix extruded through
4—
a nozzle

. . <«——— Hardening solution

Figure 4.3 Diagram depicting gravity dripping extrusion (Diagr adapted from Nisco gravity dripping

2014).

Dripping techniques offer the advantage over cousibn in that surfactants can be
easily incorporated into these formulations as lasgthe ratio of the matrix to core
phase is appropriate. Gravity dripping represehes simplest method of making
individual droplets and hence microspheres, howthesize of the droplet is not easily
controlled as it is determined by the weight andae tension of the droplet (i.e., the
formulation) and by the diameter of the nozzle. Tlosv rates for gravity dripping
processes are also very slow thereby rendering thesuitable for industrial
applications (Chavaret al.,2012). The disadvantages associated with gravippihg
can be overcome by increasing the flow rate tontbezle and via the application of a
mechanical force to break up the stream of liqueditaflows from the nozzle (i.e.,
droplet formation is no longer reliant on the foafegravity). These mechanical forces
give rise to the following techniques based on phiaciple of dripping; jet cutting
technology, rotating (spinning) disc atomisatiolectostatic extrusion, coaxial air flow
and prilling. A review of these mechanically aidddbping techniques is described in
Chapter 6. A primary advantage of all of these mrig technologies is that they
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represent a single step process (with the excepfiansimple drying step) in which the

end product is amenable to direct further procgsgia., coating).

4.2.4Desired CQAs of CLX formulation/technology

As outlined in Chapter 1, the overall objectivetltt project was to develop a spherical
multiparticulate lipid-based oral drug delivery faulation/technology for the delivery
of pre-solubilised CLX to the colon for the treatthend prevention of CRC. The
desired CQAs of the final CLX formulation have bediscussed in the previous
chapters, however a summary of these CQAs andatienale for them is included in

Table 4.1 below. Three critical process requiremé@PRs) are also included.
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Table 4.1 Summary of desired

formulation/technology

CQAs and CPRs for colonic dgliveof CLX CRC

COA

Rationale

Formulation that can incorporate
wide range and concentration
surfactants

as outlined in Chapter 2, the use of surfactantsegired for
ofin optimal formulation in which the drug is dissadv and
which remains in solution on contact with dissauatimedia
and gastrointestinal (Gl) contents. Surfactant® dlave the
potential to stabilise the formulation (e.g., praten of
recrystallization).

Formulation in which liquids can b

encapsulated

eOne of the key objectives of the final formulatias the
delivery of pre-solubilised CLX to the colon so thi is
available to tissue in a free molecular form. Maafy the
excipients described in Chapter 2 required to diesGLX are
liquid at room temperature hence it is a requirenoéhe final
formulation to be amenable to liquid encapsulation.

Multiparticulate formulation

described in Chapters 1 and 5. The key benefitadec
v' Enhanced safety regarding Gl irritation

(particularly for spherical multiparticulates)

The benefits of preiag CLX in a multiparticulate format ar

v" Reduced stomach residence time

v' Even distribution of drug to the colon (including
polyps and CRC tumours)

v' Suitable for the application of controlled release
polymers

v" Application of consistent/uniform film coatings

Formulation that is amenable tdDelivery to the colon requires the application antolled
coating release polymers hence in addition to being a paiticulate
the formulation/technology must be amenable to sblboating
processes (high temperatures and high attrition).
CPRs Rationale

Single step process

process that yields a multiparticulate is desirable

In order to have an efficient effective process, a single siep

Readily scalable process

The formulation/technologigt be readily scalable in order
be commercially viable.

to

Process that can be manually simula]
at the bench

teBiased on the resources available at this stagkeoprtoject, it
was necessary that the type of technology applmddcbe
manually simulated at the bench without the requoéwet for

complex process equipment.
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4.2.4.1Assessment of microencapsulation technologies agsirtCQAs and CPRs

On the basis of the CQAs and CPRs described inddedt2.4, a review of all the
technologies described in Section 4.2.3 was peddrio assess and identify the
technology which was most amenable to the neediseoflesired CLX formulation. A

summary of this assessment is outlined in Tablddl@w.

Table 4.2Summary assessment of microencapsulation techesl@gjainst CQAs and CPRs for desired
CLX formulation/technology

Technology
CQAS/CPRs ) ) i Dripping
Spray Congealing Spray Drying HME Co-extrusion i
Techniques
A ble t
menable to % % % N %
surfactants

Amenable to N s 1 % %
liquids

Multiparticulate v v i v 2 v v
Directly

amenable to x X X v v
coating

Single step v % X Vi3l Vi3l
process!!
labl

Scalable % % % N %
Process
Manually

simulated X X X X 4
process

[1] These technologies have been determined to thisetequirement on the basis that a literatuveere
identified some examples of liquids being encagsdlasing these technologies, however this appicat
appears limited.

[2] These technologies have been determined to thisetequirement on the basis that their end potsdu
in theory meet the definition of a multiparticulat@orter, 2013) or can be translated into
multiparticulates. It is noted that a technologgttlirectly yields a multiparticulate is preferable

[3] Although these technologies usually require ayirdy step after the formation of the
microcapsule/microbead, they are considered hebe ta single step process given the simple nature o
the drying step in comparison to secondary stegsimed for some of the other technologies to yield

suitable multiparticulate (e.g., spheronisatiothi& case of HME).
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Following a review of Table 4.2, dripping technigueere identified as the technology
of choice. Although the eventual aim of the projecis to employ one of the
mechanically aided dripping techniques describe&ention 4.2.3.5, for this phase of
the project a manual dripping technique (graviipping) was employed. Details of this

technique are described in Section 4.3.2.1.

4.2.50bjectives

As outlined in Section 4.2.1, this phase of thejgmtofocused on the translation of
liquid formulations developed in Chapters 2 andn8 ioptimal CLX microbead
formulations that would be amenable to colon tangetusing the aforementioned
manual dripping technique. The primary objectivasproducing an optimal CLX

microbead formulation were as follows;

A. The first objective was to produce ‘fit for purpbseicrobeads to meet the
following pharmaceutical requirements;

v High entrapment efficiency

v Consistent drug content

v Spherical beads amenable to coating

v A robust process in which CLX was maintained inolulsle state (i.e.,
precipitation was avoided)

v’ Sufficient drug loading to allow for intended doke be filled into a
reasonable sized capsule (maximum of size 00 capsul

v High % drug release in simple media including aatge performance to

the marketed CLX product Celebfex
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B. The second objective for this phase of the projees to perform some initial
physical characterisation of the optimised micralseato develop an
understanding of their internal structure and &dprt how this internal structure

might impact on thein-vitro (and consequentiyn-vivo) performance.

In the subsequent sections the terms ‘suitableansuitable’ are used with respect to
the manufacture of microbeads, where ‘suitablegngefo robust spherical microbeads in

which precipitation was absent during processing.

4.3 Materials and Methods

4.3.1Materials

The vehicles used here were as follows; Solutol18%-and Cremophor EY (both
BASF, Germany), TranscufolP (Gattefosse, France), Migl{foB10ON (Sasol, South
Africa). Microbeads were prepared using these Vehicn combination with porcine
gelatin (Nitta Gelatin, Japan) and sorbitol (NebSor Roquette, France). An array of
precipitation inhibitors were also investigated luntng Sodium Dodecyl Sulphate
(SDS), Vitamin E acetate (both Merck, Germany)axfitn E TPGS (Eastman, USA),
Hydroxypropyl Methylcellulose (HPMC), Hydroxypropyellulose (HPC), polyvinyl
alcohol (PVA), Pluroni® F127, hypromellose (all Sigma Aldrich, USA), Opgatiil
and Opadr§ White (both Colorcon, USA). A range of fluorescelyes were sourced
from Invitrogen. A sample of CLX API was kindly prided by Erregierre (ltaly). The
purity of the API was 99.6% based on the COA (tiedie of analysis) provided by the
supplier. All chemicals used for the release expents, HPLC (high performance

liquid chromatography) and UV (ultraviolet) testingre of laboratory grade.
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4.3.2Methods

4.3.2.1Preparation of microbeads

Microbeads containing CLX were prepared via a mhguavity dripping method. The
microbeads were manufactured by combining sarfactant phase premix{drug
dissolved in various combinations of oils, surfattaand co-solvents) with gelatin
phase premix’(mixture of gelatin, water and sorbitol) and mgiat approximately
60°C on a magnetic stirrer. Aliquots of the mixtuvere removed using a pipette for
ejection of droplets of the mixture into a bathcobling/hardening oil (Miglydt 810N

at 10°C).As the mixture droplets fall in air, coacervatioccors to form a coacervate
suspension in which droplets of the surfactanpbihse are surrounded by a layer of
gelatine (multiple coacervates exist homogenouslthiw the bead matrix). The
dropping of the bead into a cooling/hardening katbws the beads to harden before
being recovered for drying.he bead formation occurs in air prior to impactmath the
cooling oil, thereby preventing interaction of tl®oling oil with the internal
surfactant/oil phase droplets due to the presehtteedayer of gelatine at the surface of
the coacervates and hence the bead. A range aisimwestigated (olive oil, mineral oil
and other medium chain triglycerdies) for use as tholing/hardening oil in the
production of microbeads. Migly®I810N was selected as it was observed to perform
optimally in the production of spherical beadshdis been shown to be stable against
oxidation and is listed on the FDA's inactive ingient (IIG) database (FDA 1IG
database, 2014). The beads were then air drie@fdr (over this time the water in the
formulation evaporated). In some of the formulasimther components were added to

the gelatine phase to prevent precipitation of diugng manufacturing and also to help
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maintain the bead structure. Gelatine was seleaseshell encapsulation material as it
fulfilled a number of criteria namely; it is predomantly hydrophilic and therefore
suitable for encapsulation of hydrophobic materi@sy., oils), it forms a thermal
hydrogel which melts when heated but solidifies witeoled again (i.e., suitable for
extrusion process described), it is water solullé generally melts in the region of
35°C (i.e., melts at body temperature in Gl fluids)d it is also a well-known and

acceptable pharmaceutical polymer (Rawval.,2006)

Pipette  containing  mixture  of
‘surfactant phase premix’ and

‘gelatine phase premix’ &0°C

=]
=]
o o o L] o . . .

° ;‘ou“,,%; ngnﬂun o %y | «——— Microbeads harden upon impact with
o 5 © L T . .

o ®°°% o0) 0,00 o cooling oil (10°C)

Bo @ Oy og © 8 go

- BT e 0 0 .

Figure 4.4 A schematic of the manual microbead gravity dmgpiprocess. The emulsion/micelle
formulation contains the drug (CLX) dissolved imature of the gelatine phase (gelatine, sorbitatex
and other components) and the surfactant phasg (sgolved in mixtures of surfactants, oils and co
solvents). The mixture was maintained at 60°C anagnetic stirrer and aliquots were removed using a
pipette for ejection of droplets of the mixtureadrthe cooling oil bath (Miglyé? 810N at 10°C). The
pipette was moved in a circular motion above thaing oil bath to prevent the droplets from coalegc
The resultant beads were maintained in the coaihpr 20 min before being separated and dried (at

ambient conditions) to remove water from the beads.

131



4.3.2.2In-vitro Release Testing

Release of CLX formulations (CLX microbeads andeBetx®) were performech£3)

at 37°C in purified water (PW). Release experimemese carried out using either a
Varian/Vankel VK7010 dissolution apparat(danKel, USA) or a Distek Evolution
6300 (Distek, USA) equipped with standard glassselssand USP type Il paddles.
Paddle rotating speed in all experiments was 75 Formulations containing 50 mg of
CLX were weighed and added to 1000 mL of PW. Atc#ps times 1.8 mL samples
were withdrawn, filtered through a 70 um pore fil(@LA, USA) and analysed using
either a HPLC method or an UV spectrophotometrithiod The % of drug released at
particular time points was determined from pealasnghich were calculated against a
single point external reference standard in thee adsthe HPLC method, whereas a

standard curve was used for the UV method.

4.3.2.3HPLC and UV Analysis

The HPLC method for the analysis of the releaseamsdy samples was adapted from
Saha and colleagues (Satal 2002). The HPLC column used was a reverse phése 4
X 250 mm Inertsft C8 column (Inertsil, The Netherlands) with 5 pntjetes. The
mobile phase was acetonitrile:water (65:35). Theristic method used a flow rate of
1.25 ml/min and ultraviolet (UV) detection at 23M.nThe injection volume was 20 pl
and the retention time was 8 min. The HPLC appar#tat was used for the analysis
were Thermo Finnigan (Thermo Electron Corporatitd§A) and Waters (Waters,
USA) HPLC systems (and associated Chromquest ango®er software). The UV
method for the analysis of the release samples alss adapted from Saha and

colleagues (Sahet al 2002). The spectrophotometer used was a Gen@ssaries UV-
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visible spectrophotometer (Thermo Electron CorponatUSA). Absorbance was read

at a wavelength of 251 nm.

4.3.2.4Evaluation of Entrapment Efficiency

The amount of incorporated CLX was determined ie thptimised microbead
formulations produced. A quantity of beads2) with a theoretical potency between 5
mg and 50 mg (depending on the quantity of sanyAdable) were sonicated for 2 h in
a mixture of acetonitrile:water 65:35 (HPLC methad)acetonitrile:phosphate buffer
50:50 (UV method) to extract the drug from the miirads. The resultant solution was
passed through a 0.45 um filter prior to absorbamcalysis. Where required the
samples were diluted prior to analysis. The comatioh of CLX was determined by
absorbance measurements at 230 or 251 nm via th€ HP UV analysis methods
described above. CLX content (%) was calculatethasamount of determined CLX
with respect to the total mass of dried microbeadlbe entrapment efficiency (%) of
CLX was expressed as a percentage of the deternih&dwith respect to the total

amount of CLX used in the preparation of the mieauts.

4.3.2.5Microbead Characterization using Light Microscopy

Shape and surface morphology of freshly prepareddaied microbeads were observed
under a Nikon (Nikon, Japan) Eclipse Ti optical ragzope mounted with a digital
camera. Pictures were taken of sliced sections rigfddmicrobeads. Thin films of
selected formulations were also prepared and viawegr the microscope in an effort
to understand the internal structure of the beAdsumber of fluorescent dyes (Nile
red, Bodipy 505/ 515, Sudan orange, Dextran Aleke=546, Dextran Rhodamine

Green and Dextran Cascade Blue — all Invitrogem\)U&ere incorporated into some of
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these formulations in an attempt to distinguisiwieein the surfactant/lipid and gelatine

phases of the formulations.

4.4 Results and discussion

4.4.1Development and optimisation of CLX microbeads

In Chapter 2, the details of a microbead produdgasibility study were outlined in
which one formulation (CLX 030/B) was found to beenable to manufacture. The
composition of CLX 030/B is detailed in Table 4 &dw.

Table 4Gmposition of formulation CLX 030/B

Components (mg/g)
Celecoxib 23.03
Gelatine 554.40
D-Sorbitol 61.70
Miglyol® 810N 130.53
SolutoP HS-15 230.34

A review of formulations CLX 027/B to CLX 032/B fno the feasibility study, revealed
that five of the formulations were unsuitable daeptecipitation. It also revealed that
the only suitable formulation (CLX 030/B) had a rhuower drug loading (2.3% w/w)
than the five unsuitable formulations (drug loadimd 9.8—-10.4% w/w). Based on these
observations,the first aim of the microbead devmlept and optimisation study
presented here was to overcome precipitation winisteasing the drug loading to
commercially viable levels.

Whilst formulation development focused primarily diormulations containing

Miglyol® 810N and/or Solutol HS-f5n the ‘surfactant phase’ due to the promisimg
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vitro cell culture results described in Chapter 3, basaedthe observation above
regarding the drug loading, the scope of the foathh development was also widened
to look at other ‘surfactant phase’ componentsuidicig Transcutél and Cremoph6r

EL.

4.4.1.10vercoming precipitation during manufacture and opimising loading of
CLX

A number of formulation aspects were investigateith whe aim of overcoming
precipitation and optimising the loading, includiag assessment of the impact of the
following; a) increasing the CLX concentration asfthnging excipient composition, b)

modifying the ‘gelatine phase’ and c) incorporatafrprecipitation inhibitors.

4.4.1.1.lncreasing CLX concentration and changing excipientompaosition

Two formulations (CLX 033/B and CLX 034/B — Tablet}were produced on the basis
of formulation CLX 030/B. CLX 033/B and CLX 034/Bontained increasing

concentrations of 10% and 15% w/w CLX in their mdjpve ‘surfactant phases’,

equating to corresponding final loadings of 3.8%d &rB%. In the case of CLX 033/B,
there was no precipitation evident and bead matwiaavas successful (i.e., suitable
beads were manufactured). In the case of CLX 03hde was slight evidence of
precipitation and whilst bead manufacture was ptiésible there was tailing evident

(see Figure 4.5 below).
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1.amm

Figure 4.5Photographs (using Inverted Microscope (Nikon [icITi) of representative microbeads from
CLX 034/B demonstrating the ‘tailing effect’

It was concluded from these formulations that treding of CLX played a crucial role
with respect to precipitation. Dissipation of thewdsion into the cooling oil was
evident for both of these formulations. It was wegd that the inclusion of Migly®l
810N in the formulations could be contributing he tdissipation. Given that Migly®l
810N was also employed as the cooling oil, it wappsed that the Migly8I810N in
the formulation could have a high affinity for theoling oil resulting in dissipation of
the formulation.Three further formulations were produced to asshesimpact of
removing MiglyoP 810N from the formulation. The three formulatioosntained
increasing concentrations of CLX in their respestitsurfactant phases’. The
concentration of CLX was 15%, 20% and 25% w/w ie tBurfactant phases’ of
formulations CLX 036/B, CLX 037/B and CLX 038/B pestively (Table 4.4).
Dissipation of the emulsion into the oil compon®@s not observed for any of these
formulations which confirmed that Migly®i810N was the cause of the dissipation. An
increasing level of precipitation was observedtha three formulations relative to their
increased loading of CLX which also reaffirmed tdmmclusion regarding precipitation

(i.e., precipitation was related to the concertratf the drug).
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Table 4.4 Composition of CLX microbead formulations CLX 033/BLX 034/B, CLX 036/B, CLX
037B and CLX 038/B

CLX CLX CLX CLX CLX
033/B | 034/B 036/B 037/B | 038/B

Celecoxib 38.46 57.69 57.25 73.86 96.01

Formulations

Gelatine 553.85 553.85 552.5p 567.63 55532

D-Sorbitol 61.54 61.54 61.39 63.07 60.63

Miglyol® 810N | 115.38| 107.69

Component
Concentration
(mg/g

SolutoP HS-15 | 230.77| 219.23 328.81 29544 288.04

The entrapment efficiency for formulations CLX 0B6/and CLX 037/B was
determined by analysing quantities of microbeadsatqg to 5 mg doses of CLX. The
% entrapment was 94.95 % * 0.04% and 95.73% + 0.2t%¥ermulations CLX 036/B
and CLX 037/B respectively.

Two further microbead formulations (CLX 039/B and>XC040/B — Table 4.5) were
prepared to investigate whether the type of exnigieemployed impacted on the
occurrence or levels of precipitation when drugllngs were high. The SolufoHS-15
employed in formulations CLX 036/B and CLX 037/Bsu&placed with a combination
of Transcutd? P, Cremophdt EL and MiglyoP 810N. In the case of both CLX 039/B
and CLX 040/B precipitation was evident in the edfve emulsions overtime. The
level of precipitation for both formulations wasegter than that observed for the
corresponding formulations containing Solté1S-15 indicating that excipient choice
employed played a role with respect to the pregijoin of the drug. As TranscutoP

was present in the highest concentration; it isljikhat it had the largest impact.
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Table 4.5Composition of CLX microbead formulations CLX 03%RBd CLX 040/B

Formulations o CLX
039/B | 040/B

5 Celecoxib 78.24 56.98
®
= Gelatine 548.80| 552.89
[}
(8}
= D-Sorbitol 59.99 61.67
=
$ = | Transcutol P 163.60 171.0b
c
o
=3 Miglyol 810N | 49.79 | 103.05
o
© | CremophorEL| 9958| 54.36

4.4.1.1.2Modifying the ‘gelatine phase’ — Stage 1

In the formulations described in Table 4.4, the Rgalatine was in the region of 55%
w/w. Formulations CLX 041/B and CLX 042/B (TabléXwere produced to assess the
impact of reducing the concentration of gelatir@rr55% to 52% wi/w. It was evident
from these formulations that the level of precijjaia was slightly greater for the
formulation containing 55% gelatine (CLX 041/B) thi@r that containing 52% gelatine

(CLX 042/B). This was the first indication that tlevel of water and/or gelatine in the

formulation impacted on the level of precipitation.

Table 4.6 Composition of formulations CLX 041/B and CLX 0B2fincluding wet bead compositions)

CLX 041/B CLX 042/B

Formulation Dry Bead Wet Bead Dry Bead Wet Bead

Components Composition Composition Composition Composition
mg/g mg/g mg/g mg/g

Celecoxib 77.85 22.46 84.67 25.42
SolutoP HS 15 307.04 88.57 330.55 99.25
Gelatine 554.05 159.83 521.20 156.50

D-Sorbitol 61.05 17.61 63.58 19.09

Purified Water - 711.53 - 699.73
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4.4.1.1.3Inclusion of Precipitation Inhibitors

It was shown in the previous section that it wassgde to affect the level of
precipitation of CLX in the formulations by usingffdrent excipients and that it was
possible to eliminate precipitation by employingwéow concentrations of the drug.
These formulations were however not viable forlfartprogression as the concentration
of drug was insufficient. It was required to prodwcformulation in which precipitation
of the drug was eliminated and also in which thegdoading was at a viable level. A
number of known precipitation inhibitors for CLX @@&manet al., 2007) and some
other recognised pharma excipients that were kntmwact as precipitation inhibitors
were selected and investigated with respect to #iwlity to inhibit precipitation in the

CLX formulations described here.

A. Hydroxypropyl methylcellulose (HPMC)

HPMC is widely used in the pharmaceutical indusay an excipient in oral
formulations. It is primarily used as a binder fiim-coatings and also as a matrix for
extended release formulations. HPMC has also beedelyshown to prevent the
precipitation of poorly soluble drugs-vitro andin-vivo (Brouwerset al.,2009, Rowe
et al.,2006). In the formulations presented in Tablebklbw, the HPMC that was used
was Methocél E15 LV (referred to as HPMC E-15) from Color€onin all
formulations the HPMC was added to the ‘gelatinageh during the processing of the
microbeads. Concentrations of 3% (CLX 050/B), 694.XC051/B) and 8% (CLX
052/B) w/w of HPMC were attempted and although ithereasing concentration of
HPMC did reduce the level of precipitation it wast sufficient to eliminate it. It was
also observed that the processing of the microbbadasme increasingly difficult as the
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concentration of HPMC increased due to an incr@aslee viscosity of the emulsions.
Formulations containing TrancufolP, Miglyol® 810N and Cremoph®rEL were
assessed as they represented a worst case indklengls of precipitation observed up

to this point.

Table 4.7Composition of formulations CLX 050/B, CLX 051/B&CLX 052/B

Formulations CLX 050/B CLX 051/B CLX 052/B
Celecoxib 74.44 72.32 71.42
c
-% Gelatine 537.20 521.90 503.29
g D-Sorbitol 60.12 58.41 55.92
c
o
(3 g HPMC E-15 30.65 58.26 83.88
cC o
(O]
s Transcutd? P 156.18 151.74 149.84
o
IS
8 Miglyol® 810N 48.44 47.06 46.48
Cremophof EL 92.96 90.31 89.18

B. Vitamin E (alpha tocopherol)

Alpha tocopherol is primarily recognised as a sewt Vitamin E. Alpha tocopherol
has three chiral centres, giving rise to eight isnenforms. The naturally occurring
form is known asd-alpha tocopherol. The synthetic form is known disalpha
tocopherol or simply alpha tocopherol and it occargacemic mixture containing
egimolar quantities of all the isomers. It is ahtyglipophilc compound and is an
excellent solvent for many poorly soluble drugs Reet al., 2006). There are many
related substances to alpha tocopherol which imctlidlpha tocopherol polyethylene
glycol succinate (vitamin E TPGS) adtdalpha tocopherol acetate (vitamin E acetate).
The appearance of vitamin E TPGS is a white wakg sahile vitamin E acetate is a

yellow viscous oil. Vitamin E is widely used in thgharmaceutical industry as an
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excipient in oral formulations. It has been usedaaslvent for many poorly soluble
drugs and also as a surfactant. It has also bemmnstnat vitamin E TPGS can prevent
the precipitation of celecoxim-vivo (Guzmanet al, 2007). For the purposes of this
work, the two forms of vitamin E described abovetfhin E TPGS and Vitamin E
acetate) were investigated (the formulations aresemted in Table 4.8 below).
Although the literature pointed towards vitamin EPAS being effective as a
precipitation inhibitor, it was decided to also @éstigate vitamin E acetate to assess any
differences in the liquid (acetate) and solid (TRPG8rm of vitamin E. Initial
concentrations of 6% w/w of vitamin E acetate ardmin E TPGS were included in
formulations CLX 053/B and CLX 054/B respectivelhe formulation containing the
vitamin E TPGS (CLX 054/B) was very viscous and veafficult to process into
microbeads and any microbeads that were produaaaeshevidence of ‘tailing’. The
viscosity of CLX 053/B (vitamin E acetate) did nobse any processing difficulties,
however ‘tailing’ was again observed during the nmiiead manufacturing process.
There was no precipitation evident with this foratidn over a period of 3 h stirring at
60 °C, however the drug did precipitate overnidghtan effort to combat the ‘tailing’
iIssues observed in the case of CLX 053/B, anotbandlation (CLX 055/B) was
produced in which the concentration of vitamin [Etate was reduced to 1.6% w/w. It
was observed that the reduction in the concentratidhe vitamin E acetate resulted in
more precipitation but also a reduction in the litgi phenomenon. A further
formulation (CLX 056/B) was produced consistingaofitamin E acetate concentration
of 3.3% w/w. This formulation exhibited propertiésat were a median of those
observed for CLX 053/B and CLX 055/B. An attemptsvadso made to make Soliftol
HS-15 based microbeads incorporating vitamin EadegCLX 059/B and CLX 061/B)
in the formulation (the previous formulations désed in this section all contained a

combination of MiglyoP 810N, Cremophér EL and Transcut8l P in the surfactant
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phase). Precipitation was observed to be reduaei@hmulations CLX 059/B and CLX
061/B compared to formulations CLX 053/B — CLX 0B7With no precipitation
evident in the case of CLX 061/B. Manufacturingmewer again posed some
difficulties with ‘tailing’ evident. These resultonfirmed that vitamin E acetate had the
potential to be a precipitation inhibitor in therrfaulation but that its high viscosity

impacted on the ability to produce spherical mieaxds.

Table 4.&omposition of formulations CLX 053/B, CLX 054, CLO65/B, CLX 056/B,
CLX 057/B and CLX 059/B

Formulations CLX CLX CLX CLX CLX CLX CLX
053/B 054/B 055/B 056/B 057/B 059/B 061/B

Celecoxib 71.84 72.40 76.01 74.1y7 75.34 75.90 73(64

Gelatine 518.80 515.55 542,13 534.84 542{77 543.426.28

D-Sorbitol 58.59 59.22 61.58 61.3( 62.20 63.01 58,8

ViaminE -1 63 61 - 16.45 | 33.21 - 15.28  47.58
Acetate

Vitamin E
TPGS

Transcuto? P | 150.72| 151.89 159.47 155.41 158.07 - -

63.42 - 18.52 - -

Miglyol® 810N | 46.75 47.11 49.46 48.26 49.03 - -

Component Concentration
(mg/g)

SolutoP HS-15 - - - - - 302.38 293.40

Cremopho?

EL 89.70 90.40 94.91 92.61 94.08 - -

When lower concentrations of vitamin E acetate wargloyed, it was observed that
the bead manufacture process posed fewer diffesultOn this basis, an attempt at
producing a microbead formulation using vitamin EGS using a lower concentration
to that previously employed for CLX 054/B (6% w/wjas performed. Formulation
CLX 057/B which contained 1.8% w/w of vitamin E TBGvas produced. In this
instance, the microbead manufacturing process easile (although the beads had a
tendency to float on the top of the oil bath) amel level of precipitation was reduced.
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The formulations described in this section highigghthe potential of vitamin E (both
forms) to act as a precipitation inhibitor of CLXpwever its incorporation into
microbeads was shown to pose difficulties form aufiacturing perspective. The CLX
content of formulations CLX 055/B and CLX 056/B wedetermined via the
entrapment efficiency assay. Quantities of micrdseaquating to 5 mg doses of CLX
were weighed and analysed. The % entrapment wé&$ 28.+ 0.30% and 99.48 % +
0.18% for formulations CLX 055/B and CLX 056/B resfively. These assay results
reaffirmed the observation that the level of preaipn was related to the concentration
of vitamin E acetate employed. The level of vitankinacetate in formulation CLX
055/B was approximately half of that employed innfalation CLX 056/B and there
was approximately a 20% difference in the amounCbX entrapped in the resultant
microbeads. It is proposed that the % of entrapnfimnformulation CLX 055/B was
low because some of the drug had precipitated poitdead manufacture and therefore
was not available during microbead manufacture cipiated drug tended to

accumulate on the sides of the mixing vessel).

C. Opadry® i

Opadry 1l is an excipient manufactured by Color€oand is widely used in the
pharmaceutical industry in oral formulations. Ipsmarily used for film coating (Rowe
et al.,2006). Opady Il contains polyvinyl alcohol (PVA), PEG 3000 aitium dioxide
and talc (Colorcon Opad?yl product specification, 2010). Opadryl was selected on
the basis that PVA had been shown to prevent tleeiptation of CLX in-vivo
(Brouwerset al, 2009). The first formulation produced that camtd Opadr§ Il was
CLX 062/B (Table 4.9). It was observed that Op&diy greatly facilitated the

microbead manufacturing process. It was difficaltassess its impact on precipitation
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as Opadry 1l did not dissolve in the formulation, but instieformed a suspension. The
next formulation produced containing Opadr§ was CLX 063/B (Table 4.9). The
primary difference between formulations CLX 062/&1aCLX 063/B was the inclusion
of SolutoP HS-15 alone and a combination of Migl§bI810N Transcut8l P/
Cremopho? EL in their respective ‘surfactant phases’. Priégfipn was evident in the
case of CLX 063/B which again pointed towards thie different excipients play with
respect to the onset of precipitation. A furthemfalation was then produced (CLX
067/B) which involved increasing the CLX concentmatemployed for formulation
CLX 062/B from 7% w/w to 9% w/w. Again microbead mdacture was without
difficulty; however some precipitation was evideatter stirring overnight. This
experiment reaffirmed the criticality of the drogncentration employed with respect to
precipitation (regardless of whether or not preaipn inhibitors were included). In the
case of Opadf¥/Il, it was not possible to increase its conceidratbove the levels

employed here as the formulations became too ditfto process (i.e., too viscous).

Table 4. €omposition of formulations CLX 062/B, CLX 063/B&CLX 067/B

Formulations e cbx e
062/B 063/B 067/
Celecoxib 72.87 74.55 92.35
< Gelatine 518.98 521.29 524.25
L;“ D-Sorbitol 60.35 60.35 61.18
(]
§ S| Opadrf Il 57.47 45.80 45.16
O o
£ E| Transcutst P : 156.41 :
C
o
S | Miglyol® 810N - 48.51 .
(@]
© | SolutoP HS-15 290.33 ; 277.06
Cremopha? EL - 93.09 -
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D. Opadry® White 20A28380

Opadry’ White 20A28380 is an excipient manufactured byo@mn and widely used
in the pharmaceutical industry in oral formulatioligs primarily used for film coating
(Roweet al.,2006). It contains talc, hydroxypropyl cellulo$¢PC), hypromellose and
titanium dioxide (Colorcon OpadfywWhite 20A28380 product specification, 2010) and
was selected for screening as it contained HPC twhas been shown to prevent the
precipitation of CLXin-vivo (Guzmanet al, 2007). CLX 066/B (Table 4.10) was
produced with a concentration of 4.5% w/w of Op&dwhite and a high loading of
CLX (9.4% w/w). As was the case for the formulagocontaining Opadf/Il, the
inclusion of Opadr§ White greatly assisted the microbead manufactugnucess.
Opadry’ White also produced a fine suspension which maue detection of
precipitation difficult. For formulation CLX 066/Bhere was only slight evidence of
precipitation which was encouraging given the Hagding of CLX. CLX 068/B (Table
4.10) was produced to assess the impact of Opadliyite on a formulation containing
Miglyol® 810N/ Transcutél P/ Cremophdt EL. In this case, precipitation was evident
but to a lesser extent than with formulation CLX3@5 (similar formulation containing
Opadry 1) which suggested that Op&tiMyhite was a greater precipitation inhibitor for

CLX formulations in comparison to Opadryl.
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Table 4.X0omposition of formulations CLX 066/B and CLX 088/

Formulations CLX 066/B CLX 068/B
Celecoxib 94.25 74.22
< Gelatine 520.03 523.82
g D-Sorbitol 57.43 59.25
g G Opadry White 45,56 45.99
(G)N<))
£ & Transcutdt P : 155.73
c
é Miglyol® 810N - 48.30
S SolutoP HS-15 282.74 -
Cremopho? EL - 92.68

E. Hydroxypropyl cellulose (HPC)

Although the exact composition of Opa8lirtwhite 20A28380 is unknown, it is known
to include HPC and it is believed that HPC is adpreinant component as HPC is
widely used as a film coating agent in tablet folations. HPC has been shown to
prevent the precipitation of CLX-vivo (Guzmarnet al, 2007). It was found that it was
very difficult to make microbeads which incorpohtdPC, as it was hard to disperse
the HPC in the ‘gelatine phase’ which consequemtigde the formulations very
viscous. Two formulations containing HPC were afited (CLX 070/B and CLX

072/B — Table 4.11), however neither of these weiable options for further

consideration due to processing difficulties. IfE& indeed the primary component of
Opadry’ White, then it is proposed that Color€oifthe manufacturer) includes a
processing step (e.g., milling) in their materiabmafacture that makes it more

amenable for inclusion in this type of formulation.
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Table 4.11Composition of Formulations CLX 070/B and CLX 0B2/

Formulations e e
070/B 072/B
Celecoxib 74.63 94.09
265 Gelatine 523.21 519.68
£
8 3 D-Sorbitol 58.49 57.57
€ 88
o C
©3 HPC 46.34 46.41
SolutoP HS-15 297.33 282.26

F. Pluroinc® F127 and other precipitation inhibitors

Pluroni® F127 was also assessed with respect to its eféeess at preventing
precipitation. Pluroni® F127 is a poloxamer polyol (a block copolymer diytene
oxide and propylene oxide) and is typically usedphlmrmaceutical industry as an
emulsifying and solubilizing agent. PlurohiE127 has also been shown to prevent the
precipitation of CLXin-vivo (Guzmanet al, 2007). In the case of formulation CLX
075/B (Table 4.12), it was found to have no effextthe onset of precipitation and
therefore was not pursued further. Other potermgrakcipitation inhibitors that were
investigated (CLX 111/B and CLX 112/B — Table 4.1#)t which were ultimately

unsuitable were hypromellose and PVA.
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Table 4.12Composition of formulation CLX 075/B, CLX 111/B&LX 112/B

Formulations cLx CL Cx
075/B 111/B 112/B
Celecoxib 92.08 54.35 54.35
c
% Gelatine 276.23 521.74 521.74
g D-Sorbitol 58.54 57.97 57.97
[
o2 .
O ©| Pluroni® F127 43.98
g &
(]
§_ Hypromellose - 57.97
S
8 PVA - - 57.97
SolutoP HS-15 276.23 307.97 307.97

4.4.1.1.4Modifying the ‘gelatine phase’ — Stage 2

A number of approaches were made to modify thetigelphase of the CLX microbead
formulations with the dual intention of increasinbe loading and eliminating

precipitation. These approaches involved a) additibtalc to the ‘gelatine phase’ and
b) reduction of the ‘gelatine phase’ component.,(ichanging the ratio between the

gelatine phase and surfactant phase components).

A. Formulations containing Talc

During the course of some of the experiments desdrabove (Sections 4.4.1.1.3 C and
D), it was observed that two of the potential goéation inhibitors investigated
(Opadry’ Il and Opadr§ White) offered the potential benefit of modifyiripe
formulation to the extent that microbead manufactposed few difficulties. It was
proposed that the incorporation of these componwelfsed to maintain the structure of

the emulsion droplet on impact with the cooling ®the components of Opadyl and
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Opadry’ White were examined to identify similarities. Thee excipient common to
both materials was talc. The impact of includinig ta formulations similar to those in
Section 4.4.1.1.3 B (i.e., formulations containingamin E) was investigated as these
formulations containing vitamin E had previouslyhidited difficulties with respect to
microbead manufacture. Formulation CLX 081/B (Tablé3) was produced, which
was a similar formulation to CLX 055/B and CLX 0B6#4ith the addition of talc (7.3%
w/w). It was observed that the bead manufacturega® was without difficulty which
added to the hypothesis that the incorporatioralsfhielped to maintain the structure of

the emulsion droplet on impact with the cooling oll

Table 4.1@omposition of Formulation CLX 081/B

CLX 081/B

Formulation Components mg/g
Celecoxib 68.53
Transcutd? P 143.78
Cremopho? EL 85.57
Miglyol® 810 44.60
Gelatine 499 07

Vit E Acetate 28.14

Talc 73.67
D-Sorbitol 56.66

B. Reduction of the ‘gelatine phase’ component

In all of the formulations presented to this poittie concentration of gelatine
contributed in the region of 55% w/w of the entdeed formulation. Given the
observation that increasing the concentration ofX(Oh the ‘surfactant phase’
generally led to increased precipitation, the pgmbti of reducing the ‘gelatine

phase’ component in the formulation was investigaie an alternative method of
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increasing the loading of CLX. An initial attempZL(X 090/B — Table 4.14) was
made in which the final gelatine concentration weduced to approximately 40%
w/w, which resulted in an increase in the CLX corication up to 11% w/w. The
formulation preparation was identical to that ofnialations CLX 037/B, CLX
041/B and CLX 042/B with the exception that therfaatant phase’: ‘gelatine phase’
ratio was 1:4 for CLX 090/B whereas it was 1:9, ar@él 1:7 for CLX 037/B, CLX
041/B and CLX 042/B respectively. The concentratadnCLX in the ‘surfactant
phase’ (prior to the microbead processing stagey o w/w. It was found that
microbead manufacture was possible for this fortmda however some
precipitation of the drug was observed which sutggethat a loading of 20% w/w
CLX in the surfactant phase was excessive. Formoala@LX 098/B (Table 4.14)
was produced containing a loading of 15% w/w of AbXhe ‘surfactant phase’ and
a final concentration of 40% w/w gelatine in thenali microbeads (i.e., the
‘surfactant phase’: ‘gelatine phase’ ratio of 1.4swmaintained). There was only
slight precipitation evident overtime. This was ajon advance on the previous
formulation produced. In Chapter 2, formulation C032/B was presented in which
the gelatine concentration was 65% w/w and the @axliing was 9.8% w/w. In the
case of CLX 032/B, this formulation could not beogmessed to microbead
manufacture as the CLX precipitated on impact ef ‘Burfactant phase’ with the
‘gelatine phase’. Formulation CLX 098/B had a daancentration of 8.2% w/w
(comparable to that of CLX 032/B), however in castrto CLX 032/B, it was shown
to be easily converted into microbeads. It wasastd that the improvement with
respect to the precipitation of the drug was assalt of the reduced number of water

molecules (in the gelatine phase) available faraattion with the drug.

150



Table 4.14Composition of Formulations CLX 090/B and CLX 0B8/

Formulations CLX 090/B CLX 098/B
Celecoxib 111.38 82.97
25
2T g Gelatine 399.69 400.76
8t g
ESE p.somitol 45.19 46.54
©3
SolutoP HS-15 443.75 469.73

4.4.20ptimised CLX microbead formulations

Based on the data and observations from all thendtations described above and
Section 4.4.1.1.4 B in particular, optimised CLX crobead formulations were

developed. This optimisation process is descrilzovi

4.4.2.1Inclusion of SDS as a precipitation inhibitor

Following the important findings presented in Sawcti4.4.1.1.4 B, all subsequent
experiments focused on formulations containing tgedain the range of 30-40% wi/w.
In an effort to eradicate the slight precipitatiobserved for formulation CLX 098/B
(Table 4.14), another potential precipitation intuly sodium dodecyl sulfate (SDS),
was investigated. The inclusion of 3.2% w/w SDSultesl in a formulation
(formulation CLX 099/B — Table 4.15) in which prpitation was initially absent. Part
of the mixture was converted into microbeads, whike remaining fraction was kept
stirring at 60°C for a period of 1 week. After 1ekethe emulsion was examined and
some precipitate was observed. A further formutat@@ X 101/B (Table 4.15) was
manufactured in which the concentration of SDS waseased to 5.3% w/w. No
precipitation occurred initially but again some q@p#tate became evident over a

prolonged period of time.
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Table 4.15Composition of Formulations CLX 099/B, CLX 101/8|-X 102/B, CLX 104/B,
CLX 105/B and CLX 115/B

Formulations CLX CLX CLX CLX CLX CLX
099/B 101/B 102/B 104B 105/B | 115/B
Celecoxib 80.65 79.33 105.53 76.91L 88.50 51.r2

SolutoP HS-15 456.99 449.15 420.44 43546 501,07 293.10

Component
Concentration
ma/a)

Gelatine 387.10 374.29 377.54 369.12 309/48 496.55
SDS 32.26 52.81 53.69 76.22 65.54 10345
D-Sorbitol 43.01 44.42 42.78 42.28 35.41 55.17

The CLX content of formulation CLX 101/B was detémed by weighing quantities of
microbeads equating to 5 mg doses of CLX and amgy$or CLX following
extraction. The average % entrapment was 91.770204%. Formulations CLX 099/B
and CLX 101/B both represented formulations in Wwhibe CLX loading in the
‘surfactant phase’ was 15% w/w. In an effort torease the overall loading of the drug,
a formulation (CLX 102/B — Table 4.15) was attendpite which the loading of the drug
in the surfactant phase was increased to 20% whis formulation was however
unsuitable as the drug was observed to precipitteas concluded that despite the
reduction of the gelatine concentration and thdusion of SDS as a precipitation
inhibitor that there was still a maximum concentmatof CLX that could be included in
the formulation in order to avoid precipitation.rfmulation CLX 104/B (Table 4.15)
was prepared in which the SDS concentration waseased to 7.6% w/w. The
concentration of CLX in the ‘surfactant phase’ wadso reduced back to 15% wi/w.
There was some precipitation evident over time imats reduced compared to
formulations that contained lower concentration§DfS, confirming that the SDS level
had an impact with respect to precipitation. TheXCtontent of formulation CLX

152



104/B was determined to be 93.21% * 0.73%. In $ortefo further increase the drug
loading in the overall formulation, whilst keepiagconstant drug concentration in the
‘surfactant phase’ (i.e., 15% w/w), a further retituc of the gelatine concentration was
attempted (Formulation CLX 105/B — Table 4.15). Ti¢eatine concentration was
reduced from an average of 37% w/w to approximaB&ly w/w. Although it was
possible to produce microbeads it was found thattixture was viscous and difficult
to process, indicating that a gelatine concentnatib37% w/w was the limit for the
gelatine phase at this loading of CLX (15% w/w le surfactant phase). Microscopic
analysis was performed on microbead formulation C104/B. The analysis was
performed on beads produced prior to the onsehypivesible precipitation. Thin slices
of the beads were obtained by cutting the beads aiblade and these slices were
viewed under the inverted microscope (Figure 4B)is analysis revealed what
appeared to be needle like crystals in the micrddedhese needles were characteristic
of CLX needle crystals (Chawlet al, 2003) which suggests that some precipitation
may have occurred that was not visible to the naled This was an important finding

in the context of the requirement for the formwatito present CLX in a solubilised

state (i.e., no precipitation).

% M
- Vet

Figure 4.6 Photographs (using Inverted Microscope (Nikon Elip) of a ‘slice’ of formulation CLX
104/B at (A) 10X magnification and (B) 40X magnét@on.
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In order to assess the impact of including SD®eformulation at the original gelatine
concentration of 55%, formulation CLX 115/B (Talel5) was prepared. Significant
precipitation was evident in this formulation whicbnfirmed that a combination of
reducing the gelatine concentration and the inclusif SDS was required to eliminate

precipitation.

4.4.2.2Impact of ‘surfactant phase excipients’ on reducingthe gelatine phase

concentration

Following on from the important finding in sectidm4.1.1.4 B, regarding the reduction
of the gelatine phase concentration, the role efshrfactant phase’ excipients in these
formulations was further investigated. A formulatgimilar to CLX 101/B (Table 4.15)
was prepared in which the SolftoHS-15 ‘surfactant phase’ was substituted with a
‘surfactant phase’ containing 20% w/w CLX dissohiada mixture of TranscutBIP,
Cremopho? EL and MiglyoP 810 (Formulation CLX 119/B — Table 4.16). Thereswa
no precipitation for this formulation originally; olvever there was significant
precipitation evident after a number of hours. #iswoted that the level of precipitation
was significantly less compared to a correspondtnguulation (CLX 028/B — Chapter
2) in which the gelatine concentration was 54% wfvghould also be noted that there
was no SDS in formulation CLX 028/B which may alsave contributed to the
improvement with respect to CLX 119/B. The mosnh#igant observation with respect
to CLX 119/B was however regarding its processiogditions and the morphology of
the resultant microbeads. It was found that it wews/ difficult to process the beads
when Miglyol® 810N/Cremophdt EL/Transcutd? P were used instead of SolfttiS-
15. In the case of the beads that were produceg, ltad a very irregular bead shape

(not spherical) and appeared to be leaking oivds proposed that the waxy nature of
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SolutoP HS-15 (solid at room temperature) helped to retamintegrity of the bead.
This was a very important observation regarding theice of excipients when
attempting to formulate microbeads with low gelatosoncentrations (i.e., in the region

of 30—40% w/w).

Table 4.16Composition of Formulation CLX 119/B

CLX 119/B
Formulation Components mg/g

Celecoxib 105.08
Transcutol 220.47
Cremophor EL 131.21

Miglyol 810 68.38
Gelatin 377.01

SDS 54.91

D-Sorbitol 42.95

4.4.2.3 First generation CLX microbead formulations in which precipitation was

eliminated

The following formulations (CLX 123/B, CLX 125/B dnCLX 127/B — Table 4.17)
represent the first generation of CLX formulatiovisich were produced on the basis of
all the findings previously described and crucialiywhich there was no precipitation
evident (immediately or overtime). The formulatiacentaining SDS were transparent
(both the original mixture and the resultant beadbjch suggests that they were
potentially micellar solutions. The formulation ¢aiming Opadr§ White had a white
appearance which was likely attributable to the ddyaWhite powder forming a fine

suspension.
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Table 4.17Composition of formulations CLX 123/B, CLX 124/B.K 125/B and CLX 127/B

Formulations CLX CLX CLX CLX

123/B 124/B 125/B 127/B

c Celecoxib 54.68 88.61 56.79 58.49

§e]

g SolutoP HS-15 492.13 501.97 511.14 526.38

Q

% > Gelatine 396.71 282.52 298.56 305.7H

= SDS - 95.36 99.80 75.35

c

o

g— Opadry White 11.98 - - -

(@)

© D-Sorbitol 4451 31.54 33.70 34.04

Release analysis was performed on 50 mg dosesest tthree formulations (CLX
123/B, CLX 125/B and CLX 127/B). The dissolution ¢nem employed was PW. The
reader is reminded that in the case of the Celébr@marketed CLX product), the
maximum % of CLX released in PW was 6 % (Refer tmter 2). In contrast the
maximum % drug release for the three optimised tdations ranged between 69 and
84 % release (Figure 4.7). It is important to nibt&t the concentration of drug in the
‘surfactant phase’ was reduced to 10% in all ofs¢hdormulations. CLX 124/B
(formulation containing 15% CLX in the ‘surfactaphase’) was produced in direct
comparison to CLX 125/B and it was observed thatipitation occurred 2—3 h after
the mixture was prepared which again emphasisedriheality of drug loading with

respect to precipitation.
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Figure 4.7 Percentage of CLX released from formulations CL)X3/B? CLX 125/B and
CLX 127/B tested in PWThe data presented are mean values + STDEV (n=3).

4.4.3Physical characterisation of optimised microbead fonulations

In order to compare and understand the performaficdie formulations described
above, it was required to characterise the intestaicture of these formulations.
Although image analysis had previously been peréairan slices of microbeads (e.g.,
for formulation CLX 104/B - Figure 4.6), it was fiod that this method had the potential
to be destructive (the integrity of the bead colbkd compromised as a result of the
slicing process). An alternative approach involvihg preparation of ‘thin films’ of the
microbead formulations was attempted. A number bforéscent dyes were
incorporated into some of these formulations ineffort to distinguish between the

‘surfactant phases’ and ‘gelatine phases’ of thentdations. These dyes are described
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in Table 4.18 below. It was postulated that the lagiglic dyes might have a higher
affinity for the ‘surfactant phase’ whereas the avagoluble dyes would have a higher

affinity for the gelatine/water phase.

Table 4.18.ist of amphiphilic and water soluble dyes incaqted into microbead formulations

Amphiphilic Dyes Water Soluble Dyes
Nile Red Dextran Alexa Fluor 546
Bodipy 505/515 Dextran Rhodamine Green
Sudan Orange Dextran Cascade Blue

Based on a number of trials it was found that almaation of Dextran Alexa Fluor 546
and Nile Red were found to be the best dyes inngjgishing between the two phases
and therefore these dyes were incorporated intdoathulations produced for the
purpose of microscopic analysis.

In order to understand the structure of optimisauntilations such as CLX 125/B, a
number of formulations were prepared to act asrottaind/or to assess the impact of
the addition and removal of certain formulation @aments (e.g., SDS). The
formulations prepared are listed in Table 4.19 wel®dwo of these formulations (CLX
130/B and olive oil formulation) were prepared dacpbos (i.e., no CLX APl was
included). The purpose of the olive oil formulatievas to assess the impact of
employing no surfactant within the formulation v#ilCLX 130/B was prepared to
assess the impact of removing API from CLX 125/B.XC131/B was prepared to
assess the impact of substituting SDS with an ratere surfactant/precipitation
inhibitor (Vitamin E TPGS). Formulation CLX 134/Bas prepared to assess the impact
of removing SDS from the formulation and also thgact of employing a smaller
concentration of the ‘surfactant phase’ in compuarigo CLX 125/B (i.e., less Solufol

HS-15).
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Table 4.19Composition of Formulations; Gelatine Control Fotation, CLX 130/B, CLX 131/B, CLX

134/B and olive oil formulation.

Formulations %glna;trlcr:le CxX Cx cx Olive oil
. 130/B 131/B 134B | formulation
formulation
Celecoxib - - 58.45 28.35 -
c
% Solutof® HS-15 - 412.32 | 526.08| 255.1% -
§ Gelatine 903.61 445.50 303.94 644.33 314.89
&
O o SDS - 94.79 -
g2 &
(]
g D-Sorbitol 96.39 47.39 34.27 72.16 34.24
o
e
8 Vit E TPGS - - 77.25 - -
Olive Oil - - - - 520.29

Thin films of each of these formulations were pregaand photographs of each film
were taken using an inverted microscope (Nikon @seli Ti). The microscope was
predominantly used in its light microscope settag opposed to fluorescent light
(greater clarity was observed using the light mecape). At this time, the measurement
function on the microscope was not operationaletfoge it was not possible to take
measurements, however images were taken at sitaitats of magnification (where
possible) to allow for direct comparisons to be mdd Figure 4.8 A, the structure of a
film of the gelatine control formulation represahia Table 4.19 is shown. It appeared
to have consistent matrix appearance in which thvere distinct regions (light blue and
dark blue regions). This was not unexpected astigelas a polydisperse system
comprising different lengths of protein chains thmaturn consist of long hydrophobic
chain segments and short hydrophilic segments (i.eas amphiphilic properties). In
this instance Figure 4.8 A was acting as a backgtaontrol for comparison with the

other films.
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In Figure 4.8 B, the structure of formulation CL84YB is shown. This formulation is
similar to that previously described for CLX 125A8th the exception that SDS is not
included in the formulation and also the conceignabf Solutof HS-15 is reduced.
Figure 4.8 B illustrated a system in which thereswgaidence of the presence of large
polydisperse vesicles. Figure 4.8 C illustrated ititernal structure of a film of CLX
131/B, a formulation again similar to CLX 125/B hwhere SDS was substituted with
Vitamin E TPGS. In this instance, it was eviddmttthere were large vesicles or oil
droplets present in the formulation. Similarly, tig 4.8 D (olive oil formulation)
displayed evidence of large oil droplets. Figurés@ and D were both taken at a lower
magnification (10X), which illustrated the largezei of their respective oil
droplets/vesicles in comparison to formulation CI’84/B (Photograph 4.8 B). In
Figures 4.8 E (CLX 130/B) and F (CLX 125/B), themas no evidence of vesicles
present which suggested that their sizes were toall sto be visible (i.e., mixed
micelles could be present). This was a very importinding as it suggests that
formulation CLX 125/B was a micellar solution (whicorresponds with the fact that
the formulation is transparent) in comparison teeotformulations such as CLX 134/B,
CLX 131/B or the olive oil formulation which appeadrto be emulsions (they had a

milky appearance — refer to Chapter 2 for emulsiescription).
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Figure 4.8 Photographs of thin films of various formulatiomdkén using an Nikon Eclipse Ti Inverted
Microscope A) 40X image of gelatine formulation, B) 40X imageCLX 134/B, C) 10X image of CLX
131/B, D) 10X image of olive oil formulation, E) X0mage of CLX 130 and F) 40X image of CLX
125/B. All formulations included a combination ogfaran Alexa Fluor 546 and Nile Red dyes.

This is important as tha-vivo performance of formulations with a fine dropletesi
(e.g., microemulsions, micellar solutions etc.) énav cases been shown to be superior
(better and more consistent absorption, less impfafciod effects etc.) in comparison to

equivalent large droplet formulations (e.g., emais). An example of this is the
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improved performance of the Novaftisnicroemulsion Cyclosporine preparation
Neoraf in contrast to the equivalent emulsion formulat®andimmun® (Mueller et

al., 1994).

4.4.4Selection of optimal CLX microbead formulation

Following a review of formulations CLX 123/B, CLX2%/B and CLX 127/B, the
development of an optimal formulation focused ommlations containing SDS (i.e.,
formulations similar to CLX 125/B and CLX 127/B)hiE decision was made on the
basis that formulations containing SDS were traresygatherefore it was definite that
there was no precipitation evident. In addition éinérapment efficiency for CLX 125/B
(97.55 % * 0.85 %)) was higher than that for CLX3/R(91.06 % + 0.58 %)
Formulation CLX 136/B (Table 4.20) was developedtioa basis of CLX 125/B and
CLX 127/B, with an enhanced drug loading (6%) atgb a lower concentration of
SDS. It was desirable to lower the quantity of SBShe formulation given that the
equivalent quantity of SDS in a 50 mg dose of fdatian CLX 127/B (64.41 mg) was
higher than the maximum quantity listed for SD& isolid oral dosage form (51.69 mg)
on the FDA's IIG database (FDA I[IG Database, 2014).order to build on the
characterisation studies outlined in Section 4.th8, impact of removing SDS from
formulation CLX 136/B was assessed in formulatidtX(.35/B (Table 4.20). Release
analysis was performed on 50 mg doses of formulatiGLX 135/B and CLX 136/B
(Figure 4.9) to evaluate the impact of removing SWigh respect toin-vitro drug
release (in addition to its impact with respectptecipitation). The removal of SDS
resulted in a dramatic decrease in the releasé, avimaximum of 46% release for
formulation CLX 135/B in comparison to 80% reledseformulation CLX 136/B. In

order to gain a better understanding of the impaictremoving SDS from the
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formulation, thin films of these formulations (inding Dextran Alexa Fluor 546 and
Nile Red dyes) were prepared and photographs vedentusing a Nikon Eclipse Ti
inverted microscope (Figure 4.10). Similar to Fey4r.8A, in photograph A of figure
4.10, the structure of a film of a gelatine forntida is again represented for
comparison purposes as a background control. Inoghaph 4.10B, the structure of
formulation CLX 135/B is represented. Photograpt0B. illustrated a system in which
there was evidence of the presence of large pggdie surfactant phase
droplets/vesicles. In photograph 4.10C, the strnectof formulation CLX 136/B is
represented. The image in photograph 4.10C wadasitoi that for the gelatine control
in photograph 4.10A. It is again proposed that sh&factant phase droplets/vesicles
present in formulation CLX 136/B were too smalllte visible (i.e., mixed micelles
could be present). Similar to the finding in Seeth3.3, this is an important point as it
suggests that formulation CLX 136/B was a micedlalution (which also corresponds
with the fact that the liquid formulation was trpasent) in comparison to formulation
CLX 135/B which was opaque. It is suggested tha greaterin-vitro release
performance of formulation CLX 136/B in comparistm formulation CLX 135/B
which contained less surfactant (i.e., no SDS) vedated to the droplet size of the

corresponding formulations.

Table 4.2@omposition of formulations; CLX 135/B and CLX 1B6

Formulations Clx cLs
135/B 136/B
Celecoxib 63.06 60.63

SolutoP HS-15 567.50 545.66

Component
Concentration
ma/a)

Gelatine 396.71 316.13
SDS - 42.51
D-Sorbitol 38.05 35.07
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Figure 4.9 Percentage of CLX released from formulations CLX6/B3 CLX 136/B and Celebréx

tested in PWThe data presented are mean values + STDEV (n=3).
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Figure 4.10 Photographs of thin films of three formulationseakusing an Nikon Eclipse Ti Inverted
Microscope;A) 10X image of gelatine formulation, B) 10X imagé formulation 135/B and C) 10X
image of formulation 136/BAll formulations included a combination of Dextr&texa Fluor 546 and

Nile Red dyes.
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Some further formulations were also produced tessthe impact of changing the
Solutof’ HS-15 concentration in the formulation. Formulati©LX 138/B (Table 4.21)
was produced in which the SoldtolHS-15 concentration was decreased by
approximately 50% in comparison to CLX 136/B (Tall&0). It is noted that the
decrease in the SolufbHS-15 also results in a corresponding increasgeiatine
concentration. Although the release profiles fothblormulations were similar (Figure
4.11), microscope analysis of a ‘thin film’ of CLX38/B revealed the presence of large
droplets/vesicles (Figure 4.12). Given that thegdeconcentration in CLX 138/B was
relatively low at 2.8% wi/w, it is not surprisingaththe release profile was similar to that
of CLX 136/B, however the larger droplet/vesicleimglicative of a formulation in
which release could pose problems at a higher tagding. Formulation CLX 141/B
(Table 4.21) was produced to test this theory. &sletesting of CLX 141/B was
performed in PW over a period of 6 h, with a maximof 40 % release of CLX
achieved (Figure 4.11). Formulation CLX 141/B hadmélky white appearance
therefore it was difficult to see vesicles/ droplethen viewed under the microscopic
however needles of CLX were clearly visible (Figerd2 B). As a result of these
findings, formulations with lower levels of SolutoHS-15 (<45% w/w) were excluded

from further assessment.
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Table 4.2Composition of formulations; CLX 138/B and CLX 181

. CLX CLX
Formulations 138/B 141/B
Celecoxib 28.00 54.55
= g SolutoP HS-15 252.01 218.18
2 s )
= % 5 Gelatine 615.26 619.83
€ 0 &
S § SDS 36.30 38.02
D-Sorbitol 68.43 69.42

100 4
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Figure 4.11 Percentage of CLX released from formulations CL36/B, CLX 138/B and CLX 138/B

tested in PWThe data presented are mean values + STDEV (n=3).
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Figure 4.12 Photographs of thin films of two formulations takasing an Nikon Eclipse Ti Inverted
MicroscopeA) 40X image of formulation CLX 138/B and B) 10X &ge of formulation CLX 141/B. All

formulations included a combination of Dextran AdeXuor 546 and Nile red dyes.

Following a review of all the formulations producé&el X 136/B was considered to be
the optimal formulation for progression to coatitgvelopment and ultimately an-
vivo animal study. The ‘surfactant phase’ of formulatiGLX 136/B constituted the
liquid formulation CLX 016/L described in Chapter(Be., 10% CLX dissolved in
Solutof HS-15). Given that the other formulation descrilrehapter 3, CLX 021/L
(6.7% CLX dissolved in Solut8IHS-15: Miglyol’ 810 (2:1)), had out performed CLX
016/L in thein-vitro cell study and subsequent release experiment feeféhapter 3), a
final round of drug release experiments was coretlitdh understand the basis for this
greater performance and to provide extra assurdrateCLX 136/B (i.e., a formulation
without Miglyol® 810N) was the optimal formulation for progressidiwo liquid
formulations, CLX 151/L and CLX 158/L (Table 4.2&gre produced. The intention of
formulation CLX 151/L (6.7% CLX dissolved in SollffoHS-15) was to allow a direct
comparison with formulation CLX 021/L in the absenaf Miglyol® 810N, whereas

CLX 158/L (10% CLX dissolved in SolutdlHS-15 and Miglyd? 810N (2:1) was
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produced to allow for a direct comparison with CIO{6/L with the addition of

Miglyol® 810N.

Table 4.22Composition of formulations; CLX 016/L, CLX 021/CLX 151/L and CLX 158/L

Formulations CLX 021/L | CLX 151/L | CLX 016/L | CLX 158/L

o c Celecoxib 66.67 66.67 100.00 100.00
5% -
C =7
g g E SolutoP HS-15 600.00 933.33 900.00 600.00
52
O o

o Miglyol® 810N 333.33 - - 300.00

Release analysis in PW over a period of 12 h watmeed on formulations CLX
151/L and CLX 158/L and a comparison made to previcelease experiments on
formulations CLX 016/L and CLX 021/L (Figure 4.13)he results illustrated that
although the inclusion of Migly8l 810N in the formulation had some initial
stabilisation effect, that the % of drug still iolgtion at 12 h was comparable for
formulations CLX 016/L and CLX 158/L. The resultts@a demonstrated that the
primary difference in formulations CLX 016/L and X1021/L was the loading of CLX
employed, as when the loading of CLX in SolfitelS-15 was decreased to 6.7% w/w
in formulation CLX 151/L, the % of drug release wasnparable to CLX 021/L over a
period of 12 h. These results provided an addedgrasse that formulation CLX 136/B
(i.e., formulation excluding Migly& 810) was the correct formulation choice for the

next phase of the project.

169



100 =
80 -
k=]
a
7]
o —4—CLX 021/L
o 60 A
o —e—CLX 016/L
{o)]
2 A  eCLX151L
a 40 -
e ——CLX 158/L
20 A
O | | | | | |
0 2 4 6 8 10 12
Time (h)

Figure 4.13 Percentage of CLX released from formulations CLXQ, CLX 016/L, CLX 151/L and

CLX 158/L tested in PWThe data presented are mean values + STDEV (n=3).

4.4.5CLX 136/B — optimal CLX microbead formulation

Microbead formulation CLX 136/B represented the elepment of an optimal oral
lipophilic drug delivery system for CLX. The incioa of such a high level of
surfactant (>50% w/w of the entire formulation) @teles the formulation from
incorporation into conventional oral dosage formehsas soft gelatin capsules and also
microencapsulation technologies such as shell/ogoeocaspules, due to interactions
between the inner capsule contents and the caplale Lipophilic CLX formulations
have previously been developed, such as the narnsiemdormulation presented by
Shakeel and Faisal (Shakeel and Faisal , 2010)ev@was nanoemulsions have a high

water content they have been shown to be unsuitablacorporation into soft gelatin,
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hard gelatine or HPMC capsules for oral deliveriscAthe high water content of these
type of formulations promotes hydrolysis and/orcgpiation of certain drugs on long-
term storage, which ultimately affects their ujilin oral delivery (Dateet al, 2010).
Based on current marketed technologies, the ontalda mode of administration of
such an emulsion would be as an oral solution, keweral solutions have an inherent
disadvantage in that they are not amenable toduplocessing to allow for targeted or
sustained delivery (e.g., for colon delivery).isltacknowledged that Self Emulsifying
Drug Delivery Systems (SEDDS) and Self Micro-Emiyisig Drug Delivery Systems
(SMEDDS) are suitable for incorporation into sofilagine capsules and a number of
CLX SEDDS/SMEDDS have been reported (Subramaeial, 2004, and Sonet al,
2013). Although the delivery of CLX SEDDS/SMEDDS shamany advantages
including improved solubility and bioavailabilitpne of their primary disadvantages is
that they are currently delivered as single dosagts (e.g., in soft gelatine capsules)
and as eluded to in Section 4.2.4 there are a nuaflaelvantages of delivering drugs in
a multiparticulate format and in the context ofstiproject (delivery of CLX to the
colon), a multiparticulate format is essential.

Multiparticulate formulations containing CLX SMEDIXEDDS have been attempted,
however entrapment efficiencies have ranged betw@@e82% (Homaeet al., 2009) in
contrast to an entrapment efficiency of 97.02 % in the case of CLX 136/B. It is
also worth noting that the shape of CLX 136/B begaolisust spherical beads) compared
favourably with dried CLX microcapsules reportedHbymar and colleagues which
the microcapsules produced were irregular in shaek in many cases were leaky
resulting in a low % of entrapment efficiency.

As shown in Figure 4.9, release analysis on 50 asgslin PW resulted in a maximum
release of 80% for formulation CLX 136/B over aipdrof 6 h. In addition to

outperforming Celebré this data also represents an increase in thaselef CLX
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from microcapsules compared to that reported imlissuby Homar and colleagues
(Homaret al, 2007 and 2009). In the latter study, CLX micqus#le formulations with

a maximum release ranging from 9-16% were repdttesi release experiments were
performed on 3 mg doses). In the 2007 study, CLXrogapsule formulations with a
maximum release in the range of 60—-80 % were regdrowever the dissolution media
employed contained a surfactant (2 % Tween 8Cadiitate the release of the drug and
the release experiments were again performed og 8ases. This data illustrates that
the microbead approach presented here is advanimgedhe microcapsule approach

presented by Homar and colleagues.

4 5 Conclusions

Chapters 2 and 3 described the development ofdi@LX formulations which were
tested in ann-vitro cell culture study and yielded positive resultsthis phase of the
project (Chapter 4), these liquid formulations wsoecessfully translated into gelatine
based microbeads via the use of a gravity ‘drippieghnique. An optimal microbead
formulation (CLX 136/B) with a commercially viableading of 6% w/w CLX was
produced. Formulation CLX 136/B produced spheraad robust microbeads with a
high drug content of 97% and 80% drug release in fP&feby meeting the formulation
objectives set out at the start of the study. Tiable drug loading of 6% w/w was
ultimately achieved by eliminating the onset of gppéation in the formulations by
including SDS as a precipitation inhibitor and alby reducing the gelatine
concentration within the formulation. The inclusiohSDS was also shown to improve
thein-vitro drug release performance of the formulation. CI36/B was demonstrated

to have a greater drug release performance thamé#nketed CLX product Celebréx
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and is believed to represent a micellar solutioseldaon the transparent appearance of
the original liquid and image analysis of the résmutl beads.

The optimised beads produced in this phase ofttley sultimately provided a platform
for the treatment of CRC as it allowed the possibdf presenting CLX to the colon in

a pre-solubilised multipariculate format, howevss hext challenge was to target these
multiparticulates to the colon and to then to assbksir potential for the treatment and
prevention of CRC using an appropriate animal modkeis challenge is described in

Chapter 5.
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4.6 Nomenclature

Table 4.23List of abbreviations which are listed accordingheir appearance in the text.

Abbreviation Definition

CLX Celecoxib

CRC Colorectal cancer

HME Hot melt extrusion

CQA Critical quality attribute

PEG Polyethylene glycol

API Active pharmaceutical ingredient

HLB Hydrophilic lipophilic balance

STDEV Standard deviation

SDS Sodium dodecyl sulphate

HPMC Hydroxypropyl cellulose

HPC Hydroxypropyl cellulose

COA Certificate of analysis

HPLC High performance liquid chromatography

uv Ultraviolet

Gl Gastrointestinal

G Inactive ingredient

PW Purified water

TPGS Tocopherol polyethylene glycol succinate

PVA Polyvinyl alcohol

SEDDS Self-emulsifying drug delivery system

SMEDDS Self-microemulsiying drug delivery system

" Celecoxib liquid formulation numbering system whexe is a
sequential number and L is liquid

CLX xR Celecoxib bead formulation numbering system wheaseix a

sequential number and B is bead
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CHAPTER 5

Colon targeting of microbeads for an

INn-vivo animal study

Publication Status: Elements of the work presented in this chapter in
addition to data from chapters 5 and 6 has beeepéad for publication
(02-11-14) in the Journal of Pharmacy and Pharnoggolunder the
following title ‘In-vitro characterization of a novel celecoxib microbead

formulation for the treatment and prevention ofocettal cancer’.
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5.1 Abstract

The purpose of this phase of the project was tceldpva colon targeted celecoxib
(CLX) microbead formulation, on the basis of foretidn CLX 136/B (described in
Chapter 4) for use in an AOM (azoxymethane)/DSSxtfda sodium sulphate)
colorectal cancer (CRC) mouse model. One of theamy objectives of the project was
to apply a sustained release coating polymer tobtes to allow for colon specific
delivery to a mouse according to a defined targetyct profile (TPP). A diffusion
based polymer coat (Surele8savas applied to the microbeads at a weight gaiig)(w
of 8% and despite not meeting the TPP, this partiablon targeted microbead
formulation was selected for progression to the ADSIS CRC mouse model. In the
murine model, the effect of the microbead formulation the attenuation of CRC
tumours was compared to that of CeleBrard was found to be marginally better. The
anti-inflammatory effects for both formulations wealso assessed, with the microbead
formulation being found to have a significant effeompared to the control in the case
of colon length and histology scoring whereas, éffect of CelebreX did not meet

significance.

5.2 Introduction

5.2.1Background

At the conclusion of Chapter 4, CLX 136/B, a lifndsed CLX microbead formulation
was identified as having met all the desired altiguality attributes (CQAs) for an
intermediate CLX product designed for the treatnzamt prevention of CRC. Details of

all the CQAs for the intermediate product are detkin Chapter 4, however one of the
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key requirements was that the formulation wouldvgte a suitable substrate for the
application of controlled release polymers in orgeallow for colon targeting. The next
phase of the project focused on developing thernmgdiate product described in
Chapter 4 to yield a colon specific finished pradu@ the application of controlled
release polymers to CLX 136/B microbeads. This pludghe project also involved the
subsequent testing of the coated microbeads im-aivo CRC animal study to assess
and compare their anti-cancer effects to that efiarketed CLX product Celebféx
CRC development is a long term process beginningpdmal epithelial cells via
aberrant crypts and progressive adenoma stagesarton@masin situ and then
metastasis (De Robertet al., 2011) (see Chapter 1 for further details). Hual of
modelling human CRC in animals is to recapituld&ie mnolecular etiology, pathology,
and clinical progression of the disease and to igeowa tool for advancing our
understanding of the tumour response to novel cpeswentative and therapeutic
strategiegJohnson and Fleet, 2013 abd Robertiset al., 2017). A variety of models
of CRC have been developed that mimic human CREanary of which is provided
in Section 5.2.2. Colon delivery has for a longigerof time been exploited for the
topical treatment of intestinal pathological comtis such as irritable bowel disease
(IBD) (Maroni et al, 2012). For example in the case of Crohn’s desd&®) and
ulcerative colitis (UC), dosage forms of mesalazif@e 5-aminosalicylic acid (5-
ASA) anti-inflammatory drug used to treat these ditons) have been designed to
achieve high concentrations of the drug at the llaclamed areas (lower small
intestine (SI) and colon) while minimizing releasehe stomach and upper Sl so as to
avoid premature absorption and consequent drugagmasand systemic side effects
(Klein et al., 2002). Given the requirement to target CLX to ¢éon in the treatment
of CRC, a review of formulation options for colardeting is included in Section 5.2.3.

Finally the objectives for this phase of the proge detailed in Section 5.2.4.
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5.2.2Animal models for CRC

The available animal models for CRC constitutedghreoad categories; a) spontaneous
cancers in various animal species (e.g., dogs pstwee rodents), b) chemically induced
cancers in rodents and c) cancers resulting frometgzally modified micéJohnson and
Fleet, 2013 andDe Robertiset al.,2011). It is noted that there also exist other animal
models which involve a cross over between thesadmategories (e.g., chemical
induction on genetically modified mice).

Animal models involving spontaneous cancers arewidely used for a variety of
reasons including, low prevalence of CRC in animlkaisg latency of carcinogenesis,
cost and non-correlation with human CRC (e.g., turamften occur in the Sl of the
animals described rather than the colon). Thisesgvof animal models for CRC is

therefore restricted to chemically and geneticaltiuced tumour models.

5.2.2.1Chemically induced tumour rodent models

Given that spontaneous incidence of CRC in rodenksw (1-4%) (Karim and Huso,
2013), many chemicals have been used to induce TR€se carcinogens include (a)
heterocyclic amines (HCAs) (b) aromatic amines (AA$c) alkylnitrosamide
compounds and (d) dimethylhydrazine (DMH) and AODE (Robertiset al., 2011).
These four categories of carcinogens are deschibkxnlv in addition to a fifth category

describing enhanced AOM models.

A. Heterocyclic amines (HCAS)

HCAs include 2-amino-1-methyl-6-phenylimidazol (4p pyridine (PhIP) and 2-
amino-33-methylimidazo[4,5-f] quinolone (IQ) whickere identified in broiled and

grilled meat and fish and have since been introdluoct experimental CRC as they
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have been demonstrated to be highly mutagenicwandrtgenic in rodent models, with
respect to colon cancer induction. It has been glh®ovn that the incidence of tumours
in rodents arising from treatment with HCAs incessvhen co-administered with a
high fat diet which is important given the linkstween CRC and dietary factors (De
Robertiset al., 2011 and Rosenbergt al, 2009). Although much attention has been
focused on the use of HCAs such as PhIP and IQhemically inducing CRC tumours
in rodents, primarily due to the fact that epideiogic evidence links PhIP from cooked
meat to increased CRC risklohnson and Fleet, 2013)here are a number of
disadvantages associated with the model. Thesedwdistages include; a) the
carcinogens demonstrate multi-target-organ spégificesulting in prostate and
mammary tumours in addition to colon tumours, lmaur incidence is generally low
(5-28% for 52 week studies), c¢) very lengthy stadel00 weeks) are required for
higher rates (43-55%) of tumour incidence, d) lepgstudies (>100 weeks) are
associated with severe toxicity and e) the studiresnot cost effective due to the length

of the studies required (De Robeeisal.,2011 and Rosenbegg al, 2009).

B. Aromatic amines (AASs)

AAs such as 3,2'-dimethyl-4-aminobiphenyl (DMBA)vieabeen shown to chemically
induce both benign (adenomas) and malignant (adecoomas) tumours in rodents.
Similar to HCAs, the co-administration of AAs wighhigh fat diet results in a greater
incidence of CRC in rodents (Rosenbesy al, 2009). There are a number of
disadvantages of DMBA induced CRC rodent modelsieidy the following; a) a large

number of injections (up to 20) are required touicel colonic tumours, b) similar to
HCAs, DMBA demonstrates multi-target-organ spetyiaesulting in neoplasms in

other tissues including mammary glands, the storaachthe bladder and c) the studies
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are not cost effective due to the number of ineirequired (Karim and Huso, 2013,

De Robertiet al.,2011 and Rosenbesg al, 2009).

C. Alkylnitrosamide compounds

One of the features of both HCAs (e.g., PhIP) amss ADMBA) which was not
described above is a requirement for these commotcmdndergo metabolic activation
prior to exerting their carcinogenic effeict-vivo. Methylnitrosourea (MNU) and N-
methyl-N-nitro-N-nitrosoguanidine (MNNG) are examplof directly acting alkylating
agents that do not require metabolic activation thedefore are considered to be potent
topical carcinogens (Rosenbeargal, 2009). The direct acting nature of these agents
considered to be the primary advantage with resfmeatse in CRC models as they
enable the modifying effects of xenobiotics (e@hemotherapy drugs) to be studied
without consideration of the metabolism of theiatihg carcinogen (i.e., it removes an
unwanted variable). The direct acting feature odsth agents is however also a
disadvantage as it is necessary to administerdah@nogen via an intrarectal injection
which whilst ensuring local action, is a technigallfficult procedure (Karim and Huso,

2013 and Rosenbegd al,, 2009).

D. DMH and AOM

DHM (1,2-dimethylhydrazine) or its metabolite azoxgthane (AOM) have been
widely used to induce CRC in rodents. DMH is a preor of methylazoxymethanol
(MAM), a carcinogen found in cycad flour. Both DM&hd AOM require several
metabolic activation steps, some of which are pgatdd to be favourable with respect
to specifically targeting the colon (Rosenbagal, 2009). The majority of recent

studies have focused on the use of AOM rather Bidil due to a number of practical
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advantages associated with AOM including the foifay high potency, simple mode
of application, excellent stability in solution ataer cost. The primary advantage of
DMH or AOM CRC rodent models is that the chemicatiguced tumours share many
of the histopathological features of human CRC thedefore are considered to be good
models. Some disadvantages of the model includequént APC (adenomatous
polyposis coli)or p53 gene mutations which are common in human CRC.pFimeary
disadvantage of both DMH and AOM models is howdwher latency periods required
prior to tumour formation which can range from 8140 weeks and also as many as 10

injections are required (De Robenttsal.,2011).

E. Enhanced AOM models

Based on the information described in Sections2512A-D above, rodent models
involving AOM are deemed among the most favouratdelels for a variety of reasons
including the route of administration, relevanceuwhours with respect to human CRC
tumours and the colon specific nature of the cagem. In an effort to circumvent the
disadvantages of AOM-only models described in ®act.2.2.1 D (namely long
latency periods and multiple injections), a lot attention has been focused on
enhancing these AOM models by combining AOM witke thflammatory agent DSS,
which has resulted in a dramatic shortening of [#tency time and reduction in the
number of intraperitoneal (i.p.) injections. In twtudies, involving a single injection of
AOM (7.4-10 mg/kg body weight) in combination wigh 3 cycles (7 day cycle) of
administering 3% DSS in the drinking water and Ime acycle (7 day cycle) of
administering 2% DSS in the drinking water, latepeyiods were demonstrated to be
reduced to 12 weeks (De Robesisal.,2011). AOM/DSS has also been shown to be a

useful tool in the evaluation of CRC chemoprevewtastrategies (Karim and Huso,
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2013), including its use for assessing the chenveprtative effects of CLX (Leet al,

2005), which was of particular relevance in thetegnof this study.

5.2.2.2Genetic tumour models

As discussed in Chapter 1, familial adenomatougpagis (FAP) and hereditary non-
polyposis colorectal cancer (HNPCC) are two germiaditions which are risk factors
for the development of CRC. Strains of mice havenbgenetically modified in order to

mimic cancers caused by FAP and HNPCC. These ganetiels are discussed below.

A. Genetic mouse model for FAP

Patients with FAP carry a germline mutation in &feC gene. They develop hundreds
to thousands polyps within the large intestine #rey are at high risk for developing
CRC. A mouse model, referred toABC"'" mouse, which possess a similar mutation to
that observed in FAP patients, has been extensivetyl to study the development,
treatment and prevention of CRCs that contain seme€?C mutations Johnson and
Fleet, 2013) The primary disadvantage of tAC"'" mouse model is with respect to
tumour location, a®\PC mutant mice usually develop more adenomas in taiall
intestine than their large intestine and also amyrare occasions do the adenomas
progress to invasive adenocarcinomas which isarkstontrast to FAP patients (i.e.,
large number of adenomas in the large intestinechviprogress to invasive ade-

nocarcinomas) (Karim and Huso, 2013).
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B. Genetic mouse model for HNPCC

In the case of HNPCC, patients possess mutationgenof the DNA mismatch repair
(MMR) genesMSH2, MLHJ, PMSJ, and PMSZhe development of mouse models for
HNPCC has proved challenging as the heterozygolstiale of the MMR genes
involved is not sufficient to predispose to canaed as a result mice with homozygous
deletions have been used as disease models for BNIRE cancers. Although these
models do result in intestinal tumour formatioreythalso have a tendency to result in
lymphoma development in which is not reflectiveHNPCC (De Robertist al.,2011).

A novel mouse model has been developed in wM&H2is knocked down in villin-
expressing tissues (i.e., the small and large tin®sbut normal MMR activity is
preserved in the rest of the mouse (Karim and H@643). Although this model is
advantageous over the homozygous deletion modstyided in that the mice do not
develop lymphomas, the disadvantage of the modéhas tumour formation occurs

predominantly in the small intestindofinson and Fleet, 2013)

5.2.2.3CRC model selection

On the basis of the information described in Sesti%.2.2.1 and 5.2.2.2, the AOM/DSS
mouse model was selected as the appropriate madili$ study primarily on the basis
that it was the model that most accurately reckyigd the histopathology and

pathogenesis observed in sporadic human CRC bat lsause it represented an
inflammation-driven CRC model which is importantthee context of the links between
inflammation (including colitis) and CRC as outlthin Chapter 1. Experimental details
for the model are detailed in Section 5.3.2.5, h@we detailed overview of the model
focusing on its applicability with respect to CR@daintervention studies for COX-2

inhibitors is provided below.
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5.2.2.3.1 AOM/DSS mouse model

As referred to earlier, a key advantage of the AD&% mouse model is that the
development of cancer in the model is highly reéfecof that seen in humans. Aside
from exhibiting histopathological features simitarhuman CRC, the tumours produced
in the model also accurately reflect the pathogenelkserved in human CRC (e.g.,
tumours are very frequent in the distal part of¢bkon, which is also the predominant
location of spontaneous CRC in humans). In additiba AOM/DSS mouse model has
been shown to be particularly applicable to tumgpuogression driven by colitis
(Oshima and Oshima, 2012).

By using a combination of AOM (tumour-inducing ageand DSS (tumour-promoting
agent), the AOM/DSS model reproduces colorectaticagenesis promoted by an
initial acute inflammation phase (the DSS dissoliredirinking water is toxic to the
epithelial lining of the colon and produces seveddtis), and has a much shorter
latency period than models based on only AOM or RS&inistration. AOM only
models have already been described, however tHere exists DSS-only models
(widely used as IBD models). These DSS models §§lyicequire many cycles of DSS
administration and also result in a low incidenéd¢umours (De Robertist al., 2011
and Beckeret al., 2005). CRC development following DSS-induced inflammation
supports the hypothesis that chronic inflammatianIBD plays a crucial role in
malignant epithelial neoplasia in the colon (Roszgkt al, 2009).

In Chapter 1, the possible tumourigenic effect ytlaoxygenase-2 (COX-2) on the
development of CRC tumours (in both sporadic CR@ @ACRC (colitis associated
CRC)) was discussed. In addition to displaying Eimhistopathological features and
pathogenesis as human CRC, the tumours inducde iIA®M/DSS model also display
very similar characetristics to human CRC at a b level. Included among these
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molecular similarities is an observation of incexhdevels of COX-2 enzymes in
AOM/DSS induced tumours (De Roberts$ al., 2011), which further vindicates its
selection in the context of this project. It is edthowever (as per Chapter 1) that other
studies involving AOM/DSS treatment on COX2Xnockout mice (i.e., mice in which
COX-2 is not expressed) have also resulted in tunmfoumation (Ishikawa and
Herschman, 2010).

Regardless of the role that COX-2 plays in CRCdescribed in Chapter 1 there is a
large body of evidence illustrating the anti-cane#ects of CLX including a number of
chemopreventative studies for CLX using the AOM/DESC model (Leet al., 2005,
Coudryet al.,2004 and Lkt al, 2009).

In summary, the AOM/DSS mouse model was selectatieasnodel of choice for the
CLX intervention studies on the basis that it ifleeive of human CRC and also
because it is considered to be a highly reprodecipbtent and affordable model for

studying colon carcinogenesis.

5.2.3Colon targeting

With respect to colon delivery, several differeotnfiulations have been attempted,
which largely rely on selected physiological parter® exhibiting typical variation
patterns along the gastrointestinal (Gl) tract toabde colon targeting. These
physiological parameters include; composition ofn@¢roflora pH of intestinal fluids
and transit/residence times within particular segimef the gut. Although the primary
purpose of this phase of the project was to devalppoduct to target the colon in the
selected animal model (i.e., colonic targeting im@use), given that ultimate aim is to
develop a product for human therapy, a comparidoth® physiology of mouse vs

human Gl physiology is detailed below. A reviewtloé various technologies available
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for the colon targeting of multiparticulates ane ttecision making process regarding
the selection of the most suitable technology $® ahcluded. Finally the TPP for the
product to enable colonic targeting in the mouseehe described in the context of the

current stage of this project.

5.2.3.1Comparison of human and mouse GI physiology

Although intense research efforts have been focumedunderstanding human Gl

physiology, there is a lack of agreement with respesome of the key parameters such
as transit times, pH and microflora content as llagked in a review by Mc Connell

and colleagues (McConnedit al., 2008 A). This discord is largely as a result of
variations due to food effects, diseased states iatet/intra subject variability

(including gender). In the absence of a consensuslation to these parameters, the
information presented here in this review of hun@nphysiology represents median
figures quoted by Mc Connell and others. In conttashuman physiology, based on a
review of the literature, there is very limited @asch and data in relation to murine Gl
physiology. The information presented here sumraargsreview of the literature that is

available in relation to mouse Gl physiology.

A. Transit times in human and murine Gl tracts

Gastric emptying in humans (i.e., emptying of stomeontents into the small intestine)
of dosage forms is a highly variable process wipidmarily depends on whether the
subject is fed or fasted and on the propertiehefdosage unit (e.g., size and density).
Whilst there are a large number of studies whidbremce different times for gastric

emptying, a median figure of 2 h (<1 h (fasted) aBch (fed)) is most often quoted for
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multiparticulate formulations (Patek al, 2011, Garbacz and Klein 2012 and Asghar
and Chandran, 2006). In contrast to gastric reseldime, transit time in the small
intestine has been shown to be more consistentegsddependent on food intake. The
transit time of dosage forms is predominantly qdaie3—4 h regardless of the dosage
form (pellets or tablets) (Garbacz and Klein 202Connellet al., 2008 A, Patekt

al., 2011, Varumet al, 2010 and Asghar and Chandran, 2006). Prior teriag the
colon, both single-unit and multiple unit dosagerfe accumulate and stagnate at the
ileocaecal junction for a variable period of timéigh is affected by food intake. In
contrast to small intestine transit times, tratisies in the colon do vary with respect to
the dosage form with longer transit times beingtgddor multiparticulates (Varurat

al., 2010). Although there is evidence of colon tratisies ranging from 6 h to greater
than 70 h (Varunet al, 2010), the transit time is often quoted to béhmregion 20-30

h (Patelet al, 2011, Oh and Lee, 2014). Disease can also ingga@&I transit times, for
example, patients with UC have been shown to haymfisantly faster colon transit
times compared to controls (McConnetlal, 2008 A).

In the case of mice, the reporting of transit timgsvery limited and in addition
published Gl transit times vary considerably. Ine thwvork presented by both
Padmanabhan (Padmanablesmml, 2013) and Ashok (Ashoét al, 2012), the total Gl
transit time is estimated at 6 h, whereas in tise cd work presented by Bellier (Bellier
et al, 2005) the total transit time is estimated at1Dk. Padmanabhan and colleagues

also reported residence transit times of 1 h ferstiomach and 3 h for the SI.

B. pH of human and murine Gl tracts

Similar to transit times, the pH in the differeegions of the human Gl tract is subject

to variation and is heavily reliant on inter/intsabject variability but also on food
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effects. In addition it has been reported that pldnges in disease (McConnetl al,
2008 A). In the case of healthy subjects, the predant reported pH range for the
various regions of the human Gl tract (fed andefdsts as follows; stomach (pH: 1-5)
duodenum/jejunum (5.5-7) and the ileum/colon (pHB)7{Patelet al, 2011 and
McConnellet al, 2008 A). In the case of mice, pH values acrbesmurine Gl was
measured as part of a comprehensive study by Maglloand colleagues (McConnell
et al, 2008 B). The results of study reported pH rarfgeshe various regions of the
murine Gl tract (fed and fasted) as follows; stomguH: 3.0-4.0) duodenum/jejunum
(pH 4.7-5.0) and the ileum/colon (pH 4.4-5.2). Angarison of the pH profiles of
humans and mice illustrate that the mouse has d raweer intestinal pH which has

implications with respect tm-vivo testing (discussed later).

C. Microflora of human and murine Gl tracts

Bacteria are ubiquitous along the human Gl tralthoagh some regions (e.g., the
colon) are more heavily colonised than others. figh bacterial content of the colon (1
x 102 CFU/g contents) distinguishes it from other regiohshe Gl tract (e.g., stomach
and Sl bacterial content ranges from ki® 1 x1¢ CFU/g contents) (McConnedit
al., 2008 A). The difference between bacterial cotregions in the upper and lower gut
can be exploited with respect to colon specificgddelivery (discussed in Section
5.2.3.2 C). As in the case of both pH and transiies, intra and inter individual
variability does occur with respect to microfloraopplations and levels. These
fluctuations can also be caused as a result oaskseeither by the disease itself (e.g., in
UC and CD) or due to drug therapy (e.g., antibsotin the case of infections)

(McConnellet al, 2008 A).
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Although the GI physiology of mice and humans argeqdifferent, as are their dietary
habits, a common feature of both species is thaerabic bacteria (e.g., bacteroides,
and eubacterium) are the predominant populationikarcolonic flora. It has also been
shown that lactic acid bacteria (e.g., bifidobaetand lactobacilli), enterobacteria (e.g.,
E. col)) and enterococci are common to the colon of bpéties (Haeberlin and Friend,
1992). It is notable that the levels of bacteriamite (including most of the species
listed above) are however much higher in the Sistathach compared to humans. This
is due to the fact that mice are coprophagic @&t their own faeces) and therefore they

ingest large numbers of bacteria (Haeberlin anelnieki 1992).

5.2.3.2Technologies for colonic targeting of multiparticubtes

As described earlier, the common approaches almifab colon-specific delivery of

multiparticulates include; a) design of time depeEmdielivery systems, b) coating with
pH-dependent polymers and c) the use of polymeat dhe degraded exclusively by
colonic bacteria (Krishnaiaét al.,2002). A review of these three approaches is ldetai

below.

A. Time dependent delivery systems

The time dependent approach to colon delivery sadie the relatively consistent transit
time through the SI (3—4 h in humans - Section312A). By combining this consistent
Sl transit time with the use of multiparticulateshich allow for a shorter gastric
residence time (<1 h — Section 5.2.3.1 A), it isgble to design a time based colon
delivery system that preserves the release of thg flom the formulation through the
stomach and Sl until reaching the ileum/colon ,(ieelag time of 4-6 h). There are a

number of mechanisms through which time delayeelassd can be achieved including
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erodible systems, rupturable systems and diffusygtems. All of these systems can be
used to achieved a delayed release (i.e., lagg)ethowever diffusive systems may be
considered advantageous over erodible and ruptusdtems in that they also allow
for sustained release of the drug over a prolomgtbd of time following the initial
delay which results in a sigmoidal release pati@iaroni et al, 2012). Diffusion
controlled systems are based on the applicatioa diffusive coating to the dosage
form. The lag time achieved is reliant on the thiegs of the coat as it corresponds to
the time required for media (e.g., Gl fluid) to p&ate the coat to reach the core via
channels created in the polymer coat. The sigmagaddile is achieved on the basis of
the coat becoming more permeable over time as ctmaanels are created. The most
common diffusion based polymer coats are EudfaBi® and RL (pH independent
polymethacrylates manufactured by Evonik) and ®as# (ethylcellulose based
coating manufactured by Colorcon). Surel&aiseused as the time dependent control
mechanism for Pentd&gmarketed Mesalamine product for the treatment/Gf and

CD) (Kleinet al, 2002).

B. pH dependent delivery systems

As described in Section 5.2.3.1 B, the pH in tleenh and colon is higher than in any
other region of the Gl tract. Based on this phygig| dosage forms that disintegrate at
high pH levels (e.g., pH 7) have the potential ¢oton specific delivery. The most
commonly used pH dependent coating polymers far debvery are methacrylic acid
copolymers, Eudragit L100 and Eudragit S100, whdiksolve at pH 6 and 7
respectively. It has been reported that the uduafragit S alone may not be suitable
for colon delivery as studies in healthy subjecdsenshown a pH drop from 7 at the

terminal ileum to pH 6 in the ascending colon aschaesult such systems sometimes
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fail to release the drug (e.g., if the dosage f@mot exposed to pH 7 for a sufficient
length of time). In order to overcome this problean,combination of these two
polymers at various ratios can be used to releaggwithin a pH range of 67 (Asghar
and Chnadran, 2006). There are a number of produactise market for the treatment of
IBD that rely on pH as their mechanism for relea$hese products include the
following; Asacof and Salofa® (coated Mesalamine tablets) which dissolve at pH 7

(Eudragit-S) and pH 6 (Eudragit-L) respectivelydklet al, 2002).

C. Microflora dependent delivery systems

Microflora dependent delivery systems exploit thdity of colonic bacteria to catalyse
enzymatic reactions on substrates that undergo aorndissolution, degradation or
absorption phenomena in the Gl tract. Includedhis approach are the use of prodrugs,
such as that described by Ruiz and colleagues (&uat, 2011) in which prednisone
(steroid used for the treatment of UC) is releaseth a prodrug as a result of colon
specific azoreductase-activated mechanism. Givan ttie use of prodrugs was not
considered for this project (due to the regulatonplications of developing new
chemical entities), the assessment of the use afffora dependent delivery systems
solely focused on coating systems. These coatistesys are based on the use of
naturally occurring polymer materials (e.g., amglopectin, guar gum and chitosan)
which are susceptible to selective degradatioménlower Gl tract based on microflora
catalysed enzymatic reactions (Maratial, 2012). The use of polysaccharides for
coating purposes has been tried with limited suede® to the poor film properties of
the majority of non-starch polysaccharides but dlse to their tendency to swell in the
Gl tract resulting in porosity and consequent edrlyg release (Asghar and Chnadran,

2006). Some of these problems can however be averdoy the combination of the
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polysaccharides with other polymers, such as a owmtibn of amylose and
ethylcellulose (Sievet al, 2000 and Freiret al, 2010). One of the disadvantages of
microflora dependent coating polymers is the latkammercially approved products
which rely on this mechanism of release. Alizym@®LAL-PRED® technology which
involves a prednisone multipartculate coated withyfose/Surelea&efor the treatment
of UC represents the only such product that hagrpssed to Phase Ill clinical trials,
however it did not meet one of its primary clinicahdpoints (Alizyme Product

Information, 2014).

D. Selection of most suitable technology

The decision making process for selecting the reogable technology for the colonic

delivery of the CLX multiparticulates was basedtloree key criteria;

1. That the technology selected would be directly mpple for colon delivery in
the mouse model but also for colon delivery in hasméon the basis that the
ultimate aim of the research was to act as a stgpgione towards the

development of a commercial product).

2. That the technology had a proven track record efindhumans (i.e., that there

are approved products using the technology on tudet).

3. That the technology could circumvent the potentwal the diseased state of

patients to affect GI physiology to such an ex@nto compromise the release

of the drug.
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Table 5.1Comparison of coating technologies with respet¢éttinology requirements

Technology Requirement
. Directly applicable to| Track record Drug release not
Coating Technology ) )
both mouse and of use in affected by disease
humans humans state

pH dependent delivery systems x v x[4]
Time dependent delivery systems V2 v X [4]
Microflora dependent delivery systems X[ x x [

[1] The technology was not considered to meet idigiirement as the pH dependent polymers required
for colonic delivery in humans (i.e., dissolve &t p7) were unlikely to dissolve across the pH raimge
the mouse Gl tract (i.e., a different pH depengetymer that dissolved in the pH range of 4.5-5 hou
be required).

[2] Although the transit times in mice and humamns different, the technology was considered to be
directly applicable to both given that the sameyp@r could be used albeit probably at differentghei
gains (i.e., higher weight gains likely requiredatthieve required lag for humans).

[3] Given that differences in stomach and uppern8troflora in mice compared to humans, this
technology was not considered to be appropriatergitae likelihood of early drug release in mice tlue
the action of microflora.

[4] Disease in patients has the potential to aff¢d¢t microflora content and transit time in the t@&ict

therefore none of the technologies were consid&reaeet this requirement.

Following a review of Table 5.1, it was concluddthtt a time dependent delivery
system was the most appropriate system for invagstig. Although there is evidence to
suggest that disease (e.g., UC) could result irefasansit times in patients, the impact
was considered to be less than with pH or micrafldependent delivery systems due to
the use of multiparticulates which by default allésr both longer colon residence
times and a greater distribution across the cdloereby negating some of the impacts

of rapid transit times caused by disease.
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5.2.3.3TPP for mouse model

Given that the primary aim for this stage of thejgct was to develop a product
suitable for colon delivery to a mouse, a TPP wasighed prior to the initiation of
coating studies. The TPP for the product to allowrhaximum colonic targeting in the
mouse was as follows; <10% release at 2 h and >808ase at 6 h. The TPP was based
on published Gl transit times for mice describedbaction 5.3.2.1 A. On this basis, a
two point TPP was stipulated to a) ensure mininmagdelease in the stomach and Sl
prior to reaching the colon (i.e., <10% releas@ &b and b) to ensure sufficient drug

was released prior to expulsion of the multipatatai(i.e., >50% release at 6 h).

5.2.40bjectives

As described in Section 5.2.1, the primary goalto$ phase of the project was to
develop a colon specific targeted CLX microbeadmigation and to assess and
compare the anti-cancer effect of the targeted oh&ad to that of the marketed CLX
product Celebrékin anin-vivo CRC animal study. The aims/objectives set out é@tm

this goal were as follows:

A. The first objective was to apply a controlled rekeapolymer to the
microbeads with the intention of meeting the TPRcdbed in Section
5.2.3.3 and to select the preferred coated micbiamulation for
progression to an animal study using the AOM/DSSCQRouse model

(refer to Section 5.2.2.3.1 for details).
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B. The second objective of the study was to assess@mgare the effects of
the selected CLX microbead formulation to that oflebre® on the
attenuation of CRC tumours in the AOM/DSS CRC mauseel.

C. Given the association of CRC and in particular CAORith inflammation,
the third objective involved an assessment of theiaflammatory effects
of both the CLX microbead formulation and Celefréx the mouse model
as a means of further monitoring their effects wrspect to CRC

pathology.

5.3 Materials and Methods

5.3.1Materials

5.3.1.1Formulation materials

CLX microbeads (formulation CLX 136/B) were madengsthe following materials;
Solutol HS-1%5 (BASF, Germany), Miglydl 810N (Sasol, South Africa), porcine
gelatin (Nitta Gelatin, Japan), sorbitol (Neosbrb Roquette, France) and Sodium
Dodecyl Sulphate (SDS) (Merck, Germany). Coatingldrwere performed with the
following sustained release coating polymers; S@s# (Colorcor?, USA), Eudragit
RS30D/RL30D (EvonilR, Germany). A sample of CLX active pharmaceutical
ingredient (API) was kindly provided by Erregielfealy). The purity of the API was
99.6% based on the COA (cert of analysis) proviagthe supplier. All chemicals used
for the release experiments and HPLC (high perfagealiquid chromatography)

testing were of laboratory grade. CelelStevas manufactured by Pfizer (USA).
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5.3.1.2 In-vivo model materials

Azoxymethane (AOM), methylene blue (MB), formaliathanol, eosin, Phosphate-
buffered saline (PBS) and hematoxylin were obtaifredn Sigma-Aldrich (USA).

Dextran sodium sulphate (DSS) was purchased fronBMmedicals (UK).

5.3.2Methods

5.3.2.1In-vitro release testing

Release testing of coated CLX microbeads was peddrfi=3) at 37°C using a two-
step release method (2 h in 0.1 M HCI (750 ml)dietd by 10 h in phosphate buffer,
pH 6.8 (1000ml)). Release experiments were cawigdusing either a Varian/Vankel
VK7010 dissolution apparatu@®/anKel, USA) or a Distek Evolution 6300 (Distek,
USA) equipped with standard glass vessels and YB® it paddles. Paddle rotating
speed in all experiments was 75 rpm. Microbeadsatiyy to 25 mg of CLX were
weighed and added to the media. At specified titn8smL samples were withdrawn,
filtered through a 70 um pore filter (QLA, USA) aadalysed using the HPLC method.
The % of drug released at particular time points determined from peak areas which
were calculated against a single point externaresice standard. The % of drug release
was adjusted to take into account the content asfstne formulation. Release analysis

of Celebre® (25 mg doses) was also performed using the meathsdribed above.

5.3.2.2HPLC analysis

The HPLC method for the analysis of the releaseamsdy samples was adapted from
Saha and colleagues (Sadtaal, 2002). The HPLC column used was a reverse phase

4.6 x 250 mm Inertstl C8 column (Inertsil, The Netherlands) with a paetisize of 5
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pm.. The mobile phase was acetonitrile:water (658be isocratic method used a flow
rate of 1.25 ml/min and ultraviolet (UV) detectian230 nm. The injection volume was
20 pl and the retention time was 8 min. The HPL@aaatus that was used for the
analysis were Thermo Finnigan (Thermo Electron Ga@fon, USA) and Waters

(Waters, USA) HPLC systems (and associated Chrost@unel Empower software).

5.3.2.3Content assay

The content of CLX in coated microbead formulatiovess determined. A quantity of
beads 1§=2) with a theoretical potency of 5 mg wassonicatedZ h in a mixture of
acetonitrile:water 65:35 to extract the drug frdm microbeads. The resultant solution
was passed through a 0.45 um filter prior to akmwme analysis. Where required the
samples were diluted prior to analysis. The comaéinh of CLX was determined by
absorbance measurements at 230 nm via the HPLCothetbscribed above. CLX
content (%) was determined from peak areas whicte walculated against a single

point external reference standard.

5.3.2.4Fluid bed coating of microbeads

Coating solutions/suspensions of Surel@asmd Eudragft RS30D/RL30D were
prepared as per the manufacturer’s instruction® Starting weight of microbeads
(CLX 136/B) for coating was approximately 6 g. Givthat the substrate microbeads
were manually produced, there was limited avaiigbdf material for coating trials;
therefore approximately 5 g of coloured placebodbeaere added to 1 g of active
microbeads to enable a batch size that was suftiéoe coating. An MFLOL1 fluid bed

system (Vector Corporation, USA) equipped with ar8ter insert was used for coating.
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Microbeads were coated at an inlet air temperasetting of 65°C and a product
temperature of 40°C. The volume of fluidizing aiasvmaintained at 179 LPM (litres
per minute) to ensure optimum fluidizing of micrpsales. A nozzle air pressure of 1.7
bar and a solution flow rate of 3-4 g/min was agqhliAt the end of the coating process,
the coated microbeads were dried for 5 min in thed fbed system at a product
temperature of 40°C. The weight gain of the beaas @alculated based on the starting

(pre-coating) and end (post- coating) weights eflibads.

5.3.2.5A0M/DSS-induced CRC model

Six week-old female C57BL/6 mice, purchased frockdan Laboratories (Bar Harbor,
USA), were housed in a specific pathogen-free (S&é¢ility in individually ventilated
and filtered cages (Tecniplast, Italy) under pusitpressure. All animal experiments
were performed in compliance with the Irish Depanitn of Health and Children
regulations and approved by the Trinity College [Dub BioResources ethical review
board (Ref:B100/325 Feb 2012). CRC was inducedhbycb-administration of AOM
and DSS using a hybrid of the methods describe8ection 5.2.2 E. Briefly, colon
tumours were induced by i.p. injection of 10 mgkQM at day 0 and day 14. After
both injections, mice underwent two cycles of 2 %in drinking water for 5 days
(week 1 and week 3). AOM and DSS were administaseg@er the protocol described
by Neufert and colleagues (Neurfettal.,2007). Mice were treated with vehicle (PBS)
or drug three timegper week for the following 12 weeks, and monitoredlyddor
morbidity/mortality (Figure 5.1). Mice were randgndivided into experimental groups
receiving the following treatments: Group 1) PBS1(nl/mouse) r{=10), Group 2)
Celebre® (0.25 mg/mouse)nE10), Group 3) Coated CLX microbeads (1 bead/mouse)

(n=10). Group 4 (n=6), the negative control, did notiee AOM/DSS administrations,
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but only PBS (0.1 ml/mouse). CelebPegpowder (0.25 mg/mouse) was suspended in 0.1
ml PBS and administered orally using a stainlesglsjavage needle. Coated CLX
microbeads were administered orally by means ofodified gavage needle (Figure
5.2). One microbead containing the same dose of @iesent in 0.25 mg of Celebrex®
powder (i.e., 0.1 mg) was loaded in the PVC tukedion the needle and a 1 ml-syringe
pre-loaded with 0.1 ml PBS and 0.9 ml air. PBS used as a delivery medium for easy

passage through the oesophagus.

AOM AOM

Voss  ¥oss whb WY WY W WY WP WY WY WY WY W W
-ttt 7 1 1 [/

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

weeks ‘

Figure 5.1 Experimental protocol for AOM/DSS CRC model. Colarmours were induced by i.p.

injection of 10 mg/kg AOM at day O and day 14. Afbeth injections, mice underwent two cycles of 2 %
DSS in drinking water for 5 days (week 1 and wegkMice were treated with vehicle (PBS) or drug
three timegper week for the following 12 weeks. At the terminatiof the study (week 15), mice were

euthanized by cervical dislocation.

Figure 5.2 Modified gavage needle for administering coated Ch&ads to the mice in AOM/DSS

CACRC model
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5.3.2.6Assessment of inflammation (body weight, colon letiy and histology

scoring)

Body weight was recorded weekly as index of patipploy using a digital scale (VWR,
UK). Body weight change was expressed in percenf&geand calculated for each
mouse according to the formula: BWn/BWi*100 whed/iBis theinitial body weight
(week 0) and BW is then-th body weight recorded every week for 15 weeks.

At the termination of the study (week 15), mice @veuthanized by cervical dislocation
and colon length were measured as a macroscopex iofdtissue inflammation (Diaz-
Granadoset al, 2000). The entire colon (from ileocecal junctitm the anus) was
excised and the length was measured and expresga.i

Histology scoring was also performed as an assegsnté inflammation.
Approximately 1 cm segments of excised distal caldissue were fixed in 10%
buffered formalin(pH, 7.4; PBS buffered) and embedded in paraBiections (5um)
were cut and stained with heamatoxylin and eosi&HHand graded blind using a
cumulative score ranging from 0 to 3—4 (Aveidbal., 2014). An arbitrary maximum
combined score of 10 was determined on the baglsedbllowing parameters: severity
of inflammatory cell infiltration, extent of injuryand crypt damagd’hotomicrographs
were taken using a Leiamicroscope (Leic¢a DM 3000 LED) equipped with Lei€a
DFC495 camera (Lei€aMicrosystem, Germany). Images were visualized B$ lv4.0

and ultra-scanned with ScanScBgaperic® ePathology Solutions, Oxford, UK).

5.3.2.7Tumour assessment (tumour number, tumour size andumour location)

The formation of tumours in the colon was evaluaésddescribed by Aviello and

colleagues (Avielloet al, 2012). Colons were excised, fixed flat in 10%féned
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formalin for 24 h and then stained with 0.2% MB.eTtotal number of tumourger
mouse was scored stereo-microscopically (5X mamatibn) using a Leica
microscope equipped with Le@®FC495 camera. Focal lesions of the colonic mucosa
were easily detectable prior to MB staining of tixe@hole-mount preparations of colon
as they presented enlarged dysmorphic crypts, asajn of surrounding epithelium,
darkly coloured staining and raised circle-like sess The size of each tumour mass
identified was measured by a micrometer systemudwed in the Leica Application
Suite (LAS) version 4.0 (Laboratory Instruments &p$lies Ltd., Ashbourne, Ireland)
software used for the visualization of tumours. Dumsize was used as an indicator of
disease progression, in that smaller tumours wbalihdicative of a positive effect of
the treatment on tumour progression. In orderudysthe anatomic tumour distribution,
after being fixed flat, colons where cut in thregments (approximately 3 cm long),
namely proximal, central and distal (referred te thstance from the ileo-cecal valve

junction). The location of each tumour identifiedswecorded.

5.3.2.8Statistical analysis

Statistical analysis was performed using GraphR&iP(La Jolla, USA). Results are
presented as mean + SEM (standard error of the )nj@ah0). Differences, indicated as
two-tailedP values, were considered significant wher 0.05as assessed by unpaired

Student’s t test.
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5.4 Results and Discussion

5.4.1Coated CLX microbead formulations

As described in the introduction, microbead formiaola CLX 136/B was chosen for
progression for coating trials and ultimately foe tAOM/DSS CRC murine study. A
fluid bed wurster coating process was used to agydyained release polymers with the
intention of targeting the beads to the colon ef thouse. A number of attempts were
made to apply Eudragit RS30D/RL30D sustained releasiting polymers to the beads
however these attempts proved unsuccessful duétiibg of the spray gun by the
coating suspensions. An ethyl cellulose disper¢Rureleas®) was attempted and was
successfully applied to the beads without any glacking issues. The TPP for the
product to allow for maximum colonic targeting imetmouse was as follows; <10%
release at 2 h and >50% release at 6 h. Formul&tiot 136/B was initially coated to
yield two formulations (Table 5.2); formulation Q-@CLX 136/B C-01 - 5% w/g of
Sureleas®) and C-02 (CLX 136/B C-02 - 8% w/g of Surelégsdespite the use of a
pH independent polymer (Surele8)sea two-step pH change release method was
employed to mimic the transition from the stomacltid step) to the Si/colon
(phosphate buffer step). It can be seen from Talleand Figure 5.3r(-vitro release
data and profiles for formulation C-01 and formigatC-02) that neither formulation
met the desired TPP at the 2 h time point. Giveat the availability of sufficient
material for coating trials was limited (formulatioCLX 136/B was manually
produced), formulation C-02 was chosen as a plrtalonic targeted CLX microbead
formulation for progression to thim-vivo AOM/DSS model of murine CRC. The
processing conditions for formulations C-01 andZCaPe detailed in Table 5.3 below.
The drug release of Celebfe25 mg capsules was also performed using the tem-st

release method for comparison purposes (see Fgdye
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Table 5.2Percentage CLX released (+ standard deviation (SA)E@m release testing of formulations

C-01 and C-02 (two-step release method: 2 h inM.HCI (750 ml) followed by 10 h in phosphate

buffer, pH 6.8 (1000ml)).

% CLX Released
Time point (h) c-01 C-02
(5% weight gain of | (8% weight gain of
Sureleas®) Sureleas®)

0 0 0
1 36.35 (+ 0.77) 20.09 (£ 0.28)
2 70.63 (+ 1.48) 39.78 (£ 0.21)
4 86.46 (+ 1.13) 62.65 (+ 0.56)
6 86.72 (+ 1.34) 71.34 (£ 1.76)
12 85.08 (x 0.70) 78.61 (+ 0.98)

Table 5.Bluid bed processing conditions for formulation® Cand C-02

Parameter c-01 C-02
Product temperature (°C) 59-63 59-60
Exhaust temperature (°C) 37-41 37-41
Atomisation pressure (Bar) 1.7 1.7

Air flow (LPM) 196-197 196-198
Average spray rate (g/min) 4 4
Coating time (min) 37 52
Oven curing temperature (°C) 40 40
% Weight gain after curing 54 8.3
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Figure 5.3 Percentage of drug released from release tesfifigrmulations C-01, C-02 and Celebfex
(two-step release method: 2 h in 0.1 M HCI (750 faljowed by 10 h in phosphate buffer, pH 6.8
(1000ml)).The data presented are mean values £+ STDEV (n=3).

5.4.1.1Effects of CLX formulations on extent of inflammation

Mean body weight (index of pathology) and colongn(index of tissue inflammation)
of mice administered Celebr@xgroup 2) and CLX microbeads (group 3 - formulatio
C-02) were compared to that of group 1 (PBS) andfoup 4 (untreated). The body

weight change of groups 1, 2 and 3 was not sigmifly different (Figure 5.4).
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Figure 5.4 Average percentage body weight change of mice i)Eom each group (untreated negative
control (n=6), PBS (n=10), CelebféXn=10) and coated microbead formulation C-02 ()¥Xfbm

weeks 0-15 of the study.

On the contrary, at autopsy mice treated with fdatnon C-02 for 12 weeks showed a
significant =0.033Q reduction in colon length compared to the PB&ta@ mice
(Figure 5.5). In Celebréktreated mice, although the colons were shortetigd,

difference was not statistically significap=0.2470.
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Figure 5.5 The effect of CLX on inflammation in the AOM/DSSRC murine model included an
assessment of colon length. The entire colon wased and the length was measured and expressed in
mm. The average colon length (xSEM) for each grfwpgreated negative control (n=6), PBS (n=10),
Celebre® (n=10) and CLX microbead formulation C-02 (n=18) shown. Statistics were performed

relative to PBS for formulations C-02 and CeleBrex

Histology scoring was also performed as an assegsphéenflammation. It can be seen
from Figure 5.6 that whilst histology scores forrfmlation C-02 and Celebr&were
comparable, the histology score for formulation Zwas statistically significanpé
0.0446, compared to the PBS control, in contrast Celébwas not significantp=

0.0629.
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Figure 5.6 The effect of CLX on inflammation in the AOM/DSSRC murine model included an
assessment of colon histology. Excised distal goldissue (1 cm-segments) of were fixed in 10%
buffered formalin(pH, 7.4; PBS buffered) and embedded in paraffiactions (5um) were cut and
stained with H&E andjraded blind using a cumulative score ranging ftota 3—4 (Aveilloet al, 2014).
The average histology score (+tSEM) for each group @ated negative control (n=6), PBS (n=10),
Celebre® (n=10) and CLX microbead formulation C-02(n=10j% ahown. Statistics were performed

relative to PBS for formulations C-02 and CeleBrex

5.4.1.2Effects of CLX formulations on CRC tumour attenuation

The effect of CLX microbeads (group 3 — formulatior02) and Celebréx(group 2)
on tumour size, tumour location and number werepared to that of group 1 (PBS)
and/or group 4 (untreated). Figure 5.7 illustradeepresentative pictomicrograph of
normal cells (A) and a tumour mass (B). There waslifference in tumour size among
groups 1-3 (Figure 5.8) with tumour masses obseteoetave been homogenously
distributed along the colon tissues.
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Figure 5.7 Photomicrographs of (A) normal cells and (B) tissnass, taken using a Lefcmicroscope
equipped with LeicdaDFC495 camera (Lei®aMicrosystem, Germany). Images were visualized B L

v4.0 software.
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Figure 5.8 The effect of CLX on tumour size in the AOM/DSS CRnurine model was assessed.
Following identification of tumours (see Figure 3@ details), the size of each tumour mass idieatif
was measured by a micrometer system included ihAl&version 4.0 software used for the visualizatio
of tumours. The average size (xSEM) of tumourseiach group (untreated negative control (n=6), PBS
(n=10), Celebrek(n=10) and CLX microbead formulation C-02(n=10)} ahown.
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Mice treated with formulation C-02 did however shaweduction in the number of
AOM/DSS-induced tumours compared to the PBS contna@up approaching a
statistical significancepE0.0559 (Figure 5.9). In contrast, the value for Celebrek

compared to the control was 0.1500 (i.e., it didagproach statistical significance).

44 P=0.055
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Figure 5.9 The effect of CLX on tumour number in the AOM/DSKRC murine model was assessed.
Colons were excised, fixed flat in 10% bufferednfiatin for 24 h and then stained with 0.2% MB. The
total number of tumournger mouse was scored stereo-microscopically (5X magtibn) using a Leica
microscope equipped with Lef@dDFC495 camera. The average number of tumours foh gaoup
(untreated negative control (n=6), PBS (n=10), Bel¥’ (n=10) and CLX microbead formulation C-02

(n=10)) are shown. Statistics were performed negaio PBS for formulations C-02 and Celelftex

5.4.1.3Formulation analysis ofin-vivo animal results

As described in Section 5.2.3.3, the TPP for thatew formulation included a

requirement for <10% release at 2 h in order tauensninimal drug release in the
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stomach and Sl prior to reaching the colon. Du¢hto limited quantity of manually
produced microbeads available for coating trials, partially colonic targeted
formulation comprising a sustained release polycoat, which allowed in the region of
50% of the drug to be available in the colon, whesen for the subsequentvivo

animal study (Figure 5.3 — formulation C-02).

In this phase of the project the therapeutic effycaf the partially colonic targeted
microbead formulation (formulation C-02) was evadgacompared to Celebr@xvith
respect to the attenuation of colonic inflammatérd the development of colorectal
tumours in the AOM/DSS murine model of CRC. Rekatio the control, the CLX
microbead formulation was found to score signiftbabetter compared to Celebfex
with respect to the level of indicators for inflarmtion (Figures 5.5 and 5.6) and whilst
the level of tumour attenuation was comparable betwthe CLX microbead
formulation and Celebréx the CLX microbead formulation approached sigaifice
(p=0.0558)whereas Celebré&xdid not =0.150)(Figure 5.9).

As described in Chapter 1, whilst it is generalbgepted that the Gl side effects of
NSAIDs (Non-steroidal anti-inflammatory drugs) arenainly caused by
cyclooxygenase-1 (COX-1) inhibition, which blocksetproduction of the protective
mucus at the epithelial layer in the GI tract, C@Xnhibitors such as CLX are still
associated with Gl toxicity (Silversteiet al, 2000). This Gl toxicity is partly
attributable to local effects on the Gl tract, udihg local irritation (Haleret al.,2009).
Multiparticulate drug delivery systems have beeawshto be less likely than single
unit dosage forms to cause local irritation (Ta@b@l.,2005) as they allow for a greater
distribution of the drug. Similarly, micelle formatlons allow for an even distribution
of drug in the Gl tract and can reduce the toxicaysed by the administration of a neat

drug (Lui et al 2008). The results obtained in this phase ofpitugect represented a
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significant step forward in that it allowed the pitlity of presenting CLX in a micellar
format within a multiparticulate, a combination theas the potential to minimize Gl
side effects whilst maintaining the effectivenekthe treatment.

A further analysis of the data obtained from tiheivo study highlighted the potential
for the microbead formulation to have an even nmemkanced effect than Celebfex
over that presented in Figures 5.5, 5.6 and 5.8.r€lease profile for formulation C-02
(Figure 5.3) shows that in the region of 50% of CisXlikely to have been released
prior to the microbead formulation reaching theocobased on a 3 h Sl transit time
(Padmanabhaet al., 2013). A number ah-vivo studies conducted in both animals and
humans have shown that when CLX is delivered imlabse form that the extent of
drug absorption is significantly greater when corepato Celebrek (Paulsonet al,
2001 and Subramaniaat al, 2004). The study by Paulson and colleagues also
demonstrated that when a CLX solution was delivelieglctly to the stomach and the
duodenum, that themkx (time at which serum levels of drug are at theghkst) for
drug absorption was approximately 0.69 and 1.13es$pectively. Based on these
studies, it could be hypothesied in this study thdahe region of 50% of the CLX from
formulation C-02 could have been rapidly absorbéithiv 3 h of administration and
therefore may not have been available in lumindé sif the colon. In contrast, the low
solubility of CLX in CelebreX has been shown to prolong the absorption progéts,

a terminal half life of 11 h being reported (FDA iri¢al Pharmacology and
Biopharmaceutics Review for Celebfex1998). Based on this information and the
release profile for Celebr&shown in Figure 5.3, it is also reasonable to assthmt
the majority of the Celebrédose administered in this study would have beaiae

to the colon 3 h after administration. A hypothesistherefore presented that the
chemopreventative effects of the CLX microbead fdation achieved in this study

may have been achieved with a lower concentratiodrag locally available in the
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lumen of the colon than that which may have beeallp available (in the colon lumen)
in the case of Celebr&xShould this hypothesis be proven in future stsidiee., by
repeating the study using a CLX microbead formatathat meets the desired TPP), it
would represent a significant breakthrough for tise of CLX in the treatment and
prevention of CRC as it would afford the opportyrtd administer CLX at lower doses
and thereby reduce the incidence of cardiovas¢@¥) and Gl side effects associated
with high doses of Celebr&x(Solomanet al, 2005 and FDA labelling Revision for

Celebrex Capsules, 2008).

5.5Conclusions

Chapter 4 described the development of an optimi€tX microbead which
culminated in formulation CLX 136/B, a formulatievhich met all the CQAs required
for the intermediate product (i.e., a robust miead which contained a sufficient
loading of dissolved CLX). In this phase of the jpob (Chapter 5), a sustained release
polymer (Surelea§® was applied to CLX 136/B microbeads with the mtien of
meeting a defined TPP to allow for colon specifidivkry in a mouse model. Despite
the successful application of Sureléase the microbeads at 5% (C-01) and 8% (C-02)
w/g, the TPP at 2 h time point was not achievedéitner formulation. Due to the
limited quantity of product available for coatingtimisation studies, coated microbead
formulation C-02, which represented a partially oot targeted formulation, was
selected for progression to an AOM/DSS CRC murigleh In the murine model, the
effect of formulation C-02 on the attenuation of CRImours was compared to that of
Celebre® and was found to have a marginally greater eff€ébe anti-inflammatory
effects of both formulations were also assesseti fatmulation C-02 exhibiting a

significant effect compared to the control in thesse of colon length and histology
216



scoring whereas Celebfgxdid not achieve significance. A hypothesis waso als
presented to suggest that the anti-cancer andndilaiinmation effects of formulation C-
02 may have been achieved with a lower concentratfadrug locally available in the
lumen of the colon than that which may have beeilable in the case of Celebfex
The results for the partially colonic formulatiomepented here (C-02) enables the
possibility of presenting CLX in a micellar formatithin a multiparticulate, a
combination that has the potential to minimize @@leseffects whilst maintaining the
effectiveness of the treatment. In order to buibmu these results, a next generation
fully colonic targeted formulation was required order to allow for hypothesis
described to be tested in a future animal studap@r 6 describes the development of

this next generation product.
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5.6 Nomenclature

Table 5.4List of abbreviations which are listed accordingtteir appearance in the text.

Abbreviation Definition

AOM Azoxymethane

DSS Dextran sodium sulphate

CLX Celecoxib

CACRC Colitis associated colorectal cancer

TPP Target product profile

w/g Weight gain

CRC Colorectal cancer

CQA Critical quality attribute

IBD Irritable bowel disease

CD Crohn’s disease

uc Ulcerative colitis

5-ASA 5-aminosalicylic acid

Sl Small intestine

HCAs Heterocyclic amines

AAs Aromatic amines

DMH Dimethylhydrazine

PhiP 2-amino-1-methyl-6-phenylimidazol (4,5-b) pljmie
1Q 2-amino-33-methylimidazo[4,5-f] quinolone
DMBA 3,2'-dimethyl-4-aminobiphenyl

MNU Methylnitrosourea

MNNG N-methyl-N-nitro-N- nitrosoguanidine
DMH 1,2-dimethylhydrazine

MAM methylazoxymethanol

i.p. Intraperitoneal

APC Adenomatous polyposis coli

FAP Familial adenomatous polyposis

HNPCC Hereditary non-polyposis colorectal cancer
MMR mismatch repair

COX-2 cyclooxygenase-2

Gl Gastrointestinal

SDS Sodium dodecyl sulphate

API Active pharmaceutical ingredient

COA Certificate of analysis

HPLC High performance liquid chromatography
MB methylene blue

PBS Phosphate-Buffered Saline

uv ultraviolet
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Abbreviation

Definition

LPM
H&E
SEM
STDEV
NSAIDs
COX-1
Tmax

CcvVv

CLX xxx/B

Litre per minute

Heamatoxylin and eosin

Standard error of the mean

Standard deviation

Non-steroidal anti-inflammatory drugs

cyclooxygenase-1

Time at which serum levels of drug are at thejhkeist
cardiovascular

Celecoxib bead formulation numbering system wheseix a

sequential number and B is bead
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CHAPTER 6
Encapsulation scale-up, coating
optimisation and application of

formulation platform to other actives

Publication Status: Elements of the work presented in this chapter in
addition to data from chapters 3 and 5 has beeepéad for publication
(02-11-14) in the Journal of Pharmacy and Pharnoggolunder the
following title ‘In-vitro characterization of a novel celecoxib microbead

formulation for the treatment and prevention ofocettal cancer’.
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6.1 Abstract

The primary purpose of this phase of the projediafifer 6) was to overcome the
limitations of the partially colonic targeted mibemd celecoxib (CLX) formulation
described in Chapter 5 by scaling-up microbead ymtan and subsequently
optimising the coating applied to the microbeadgrivbead production scaled-up was
achieved via automated prilling (using an InoteefbD R encapsulator) which resulted
in robust microbeads with a very narrow size disiion, a high % entrapment
efficiency and, critically, a high and consistemtvdl of drug release in release
experiments using purified water (PW) as the digsmh media. Subsequent coating
optimisation studies resulted in a microbead foatioh coated with 20% weight gain
(w/g) of Sureleas®(SR) that was deemed suitable for use in a futalerectal cancer
(CRC) mouse study. Further coating optimisation wagormed which included the
deployment of a HPMC (hydroxypropyl methylcellulpseased sub-coat (Opafry
White) resulting in a product suitable for humarooodelivery. Finally a screening
study was performed which illustrated that the mped CLX microbead formulation
(CLX 136/B) was suitable as a platform formulatifmn a range of alternative actives

with similar physicochemical characteristics.

6.2 Introduction

6.2.1 Background

Chapter 5 described the application of a sustaiakxhse polymer (SR) to CLX 136/B
(the optimised CLX microbead formulation developedhapter 4) and an assessment
of the anti-cancer and anti-inflammatory effectsha coated formulation versus that of
Celebre® in an AOM (azoxymethane)/DSS (dextran sodium sathCRC murine
model. It was intended that the coating appliedh® microbead would result in a
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product capable of specifically targeting the colmina mouse, however the target
product profile (TPP) for the product was not mégth the consequence that the coated
microbead formulation (C-02) used for the animadgtwas partially rather than fully
colonic targeted due to an early release of thg,dsmith approximately 50% of the drug
being released after 3 h (i.e., before reachingctiten). Whilst formulation C-02 was
observed to have out-performed CeleBresth respect to both its anti-tumorigenic and
anti-inflammatory effects, it was postulated in ttenclusion to Chapter 5 that the use
of the partially colonic targeted formulation (C)QBay have resulted in a sub-optimal
result for formulation CLX 136/B. The focus of thihase of the project (Chapter 6)
was therefore to optimise the SR coating applieébtmulation CLX 136/B with the
intention of developing a next generation coated @hicrobead formulation to meet
the TPP for colon specific delivery to a mouse dse in a repeat of the AOM/DSS
CRC mouse model in the future (Note: the repedahisf animal study is outside the
scope of the current project).

It was necessary to use formulation C-02 for thenahstudy described in Chapter 5
due to the limited availability of substrate bedoiscoating optimisation as the beads
were manually produced via a manual gravity drigpmethod (see Chapter 4 for
details). In order to produce sufficient quantitiek substrate microbeads for the
required coating optimisation studies, the firshg of this stage of the project involved
the automated scale-up of microbead productionguairsuitable mechanically-aided
dripping technology. A review of available mechatiy aided dripping technologies
are included in Section 6.2.2 below.

As previously described, the primary aim of thiagh of the project was to develop an
optimised coating formulation in order to meet TP for colon targeting in a mouse
(Section 6.2.3.1). Given that the ultimate objextifor this formulation is the

development of a commercial product for use in hutieerapy, the TPP for a human
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product is also described (Section 6.2.3.2). Ineprtb meet the TPP for human
administration and in particular to ensure suffitieelease at the latter end of the
release profile, a number of possible formulatippraaches to help achieve this target
are described (Section 6.2.3.3).

Finally, although the primary focus of the projeeis on the development of a CLX
formulation suitable for the treatment and prevantof CRC, it is desirable for any
formulation/technology to be broadly applicableataange of actives, therefore as a
final step in the project, the suitability of there formulation for the incorporation of a
range of APIs (active pharmaceutical ingredientsg solubilised form, across a broad
physicochemical spectrum was assessed (See ségtidrfor details).

A summary of the objectives of the final phasehaf project (Chapter 6) are detailed in

section 6.2.4.

6.2.2 Mechanical-aided dripping techniques

As described in Chapter 4, dripping involves a teghe where a single liquid (mixture
of core and shell/matrix materials) is extrudedtigh a nozzle resulting in a matrix
droplet in which the core material is homogenowsiBpersed within the matrix. The
principle of this process is based on gravity whgn&hen the liquid passes through the
tip of the nozzle, a droplet grows and separatas fthe stream before falling into the
hardening solution. Gravity dripping represents tieplest method of making
microbeads, however it has a number of limitatiamduding very slow flow rates
(refer to Chapter 4 for further details). The dismttages associated with gravity
dripping can be overcome by increasing the flowe red the nozzle and via the

application of a mechanical force to break-up tiieasn of liquid as it flows from the
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nozzle (i.e., droplet formation is no longer retian the force of gravity). These
mechanical forces give rise to the following teciuss based on the principle of
dripping; jet cutting technology, rotating (sping)ndisc atomisation, electrostatic
extrusion, coaxial air flow and prilling. A revieaf these mechanically aided dripping
technigues detailed below and a diagram depictiegtéchniques is shown in Figure

6.1.

*

(a) (b) ()

Figure 6.1 Schematic diagram of different mechanically aidéigbping techniques; (a) Jet cutting
technology, (b) spinning disc atomisation, (c) dabair flow, (d) electrostatic extrusion and (&jllpng.

Diagram adapted from Krasaekoopt (Krasaekoopt, 013

6.2.2.1Jet cutting technology

High throughput production of microbeads can baeadd by cutting the jet of liquid
extrudate (from the nozzle) into cylindrical segitisevia a rotating micrometric cutting
tool (i.e., cutting wire) (Figure 6.1 (a)). Due smrface tension, these cylindrical
segments then form spherical droplets/beads whesinga through the air before

dropping into the hardening solution. The JetCtittesm (GeniaLaBB, Germany) is
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based on this technology (Geniafa@echnology overview, 2014). The primary
advantage of the JetCuftare a) an ability to process very viscous liquigshigh flow
rates (up to 5L/h), c) ability to produce microbgaatross a wide range of bead sizes
and d) a very narrow bead size distribution. Desfiiese advantages, the technology
also poses a number of challenges, namely; a)ralbsg percentage associated with the
cutting technique and b) scaling up to a multi t@zzrocess is difficult (Chavaret al.,
2012). In addition to these technical challenges,author could not find any references
for the use of the JetCutfemith respect to either gelatine or for pharmaaziti

production.

6.2.2.2Spinning disk atomisation

Spinning disk atomization constitutes a techniquevhich the liquid extrudate is fed
onto a high velocity spinning disc, which in turmoguces droplets due to the
centrifugal force at the edge of the disc. Simtlarthe jet cutting technology, these
droplets are then dropped into a hardening soluhereby forming solid beads (Figure
6.1 (b)). The method is capable of producing beads size range of a few hundred
microns up to several millimetres (Krasaekoopt, 30however bead deformation is
high due to the impact speed of the droplets ihto ltardening solution and satellite
beads (i.e., a second population of very small §eak also known to form resulting in

a wider bead size distribution (Teunou and Ponc2GAa5).

6.2.2.3Coaxial air flow

Coaxial air flow technology involves applying aestm of compressed air around the

extrusion nozzle with the result of pulling thedid droplets away from the nozzle at a
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faster rate than that achieved for gravity dripp{Rggure 6.1 (c)). Coaxial air flow is
also referred to as the concentric air-jet techmi@s the equipment consists of a
concentric nozzle; an inner orifice (through whtble liquid flows) and an outer orifice
(through which the air flows). An ability to prodeibeads with a diameter from a few
microns to 1mm is considered to be the main adgantd the technology (Chavaet
al.,, 2012). Interestingly however, this generally geéved advantage is actually
considered to be a disadvantage in the contexXti®project as the target bead size is in
the region of 1-2 mm (suitable bead size for fluedl coating). Another disadvantage of
the technology is a very slow flow rate (< 30 mMtich poses challenges on scale-up

(Chavarriet al, 2012).

6.2.2.4Elecrostatic extrusion

Similar to coaxial air flow, the principle of elegstatic extrusion is based on a force
pulling liquid droplets off the orifice at a fasteate than that achieved for gravitational
dripping, however an electrostatic force is appliather than air flow. The electrical
potential is applied to the extruded polymer solutby passing it through a charged
nozzle (usually a hypodermic needle) with the poedludroplets subsequently falling
into a hardening solution which has been eartheldotis an opposite charge, thereby
creating electrostatic potential between the noarld the hardening bath and hence
drawing droplets from the nozzle (Figure 6.1 (@p(mer, Berkland and Singh, 2014).
The technology is capable of producing beads a@agisle size range (1 um to several
millimetres), however its limitations include thalbwing; a) low production rates, b) a
wide size distribution and c) safety concerns dwdhe use of electrostatic charge

(personal injury and fire hazard) (Dormer, Berklamdl Singh, 2014).
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6.2.2.5Prilling

Prilling, which is also referred to as the vibrgtjet, vibrating nozzle, vibrational drip
casting technique or annular jet, is one of the tnvaslely used methods for the
production of microspheres/microbeads and micradaps(Whelehan and Marison,
2011). The technique involves extruding a liquitbtlgh a nozzle at a given flow rate
to create a laminar jet. The laminar jet is theakbn up into short lengths by the
application of a vibrational frequency with definaehplitude (i.e., a sinusoidal force) to
the jet. The short segments, in turn, form sphedoaplets in the air due to the surface
tension of the extruded liquid. The characteristicthe drops formed are dependent on
the nozzle diameter, the flow rate of the lamimdy fhe size of the frequency at defined
amplitude and the viscosity of the extruded liquile most common application of the
sinusoidal force involves either vibrating the nez@ibrating nozzle technique) or by
pulsating the polymer before passing through thezieo(vibrating liquid technique)
(Whelehan and Marison, 2011, Brandau 2014). Baseaglreview of the literature there
is no collective agreement with respect to the teology used to describe the laminar
jet break-up techniques, however the term prillingbeing increasingly used with
respect to pharmaceutical applications (Vervaetichkl, 2014 and Pivettet al., 2012)
and therefore is the term being employed here.agrdim depicting prilling is shown in

Figure 6.2.
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Figure 6.2 Schematic diagram depicting microbead formatioa ai prilling technique. Microbead
formation is achieved by applying a sinusoidal éoto the extruded jet, in this case by mechanically
vibrating the nozzle at a set frequency with ardefi amplitude. Diagram adapted from Whelehan and
Marison (Whelehan and Marison, 2011).

There are a number of advantages associated viliihgpprocesses. Compared to other
microencapsulation techniques and indeed othepitigptechniques, prilling results in
perfect regular shaped microbeads with a smootlaceiand excellent flow properties
and which are capable of 100% drug encapsulatienv@écket al, 2014 and Pivettet
al., 2012). The process also allows for continuousufacture and can be easily scaled-
up using multiple nozzle configurations (Branda0l4). The primary disadvantage
associated with the technology is that processngsually restricted to low viscosity
liquids, however in terms of gelatine formulatidhss can usually be circumvented via
the addition of water. Given that most of the wasesventually removed during drying
of the microbeads, the addition of extra waterattilitate processing does not impact on

the final formulation composition.
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Compared to the other mechanically aided drippewhnologies described, a distinct
advantage of prilling processes is the availabditypoth lab scale and commercial scale
equipment. In terms of lab scale equipment, theooptinclude the Var-D series of
encapsulators from Nisco Engneering (Switzerlaimtech encapsulators from Encap
Biosystems (now Buchi, Switzerland) and the Sph&risseries from Brace GmBH
(Germany). Brace GmbH also supply commercial segldpment as does the Freund
Corporation (Japan).

Based on the advantages associated with prillinggases and also access to one of the
pieces of lab scale equipment described (i.e.nateth IE-50 R encapsulator), prilling
was selected as the process of choice for the-gpateanufacture of formulation CLX

136/B.

6.2.3 Coating Optimisation

As described in the introduction, the primary irtiem of the coating optimisation study
was to develop a next generation fully colon tadefLX microbead formulation that
would meet the TPP for colon specific delivery imause model. As a reminder for the
reader, the TPP for delivery in the mouse is reggeat Section 6.2.3.1 below and a
brief outline of the intended formulation approdaohmeet the desired TPP is described.
Given that the ultimate aim of this research isdbeelopment of a product for human
therapy, a secondary aim of the coating optimisasitudy was to develop the release
profile of the product to meet a TPP for human amstiation. Section 6.2.3.2 outlines
the TPP for human dosing and also highlights trelehges of meeting the TPP based
on the data generated up to this point (i.e., Givap). Finally some formulation
approaches to facilitate the regulatory requires@ssociated with the human TPP are

described in Section 6.2.3.3.
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6.2.3.1Mouse TPP

The TPP for the product to allow for maximum cotargeting in the mouse described
in Chapter 5 was as follows; <10% release at 2dh>&0% release at 6 h. The TPP was
based on published Gl transit times for mice (dbedrin Chapter 5). On this basis, the
two point TPP described intended to a) ensure nahdrug release in the stomach and
small intestine prior to reaching the colon (i€10% release at 2 h) and b) to ensure
sufficient drug was released prior to expulsiothaf multiparticulate (i.e., >50% release
at 6 h). A review of the release profiles for thetcoated formulations produced up to
this point (Figure 6.3) illustrated that neitherrfmulation met the desired TPP at the 2 h
timepoint. Following a review of the data presentedrigure 6.3, it was clear that by
increasing the w/g of SRat a longer lag time could be achieved therefloeeprimary
focus of the initial coating optimisation work ifved the application of increasing

levels of SR.
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—C-01 (5% wig)
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Figure 6.3 Percentage of drug released from release tesfirigrimulations C-01 and C-02 (two-step
release method: 2 h in 0.1 M HCI (750 ml) followsd10 h in phosphate buffer, pH 6.8 (1000ml)). Note
This is a repeat of Figure 5.5 from Chapter 5. Tigare is presented again here for the benefithef t

reader.
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6.2.3.2Human TPP

When defining a TPP for human administration thame two key points for
consideration; a) the TPP to enable a maximum pieettc/clinical effect and b) a TPP
to meet regulatory requirements for the qualitytomrtesting of the final product. It is
possible to define two separate TPPs to meet tteak requirements, however this
usually requires the development of two separatdyical methods with associated
cost implications therefore where possible it isiddble to have a TPP that meets both
sets of requirements. With respect to this prodihet,clinical TPP was defined on the
basis of the description of human gastrointesti@d) physiology described in Chapter
5. The primary focus was therefore to developrantgation that would preserve the
formulation during its passage through the stormawh small intestine, to start release
of the drug at the ileocecal junction and theredfiaelease drug in a sustained release
manner to enable maximum exposure throughout tlenc®n the basis of the transit
times described in Chapter 5, it was consideretlttha clinical TPP would equate to
the following; < 10% release at 2 h (to minimiskase in the stomach), < 30% release
at 4 h (to minimise release in the small intestia@proximately 50% release at 6 h (to
ensure that sufficient drug is released as the sttt to move through the ascending
colon and > 80% release after 18 h (to ensuradldhse of the drug prior to exiting the
colon/rectum). In terms of a regulatory TPP, th® Kinternational Pharmaceutical
Federation) guideline and the European Pharmacapgigre at least 3 specifications
points when setting a drug release specification gosustained/extended release
product. These specifications points are as foljJdysNMT (not more than) 20-30%
after 1-2 h (to provide an assurance against prematrug release), 2) a second
specification at approximately 50% release to defime release pattern and 3) > 80%

release at the end of the release profile (to enalmost quantitative release) (Sievert
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and Siewert1998). Based on a review of the clinical and tlgulatory TPPs described
above, an overall TPP was derived to meet all requents. The number of
specification points was limited to three to meetnmercial pressures to keep the
number of time points to a minimum (i.e., less tipwnts means less samples to be
tested and also less opportunity to generate owpetification results). The overall
human TPP derived was as follows; < 20% releaghat40-60% release at 6 h and >

80% release after 18 h.

6.2.3.3Functional excipients to enhance drug release

In section 6.2.3.1, a strategy of applying incregdevels of SR was presented as a
means of achieving the 2 h lag time required. Iaisvell-known phenomenon that
applying greater levels of SR can in some casadtrgsdifficulties in achieving full
release (i.e., > 80%) at the latter end of theasdeprofile (Reget al, 2005 and Levina
et al.,2007). Some of the strategies that can be emplwystbdulate the release profile

to order to achieve full release when using inérepkevels of SRare described below.

A. Pore formers

Functional coatings (e.g., SR) are applied to mpaiticulate drug delivery systems to
achieve desired release profiles. These releaséegroan be controlled by varying the
composition and levels of the sustained releasgnpal. One method of varying the
release profile from polymers is via the inclusioiha pore former which on contact
with liquid results in the formation of channels time polymer and hence enhanced
release (Teng and Qui, 2010). Pore formers caaratiie basis of a number of different

principles including the following; a) an ability tdissolve at a specified pH, b)
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enzymatic activation and c) water solubility. A i@v of enzymatic and solubility
activated pore formers is included below. Pore fmsractivated via pH changes were
omitted from consideration due to Gl pH fluctuasofparticularly in disease) as

previously described in Chapter 5.

Al. Solubility activated pore formers

The primary component of SR is ethyl cellulose (HE is a water-insoluble polymer,
having a relatively small degree of swelling duetsohydrophobicity. Incomplete drug
release, as well as a long lag time, has beentegpor some instances from EC coated
multiparticulates, even at low coating weight gaiAs a result there have been a
number of studies performed to assess the use BIGHES a water soluble pore-former
to enhance the release of drugs form dosage fooated with SR (Diast al, 2010 and
Levina et al., 2007). It has been shown in the studies cited ltyaincluding various
concentrations of HPMC as pore formers resultednrenhancement of both the rate
and extent of release from dosage forms over agai 24 h and ultimately ensured
complete terminal release. It was postulated teatHPMC in the coat hydrated thereby
producing water-logged regions (pores) within th&.f Some of the HPMC was then
believed to have migrated into the dissolution medithereby creating regions with

higher film permeability to the drug.

A2. Enzymatic activated pore formers

As described in Chapter 5, colon microflora is grieed as a triggering component in
the design of colon specific drug delivery systeR@. a number of reasons the use of a
predominantly enzymatic activated coating systens wat pursued for this project

(refer to Chapter 5 for details), however it wal tbat the use of enzymatic pore
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formers did warrant investigation on the basis tdvaer risk than that associated with
systems that primarily relied on enzymatic actmatiThe risk is considered to be less
due to the purpose of the pore former in such fdéatmans, in that the primary function
of the pore former is ensure maximum release atetiee of the release cycle. For
example in the case of a diseased patient in wiiemecessary colonic microflora is
not present to activate the pore former then reesonable to expect that the patient
might still receive a minimum of 70-80% of the mded dose assuming the purpose of
the pore former was to ensure release of the rengpid0—-30%. As referred to in
Chapter 5, there are a number of polysaccharidgshtéive been studied in the context
of colon specific delivery. Of these polysacchasidihe use of pectin as a pore former
has been the focus of a number of studies invol8Rg(Weiet al., 2007, Weiet al,
2008, Ahmed, 2005 and Wakery al, 1997). Since pectin is water soluble, it is not
considered to be an ideal carrier for colon delivevhen used alone), however it is
deemed suitable for use as a pore former when insedmbination with an insoluble
polymer (e.qg., ethylcellulose). In this contextaaded benefit of pectin is that in the
event of the failure of pectin to breakdown enzyoadty (e.g., in the absence of
sufficient levels of Bacteroides thetaiotaomicrorfbacteria primarily involved in
breaking down of dietry pectin (Dongowsdi al., 2000)), the pectin may form pores in
the coat as a result of its water solubility inimikr fashion to that postulated for

HPMC (Section 6.2.3.3 Al).

B. Sub-coats

A second strategy to modulate the release prafilechieve full release of active when
using increasing levels of SRvolves the application of an Opadry® (HPMC) sulaic

underneath the functional SR layer (i.e., the oEtércoat). This strategy has previously
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been shown to be successful in achieving full sdeaf active drug from microbeads
coated with SR in an unpublished patent from Sighitharma (Coulter, 2013). HPMC
sub-coats have previously been employed in combmatith EC outer coats in
rupturable pulsatile drug delivery systems whers postulated that the release of the
drug at the end of the release cycle correspontisamiupturing of the EC coat perhaps
due to an interaction between the inner coat artdbfcore on the outer coat. There are
many examples in the literature of rupturable systé@Maroniet al.,2012 and Yadaet

al., 2011), however the system described in the Sdjfiabarma patent is unique in that
it 1) allows for the maintenance of a significaag lperiod (<10% release over 2 h), 2) it
allows for drug release to be modulated acros=fitiee release profile (i.e., the burst
effect seen in pulsatile delivery systems is naenbed) and 3) it has been shown to

improve batch to batch repeatability (Coulter, 2013

6.2.4 Objectives

As described in the introduction (Section 6.2.hg primary goal of this phase of the
project was to optimise the SR coating applieddonlation CLX 136/B with the
intention of developing a next generation coateck @iicrobead formulation that meet
the TPP for colon specific delivery to a mouse dse in a repeat of the AOM/DSS
CRC mouse model in the future. A secondary goal weaslevelop the coating
formulation with respect to its ultimate use asm#shed product for human therapy. The
final goal was to assess the suitability of theectmrmulation for incorporation of a
range of APIs (in a solubilised form) across a brphysicochemical spectrum. The

objectives set out to fulfil these three goals wasdollows:
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A. Firstly to scale-up the manufacture of formulatiGhX 136/B using an
Inotech IE-50 R encapsulator to allow for a suéfiti quantity of beads for
coating optimisation studies.

B. Secondly to apply increasing levels of SR to CLX6/B3beads with the
intention of securing a 2 h lag time and therefoeeting the mouse TPP.

C. In the expectation that by applying increasing levaef SR that > 80%
release would not be achieved at the latter enldeofelease profile, the third
objective was to incorporate release enhancers, (@oge formers) in the
coating composition in order to meet the human TPP.

D. The fourth and final objective was to screen thkitsbty of a range of
actives in the surfactant phase of formulation C1L36/B and attempt to
manually manufacture beads of actives deemed sohble in an effort to

assess the broader application of the platform didaition.

6.3 Materials and methods

6.3.1 Materials

CLX microbeads (formulation CLX 136/B) were madengsthe following materials;
Solutol HS-1% (BASF, Germany), Miglydl 810N (Sasol, South Africa), porcine
gelatin (Nitta Gelatin, Japan), sorbitol (Neosorb Roquette, France) and Sodium
Dodecyl Sulphate (SDS) (Merck, Germany). Coatingldr were performed using
Sureleas® MethoceP E5, Opadr§ White 20A2838Qall Colorcor?, USA) and Apple
Pectin USP (Sigma Aldrich, USA). A sample of CLX IARas kindly provided by
Erregierre (Italy). A solubility screening study svaerformed using the following APIs;
Nimodipine (Alichem, India), Budesonide (CrystaldPma, Spain), Zolpidem Tartrate

(Farmak, Czech Republic), Naproxen Sodium (Tevegely Cyclosporine (Euticals,
242



Italy), Tacrolimus (Biocon, India) Aspirin, Ibupm, Sulindac, Naproxen, Tramadol
HCI, Diclofenac Sodium salt and Theophyline (athi8a Aldrich, USA). All chemicals

used for the release experiments and HPLC (higfoqmeance liquid chromatography)
testing were of laboratory grad&spergillus nigempectinase (Sigma Aldrich, USA) was

used for release testing of some formulations camg pectin.

6.3.2 Methods

6.3.2.1Automated microbead manufacture

A vibrating nozzle, jet break-up encapsulator (&obt model 1IE-50 R, Switzerland)
equipped with a 1 mm diameter single nozzle, ampm@Essure solution delivery system
and a temperature controlled nozzle jacket was ts@depare microbeads. The details
of the formulation preparation, the cooling oil dsed the cooling oil temperature were
as previously described for manual microbead prooilman Chapter 4. The nozzle
jacket was set to 65°C. Heat wire set at 65°C wapped around the solution tube to
maintain the solution at 65°C. Microbeads weredpoed at a solution flow rates of 8-
10 g/min. Microbeads were removed from the coobilgand were allowed to dry at
ambient temperature for 18-24 hours before beiagesi. Batch sizes in the region of

50 g were produced.

6.3.2.2Fluid bed coating of microbeads

The following coating solutions were prepared WiV as per the manufacturer’s
instructions; SR (15% solids), SR:Pectin (98:2 wwl5% solids), SR: Methocel
(90:10 w/iw — 15% solids) and Opafiryhite 20A28380 (10% solids). The starting

weight of microbeads for all coating trials was Epmately 6 g. Microbeads with an
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average size range of approximately 1.4 mm werd fmecoating trials. An MFLO1
fluid bed system (Vector Corporation, USA) equippath a Wurster insert was used
for coating. Microbeads were coated at an inleteairperature setting of 65—70°C and a
product temperature of 39-45°C. The volume of faiidy air was maintained at 179
LPM (litres per minute) to ensure optimum fluidigiof microbeads. A nozzle air
pressure of 1.7 bar and solution flow rates of §/in were applied. At the end of the
coating process, the coated microbeads were drresl inin in the fluid bed system at a
product temperature of 40°C. The weight gain oftibads was calculated based on the

starting (pre-coating) and end (post- coating) Wesigf the beads.

6.3.2.3In-vitro release testing

Release testing of uncoated CLX microbeads (50 osps) was performedch£3) at
37°C in PW. Release of coated CLX microbeads (25dogges) were performed<3)

at 37°C using a two-step release method (2 h invOHCI (750 ml) followed by 16 h in
phosphate buffer, pH 6.8 (1000 ml)). For some fdations containing pectin,
pectinase (0.02 %) was added to the dissolutionianatter approximately 16 h.
Release experiments were carried out using eithvarian/Vankel VK7010 dissolution
apparatugVanKel, USA) or a Distek Evolution 6300 (Distek SH) equipped with
standard glass vessels and USP type Il paddledléPaatating speed in all experiments
was 75 rpm. Microbeads equating to 25 or 50 mg loX @ere weighed and added to
the release media. At specified times 1.8 ml saswlere withdrawn, filtered through a
70 um pore filter (QLA, USA) and analysed using BUE method. The % of drug
released at particular time points was determinah fpeak areas which were calculated

against a single point external reference standdre.% of drug release was adjusted to
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take into account the content assay (coated beads)pment efficiency (uncoated

beads) result for the formulation.

6.3.2.4HPLC analysis

The HPLC method for the analysis of the releaseamsdy samples was adapted from
Sahaet al (2002). The HPLC column used was a reverse ph#&se 250 mm Inertsil

C8 column (Inertsil, The Netherlands) with 5 pmtpées. The mobile phase was
acetonitrile:water (65:35). The isocratic metho@dis flow rate of 1.25 ml/min and
ultraviolet (UV) detection at 230 nm. The injectisolume was 20 pl and the retention
time was 8 min. The HPLC apparatus that was usedhi® analysis was a Waters

(Waters, USA) HPLC systems (and associated Empseferare).

6.3.2.5Evaluation of entrapment efficiency

The amount of incorporated CLX was determined imecded CLX microbead
formulations produced using the Inotech encapsulatoquantity of beadsnE2) with

a theoretical potency equating to 5 mg were somicdbr 2 h in a mixture of
acetonitrile:water 65:35 to extract the drug frdre tmicrobeads. The resultant solution
was passed through a 0.45 um filter prior to akmwme analysis. Where required the
samples were diluted prior to analysis. The comaéinh of CLX was determined by
absorbance measurements at 230 nm via the HPLGdhd#scribed. CLX content (%)
was calculated as the amount of determined CLX va#ipect to the total mass of dried
microbeads. The entrapment efficiency (%) of CLAswexpressed as a percentage of
the determined CLX with respect to the total amafn€LX used in the preparation of

the microbeads.
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6.3.2.6Particle size analysis

Particle size analysis (PSA) was performed forcdete CLX microbead formulations
produced using the Inotech encapsulator. Theeeb@itch size of dried microbeads
produced was sieved using 100 mm stainless seesi(Retsch, Germany). The sieve
sizes used were as follows; 1 mm, 1.25 mm, 1.4 tnhmm, 2 mm and 2.5 mm. The
resultant fractions were separated and weighedraXppate determinations of the size
of selected wet beads was also performed usindilarated vernier calipers (Sigma

Aldrich, USA).

6.3.2.7Content assay

The content of CLX in coated microbead formulatiaveés determined via the same
method described in Section 6.3.6. The concentraifoCLX in the beads tested was
determined by absorbance measurements at 230 nthevidPLC method previously
described. CLX content (%) was determined from pagdas which were calculated

against a single point external reference standard.

6.3.2.8API solubility screening

The solubility of a range of APIs in SolutoHS-15 was investigated. APl was added to
a measured quantity of SolutaHS-15 at concentration of 10% w/w (minimum of n=2
measurements). These mixtures were stirred at =jppately 35°C on a
hotplate/magnetic stirrer. Mixtures that appeackdidy after overnight stirring were
categorised as ‘insoluble’ whereas those whichliesun transparent solutions were

categorised as ‘soluble’.
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6.3.2.9Manual manufacture of microbeads

Following on from the API solubility screening debed above, the feasibility of
manufacturing microbeads using selected APIs wadonpeed via the manual
manufacturing method described for CLX microbead<Chapter 4. The microbead
formulation was identical to that employed for CII86/B with the exception of the

API.

6.4 Results and discussion

6.4.1 Encapsulation scale-up

A total of 9 batches of CLX 136/B were made on aotéch IE-50 R vibrating jet
encapsulator. The batch numbers for these batches @LX 136/B IN (Inotech) 01—

09. The composition for all batches was as outlineBable 6.1 below.

Table 6Clomposition of scaled-up formulation CLX 136/B

CLX 136/B Scale-up
Components g mg/g
Celecoxib 2.86 60.43
SolutoP HS-15 25.70 543.88
Gelatin 15.00 317.39
SDS 2.00 42.32
D-Sorbitol 1.70 35.97
Total 47.26 -

The processing conditions for these batches aleedtin Tables 6.2 and 6.3 below.
The first batches attempted were CLX 136/B IN-Od &b X 136/B IN-02 and although

it was possible to make beads, the process wasvedficient (process yields of 32.4%
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and 34.3% respectively) with the nozzle blockingnemerous occasions as a result of
the solution not being sufficiently hot by the tinttereached the nozzle. For all
subsequent experiments, heated wire was wrappeshdirthe solution tube to ensure
that the solution remained at approximately 65°@rpio reaching the nozzle. Where
processing was possible, the mechanism of jet Kbopad was observed to be a
‘dripping’ process in the case of these two batdie01 and IN-02) which resulted in
large beads (all of the beads were >2 mm aftendjyiThe next batch produced, CLX
136/B IN-03, proved more efficient with a processd/of 69.3 % but again the process
was characterised as ‘dripping’. CLX 136/B IN-O$nesented the first batch in which
‘prilling’ was observed and it was noted that aywéne adjustment in the flow rate
resulted in a change from a ‘dripping’ process tpréling’ process. The adjustments to
the flow rate resulted in a very low process yi@d.7 %) as it proved difficult to find
the correct combination of process conditions thate amenable to prilling-induced
‘break-up’ of the liquid stream. Importantly, IN-Odpresented the first batch in which

dried beads with a diameter of <2 mm were produced
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Table 6.2rocessing conditions for Inotech batches IN-8&02, IN-03 and IN-04

Parameter IN-01 IN-02 IN-03 IN-04
Heat wire set point (°C) N/A N/A 65 °C 65 °C
Cooling oil temperature (°C) 8-10 °C 8-10 °C 8-10 °C 8-10 °C
Air Pressure (bar) NR NR 0.5 0.5
Nozzle jacket temperature 65 °C 65 °C 65 °C 65 °C
(°C)
Liquid break
Liquid flow up Dripping Dripping Dripping Dripping/Prilling
observations/ process
recordings Approximate NR NR NR NR
Flow rate
Frequency NR NR NR 45
Nozzle (Hz)
vibration Amplitude NR NR NR 7
Distance from nozzle to cooling NT NR NR NR
bath (cm)
Size of wet beads produced NR NR NR NR
(mm)
Size of dried beads produced 2-2.5 2-25 2-25 1-2.5
(mm)
% Yield 324 34.3 69.3 17.7

NR = Not recorded or not measured

Following the observations for batch CLX 136/B IM;0two further batches (CLX
136/B IN-05 and IN-06) were produced to examineithgact of adjusting the flow rate
and ultimately, the size of the beads produced03Nand IN-06 were the first batches
for which the flow rate of the delivery solution sveneasured. IN-05 was manufactured
via a ‘dripping’ process with a recorded flow rateapproximately 8 g/min. As with
previous dripping processes, all the beads (dped)luced were >2 mm. A sample of
wet beads were also measured for IN-05 and wenedféa be within the size range of
3-3.5 mm. The flow rate for batch IN-06 was incexhsand measured to be
approximately 8.5 g/min. It was observed that trecess alternated between ‘dripping’
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and ‘prilling’ with the flow rate adjusted througothe process in an attempt to
maintain a ‘prilling’ process. The resultant drieelads were found to be within a range
of 1-2.5 mm which was reflective of the dual praces sample of wet beads were also
measured for IN-06 and were found to be within $lee range of 1.5-3 mm. For the
next two batches produced, CLX 136/B IN-07 and CL36/B IN-08, the flow rate
increased toapproximately 10 g/min and althougth Ippocesses were observed to be
predominantly ‘prilling’ processes, the processlate required continual adjustment
throughout the run to ensure that ‘prilling’ was intained. These fine adjustments
resulted in a variation in the size of beads (Jrigedduced as illustrated in Figure 6.4.
In the case of IN-08, a phenomenon of ‘doubling’swedbserved in which wet beads
were colliding in the cooling oil and therefore uktsed in a larger faction of beads >
2mm. Based on a review of the processing param#tersioubling’ phenomenon was
attributed to a reduced nozzle height been empldlyejht from the nozzle tip to the
top of the cooling bath). The process yields faichas IN-07 and IN-08 (71.1% and
73.1% respectively) were higher than that previpashieved which was indicative of

the increased level of control compared to thgsevious batches.
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Table 6.3rocessing conditions for Inotech batches IN-8606, IN-07, IN-08 and IN-09

Parameter IN-05 IN-06 IN-07 IN-08 IN-09
Heat wire set point (°C) 65°C 65°C 65°C 65°C 65°C
Cooling O'('otg)mperat”re 8-10°C | 8-10°C 8-10 °C 8-10 °C 8-10 °(
Air Pressure (bar) 0.5 0.5 0.5 0.5 0.5
Nozzle jacket temperature 65 °C 65 °C 65 °C 65 °C 65 °C
°C)
Process type | Dripping Dglrrl)lﬁr']r;g/ Prilling Prilling Prilling
Process/ Approximate
flow rate i i i i
Flow rate 8 g/min 8.5 g/min 10 g/min 10 g/min 10 g/Mdin
Frequency
Nozzle (H2) 45 45 45 45 45
vibration Amplitude 7 7 7 7 7
Distance from nozzle to 29 29 29 20 29
cooling bath (cm)
Size range of wet beads 335 15-3 NR NR NR
produced (mm)
Size of dried beads . . .
produced 225 1-25 See6Figure See6Figure SeeGFAigure
(mm) . . .
% Yield NR NR 71.1 73.1 NR

NR = Not recorded or not measured
[1] = Flow rate regulator with enhanced sensitiviged for this trial

The final batch produced was CLX 136/B IN-09. Ire tbase of IN-09, the optimal

process conditions from the previous batches werplayed. Crucially a flow rate

regulator with enhanced sensitivity was fitted floe manufacture of this batch which
resulted in a much tighter control of the delivliow rate of the solution to the nozzle
and which consequently did not require adjustmeming the process. The consistency
introduced to the process as a result of this oharggpulted in a much tighter
distribution of dried micobeads with 98.6% of miseads being within the desired

1.25-2 mm size range (Figure 6.4).
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Figure 6.4 Fractions (%) of beads <1.25 mm, 1.25-2 mm and m2allowing sieving of batches IN-07,

IN-08 and IN-09.

Further PSA was performed on IN-09 (Figure 6.5)chhievealed a very narrow size
distribution with 98.6% of the beads falling withsi&ze range of 1.25-1.6 mm and

73.4% being with a 1.25-1.4 mm.
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Figure 6.5 Fractions (%) of beads 1-1.25 mm, 1.25-1.4 mm, 1&+mm and > 1.6 mm following

sieving of batch IN-09.
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All of batches produced (with the exception of balfd-05) were tested with respect to
their entrapment efficiency. In the case of batche6, IN-07, IN-08 and IN-09, the

fraction of beads with the smallest diameter wesedufor entrapment efficiency testing
in order to preserve quantities of beads with dignsegreater than 1.25 mm for coating
trials. A comparison of the bead size used for y@mislagainst the % entrapment
efficiency revealed that larger beads (> 2mm) hadgher % entrapment which is

likely attributable to a smaller surface area cora@ao small beads. This highlights a
requirement to tightly control the bead size onlescg@ to ensure that the entrapment
efficiency is optimal. It is noted that for batcN-09 that the % entrapment of the
fraction tested (i.e., 80.4%) was at the higher ehdhat reported by Homar and

colleagues for the encapsulation of CLX (Horetal, 2009 — See Chapter 4 for further

details).

Table 6.4% Entrapment efficiency and bead size used folyaisafor batches IN-01 to IN-09 (excluding

IN-05).
9
Batch Number Eﬁici/é)nlig:]@;;%n esrjrtDEV Fractigr:] {;L gggd size

CLX 136/B IN-01 92.08 + 1.0% >2 mm
CLX 136/B IN-02 91.9+0.1% >2mm
CLX 136/B IN-03 93.70 £ 0.6% >2mm
CLX 136/B IN-04 89.70 + 0.8% >2mm
CLX 136/B IN-06 75.6 £ 0.6% <1.25mm
CLX 136/B IN-07 69.3 % + 0.5% <1.25 mm
CLX 136/B IN-08 75.0% + 1.3% <1.25mm
CLX 136/B IN-09 80.4% + 0.2% 1.25-1.4 mm
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Release analysis in PW over a period of 24 h watmeed on IN-09. The release
profile shown in Figure 6.6 illustrates that ther&tease of formulation CLX 136/B

described in Chapter 4 was maintained after sgalenuhe Inotech IE-50 R.
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Figure 6.6 Percentage of drug released from release tesfifgrmulation IN-09 in PW. The data

presented are mean values + STDEV (n=3).

6.4.2 Coating optimisation to meet mouse TPP

As described in the introduction, the formulatieed for the mouse model study (CLX
136/B C-02) did not meet the desired TPP requirérmér10% release at 2 h. As a
result of the successful scale-up of formulationXCL36/B (Section 6.4.1), there was
now a sufficient quantity of beads available tawallfor a coating optimisation study
with the aim of meeting the mouse TPP. This cgatiptimisation study involved the

application of increased levels (weight gains) Bfi§ order to extend the lag time.
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6.3.3.1lincreased levels of Surelease®

Chapter 5 described the application of SR to foatoh CLX 136/B at weight gains of
5% (C-01) and 8% (C-02). Neither formulation met PP with in excess of 40% of
the drug being released before 2 h. The primarylesige of this coating optimisation
study was therefore to achieve a 2 h lag time inclwlof <10% of drug would be
released. In an attempt to meet this challenge, ¢oating trials were performed in
which SR weight gains of 17% (CLX 136/B C-03), 202¢.X 136/B C-04), 27% (CLX
136/B C-05) and 32% (CLX 136/B C-06) were achievedan be seen from Table 6.5
and Figure 6.7i-vitro release data and profiles for formulations C-03-86) that in
excess of 30% of CLX was released from formula@e@3 (17% w/g SR) after a period
of 2 h and therefore did not meet the TPP at theithe point. In contrast, formulations
C-04 (20% w/g SR), C-05 (27% w/g SR) and C-06 (32% of SR) did not release any
CLX (0%) after 2 h and therefore met the TPP a timne point (in addition to meeting
the 6 h specification). The processing conditioos formulations C-03 to C-06 are

detailed in Table 6.6 below.
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Table 6.5Percentage CLX released (+ standard deviation (SA)0Em release testing of formulations

C-03, C-04, C-05 and C-06 (two-step release metBAdd:in 0.1 M HCI (750 ml) followed by 16 h in

phosphate buffer, pH 6.8 (1000 ml)).

% CLX Released
Time point (h)
C-03 C-04 C-05 C-06

0 0 0 0 0

1 2.67 (x0.60) 0.00 (+0.00) 0.00 (x0.00 0.00 (x0.00)
2 33.87 (+0.15) | 0.00 (¥0.00)]  0.00 (+x0.00)  0.00 (+0.00
4 61.00 (+0.60) | 44.23 (+1.06) 29.95 (+0.88) 12.06.94)

6 69.07 (+0.22) | 72.65(+0.07) 56.02 (+0.65) 53.53.87)
12 67.74 (x0.15) | 70.71(x0.38)] 69.44 (+0.18) 71.33 5.
18 64.58 (x0.07) | 65.59 (+x0.15]  66.71 (+0.18)  66.0 &A).

Table 6.€luid bed processing conditions for formulation&-C-04, C-05 and C-06

Parameter C-03 C-04 C-05 C-06
Product temperature (°C) 41-42 40-41 40-41 39-40
Inlet temperature (°C) 65 65-70 65-72 65-70
Atomisation pressure (Bar) 1.7 1.7 1.7 1.7
Average spray rate (g/min) 3-4 3-4 34 3-4
Coating time (min) 100 105 117 134
Curing temperature (°C) 40 40 40 40
% Weight gain after curing 17.3 20.8 27.2 324
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100 -

80 -

2¢C-03 (17% w/g SR)
-+-C-04 (20% w/g SR)
-8-C-05 (27% w/g SR)
-e-C-06 (32% w/g SR)

60

% Drug Released

20

Time (h)

Figure 6.7 Percentage of drug released from release tesftifgrmulations C-03, C-04, C-05 and C-06
(two-step release method: 2 h in 0.1 M HCI (750 followed by 16 h in phosphate buffer, pH 6.8 (1000
ml)). The data presented are mean values + STDES)(n

Note: Only 12 h of the release profile is represdrdan the graph as the transit time in mice exténds

maximum of 12 h.

It was concluded that whilst formulations C-04, £4hd C-06 all met the mouse TPP,
that formulation C-04 (20% w/g SR) was the mostale for use in a follow on animal
study as it represented the highest percentagaseelat the 6 h time point (72.65%)

which would ensure a maximum possible releasearettent of a shorter transit time.

6.4.3 Coating optimisation to meet human TPP

Having produced a product which met the desiredsadtPP, the focus of the coating
optimisation study turned towards developing a pobdto meet the human TPP

outlined in Section 6.2.3.2, that is, < 20% releas@ h, 40-60% release at 6 h and >
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80% release after 18 h. Based on a review of Tébleit was observed that none of the
formulations met the human TPP at the 18 h timatpthat C-05 (27% w/g SR) and C-
06 (32% w/g SR) met the TPP at the 6 h and 2h,GRa4 (20% w/g SR) only met the
TPP at 2 h and that C-03 (17% w/g SR) did not rtireeTPP at any of the specification
points. Based on the observation that none of thendlations met the 18 h
specification, the primary focus was to include ipiants into the formulation that

would enhance release at the end of the cycle.

6.5.3.1Inclusion of pore formers

The initial attempts to enhance release at therla&md of the release profile involved
the incorporation of pore formers into the SR cuatiTwo pore formers, Apple Pectin
USP and Methoc®lE5 were investigated. The details of these atterapt described

below.

A. Pectin

In an attempt to assess the suitability of pectiragore former to meet the TPP at the
18 h time point, a coating solution comprising 98R:pectin (SR:P) solids was
prepared and applied to CLX 136/B. This ratio wdssen based on previous
experiences at Sigmoid Pharma. The target weightfgathe formulation was 20% on
the basis that the effect of the pore former migdhtnore evident in an initial trial for a
product with a lower overall percentage weight gairSR than that for those weight
gains that more closely reflected the desired huiaR (i.e., 27% and 32% w/g SR).
Due to a lower coating efficiency for this coatisgjution, an even lower actual weight

gain of 15% was achieved (CLX 136/B C-07). FormolatC-07 (15% w/g SR:P) was
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compared to formulation C-03 (17% w/g SR) giventtl@x03 was the closet
formulation to C-07 with respect to the coating gteigain. Formulation C-07 was also
tested in the presence of pectinase. It can be een Figure 6.8 below, that the
inclusion of pectin as a pore former at this cotegion did not have any effect with

respect to enhancing the % drug released at 18 h.

100 -

80 -

—x

60 -

==C-07 (15% w/g SR:P) - No Pectinase

% Drug Released

=d=C-07 (15% w/g SR:P) - Pectinase

20 -£-C-03 (17% w/g SR)

0 2 4 8 8 10 12 14 16 18
Time (h)

Figure 6.8 Percentage of drug released from release tesfirigrimulations C-03 and C-07 (two-step
release method: 2 h in 0.1 M HCI (750 ml) followleg 16 h in phosphate buffer, pH 6.8 (1000 ml)
addition of pectinase at 16 h). The data presemtedanean values + STDEV(n=3).

B. MethocelP E5

The use of MethocBIE5 as a pore former to meet the TPP at the 18i& pioint was
also investigated. Methoéels a grade of HPMC widely used in the pharmacalitic
industry and is recommended by Colorédar use as a pore former with SR coatings.

A coating solution comprising 90:10 SR: Meth6c@&5 (SR:M) solids was prepared
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and applied to CLX 136/B. This ratio was chosereldasn a recommendation from the
manufacturer (Colorcdd. In this case, a target weight gain of 27% wasfeethis
formulation, given that formulation C-05 (27% w/&Bmet the TPP at the 2 h and 6 h
time points and that less coating polymer was regun comparison to formulation C-
06 (which also met the TPP at 2 h and 6 h). A diyghigher coating efficiency for this
coating dispersion, resulted in an actual weigh g& 29% (CLX 136/B C-08). C-08
(29% w/g SR:M) compared to formulation C-05 (27%gv8R). It can be seen from
Figure 6.9 below, that whilst formulation C-08 da®bult in enhanced % drug released
at 18 h, the use of the pore former at this ragulted in a much higher rate of drug
release and consequently the ability of the fortmdato meet the 2 h and 6 h

specifications was lost.

100 -
80 -

~a—C-05 (27% w/g SR)
—=C-08 (29% w/g SR:M)

% Drug Released

20

0 2 4 6 8 10 12 14 16 18
Time (h)

Figure 6.9 Percentage of drug released from release testirfgrofulations C-05 and C-08 (two-step
release method: 2 h in 0.1 M HCI (750 ml) followsg 16 h in phosphate buffer, pH 6.8 (1000ml)). The

data presented are mean values + STDEV(n=3).
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6.5.3.2Inclusion of Opadry® sub-coat

Although the use of pore formers to meet the ddsireP had not been conclusively
deemed unviable, for example, it is possible thatTPP could have been achieved by
altering the concentrations of pectin or Meth&aahployed, however the investment of
time to assess this possibility was not warrantethia stage. Instead an alternative
approach involving the application an Opdtsyb-coat to achieve the TPP at 18 h was
investigated. A subcoat of 8% w/g Opati(PP) was applied to CLX 136/B beads prior
to the application top coat of 27% w/g SR whichldeel formulation C-09 (10% w/g
OP + 27% w/g SR). A w/g of 27% SR was selectediersame reasons as outlined in
Section 6.4.3.1 B. The % weight gain of Op&tiwas based on previous experiences
from Sigmoid Pharma. Formulation C-09 (8% w/g OP7% w/g SR) was compared to
formulation C-05 (27% w/g SR) given that C-05 whe tlosest formulation to C-09
with respect to SR coating weight gain. It can eensfrom Figure 6.10 and Table 6.7
below, that the inclusion of the Opafirgub-coat modulated the release profile at both
ends of the release profile and ultimately resulteé& product that met the desired
human TPP at all three specification points. Thecessing conditions for both the

Opadry and SReoatings for C-09 are outlined in Table 6.8 below.
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% Drug Released
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=»=C-05 (27% w/g SR)

-8-C-09 (8% wig OP + 27% w/g SR)
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Figure 6.10Percentage of drug released from release testirfigrofulations C-05 and C-09 (two-step
release method: 2 h in 0.1 M HCI (750 ml) followy 160 h in phosphate buffer, pH 6.8 (1000 ml)).

The data presented are mean values + STDEV(n=3).

Table 6.7Percentage CLX released (+ standard deviation (SA)OEm release testing of formulations

C-05 and C-09 (two-step release method: 2 h inM.HCI (750 ml) followed by 16 h in phosphate

buffer, pH 6.8 (1000 ml)).

% CLX Released
Time point (h)
C-05 C-09

0 0 0

1 0.00 (+0.00) 0.0 (+0.00)

2 0.00 (+0.00) 0.2 (+0.00)

4 29.95 (+0.83) 12.1 (+1.84)
6 56.02 (+0.65) 50.2 (+2.26)
12 69.44 (+0.18) 84.2 (+1.13)
18 66.71 (+0.18) 84.0 (+1.13)
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Table 6.8Fluid bed processing conditions for Opatland SRcoating of formulation C-09

Parameter Opadry® Coating SR Coating
Product temperature (°C) 39-41 45
Inlet temperature (°C) 65—70 70
Atomisation pressure (Bar) 1.7 1.7
Average spray rate (g/min) 3 4
Coating time (min) 110 90
Curing temperature (°C) 40 40
% Weight gain after curing 8.0 26.9

6.4.4 Application of the platform formulation to other AP Is

As described in the introduction, the final objeetiof the project was to assess the
broader application of microbead formulation CLX61B with respect to other APIs.
As the name suggests, formulation CLX 136/B was1tB@" formulation produced in
this study which ultimately resulted in a robusthepcal microbead in which
precipitation of the drug was not evident duringgassing and which yielded both a
good release performance in PW and a high % engapefficiency. Given that the
latter two quality attributes would require the dwpment of API-specific analytical
methods, a high throughput API screening experimers designed to focus on critical
quality attributes at the point of manufacture. Ting critical quality attribute (CQA 1)

involved an assessment as to whether SSlukt-15 (major component of CLX-
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136/B) had the ability to dissolve the given APtsaaconcentration of 10% wi/w (i.e.,
10% drug/90% SolutBl HS-15 — surfactant phase concentration of CLX BR6The
second CQA (CQA 2) involved an assessment of tiigyatf those actives which were
deemed to be ‘soluble’ in SolufbHS-15 to be translated into robust (non-leaking)
spherical microbeads in which precipitation was aeident during processing. The
composition of the beads attempted was identic&li¥ 136/B with the exception of
the API. Finally a review of the formulations aeted was performed in an effort to
predict the type of actives that might be suitafole incorporation into the platform

formulation.

6.5.4.1Solubility assessment in Solut6lHS-15

The following APIs were screened with respect @irtBolubility in Solutd? HS-15 at

10% wi/w; Nimodipine, Aspirin, Ibuprofen, Busedonidgulindac, Diclofenac Sodium
salt Naproxen, Zolpidem Tartrate, Naproxen-Sodiufieophylline, Tacrolimus,

Cyclosporine and Tramadol-HCI. The actives werecel from those available in the
laboratory in addition to some anti-inflammatoryeats which were specifically
purchased for the screening study. The categarisaif the actives with respect to
being ‘soluble’ or ‘insoluble’ is detailed in Tab&9 below. An active which was

‘soluble’ was considered to have met CQA 1 as dlesdrin Section 6.4.4.

Table 6.9List of actives that were deemed ‘soluble’ or 6heble’ at 10% w/w in Solut8lHS-15

Soluble Actives Insoluble Actives
Nlm_o_dlpme Zolpidem Tartrate
Aspirin .

Naproxen-Sodium
Ibuprofen .
. Theophylline
Busedonide )

. Cyclosporine
Sulindac Tramadol-HCI
Diclofenac Sodium salt Tacrolimus
Naproxen
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The first observation based on a review of Tab®i$that out of 14 actives (including
CLX) that 8 (i.e., >50%) were ‘soluble’ at 10% whwhich illustrates the powerful
solubilising potential of Solutdl HS-15 and its suitability as a first line solutyili
screening agent for future projects. It is alscedathat one of the other actives in the
‘insoluble’ category (Tacrolimus) was almost fulplubilised in Solutdl HS-15 at

10% wi/w.

6.5.4.2Microbead feasibility manufacture

All of the actives categorised as ‘soluble’ in Tabl9, were progressed to a microbead
feasibility study with the aim of assessing thdiiliy to meet CQA 2 described in
Section 6.4.4. A summary of these microbead fortrariaattempts is provided in Table

6.10.

Table 6.10List of actives which were successful and unsudakssachieving CQA 2

Active et Acch?e/?/ezd?
Naproxen Robust spherical white beads formed v
Ibuprofen Beads produced had poor bead shape v
Nimodipine Robust spherical yellow beads formed v
Busedonide Robust spherical yellow beads formed v
Diclofenac Sodium Salt Robust spherical transpareatls formed Y
Aspirin Leaky beads formed, poor bead shape x
Sulindac Leaky beads formed, poor bead shape x

The initial observation based on a review of Tablé0 is that out of 8 actives

(including CLX) that 6 (75%) were successfully sked into microbeads which
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illustrates the broad application of the formulatieveloped. It is also noted that it was
possible to translate Tacrolimus (almost solubl&atuto HS-15 at 10% w/w — Refer

to Section 6.4.4.1) into microbeads.

6.5.4.3Formulation review/predictability assessment

The results outlined in Sections 6.4.4.1 and &4déscribe a high throughout two-step
screening tool for the assessment of the platf@emmdlation (CLX 136/B) with respect
to other APIs. Given the high success rate of fagfigzm illustrated, in that 75% of
actives which were shown to be ‘soluble’ in SolfitdiS-15 were subsequently
successfully translated into microbeads, there duas exist a strong case for a
theoretical prediction tool for assessing the u$ethe platform formulation. The
physicochemical characteristics of all the activese however analysed in order to
elucidate whether any correlations exist. This s@sent was based on two key
guestions; a) are there any physicochemical siitidarbetween the actives that met
CQA 1 and b) are there any physicochemical sintiéeribetween the actives that met
CQA 2? A review of the physicochemical propertiesclgding their chemical
structures) of all the actives tested (includingXTls provided in Tables 6.11 and 6.12
below. Table 6.11 includes all the actives thatensoluble’ in Solutd? HS-15 whereas
Table 6.12 includes all the actives that were ‘fas®’ in Solutof HS-15. Unless
otherwise indicated the references for this tablerewfrom either the European
Pharmacopeia (European Pharmacopeia, 2014), thed®iates Pharmacopeia (United

States Pharmacopeia, 2010) or the Drug Bank dagbBasgbank, 2014).
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Table 6.11Comparison of the physicochemical properties lodctives that were ‘soluble’ in SolufoHS-15

Active Molecular Water Molecular .
(including CQA status) weight Log P pRg Solubility Formula (ChSiilter)) SUENTE

Celecoxib Practically
CQA 1YV 381.37 3.9 11.1 '”S\‘/’V';‘tt(’a're " | CiH1F0Ns 08
CQA 2V

(3.3 mg/L)
Naproxen Practically
CQF,)A 1v insoluble in
COA 2v 230.25 3.18 4.15 water C14H1403

(15.9 mg/L)
Icl:)(lsrxc)ll‘e/n Practically

[ i CH
CQA2v 206.28 3.97 4.91 '”S\‘,)v';‘gre n CiaH160, 4

(21 mg/L)

HaC

Note: USP and EP definition of ‘practicaihgoluble in water’:> 10,000 parts solvent required to dissolve 1 patite
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Table 6.11contd. Comparison of the physicochemical properties ohefives that were ‘soluble’ in SolutoHS-15

Active Molecular Water Molecular .
(including CQA status) | weight | "°9P | PK& 1 soimility Formula CllShlel) SHTEE
Busedonide .
COA 1v .Pralctltc):lally
CQA2v 430.53 1.9 NA | e CasHaOs
Ncl:rg(fllp"pe Practically
CQA2v 418.44 3.05 n/a | Insolubledn | N50
. . water 21M126IN2UU7
(24 mg/L)H
Diclofenac Sodium Salt Sparingly
CQA 1v soluble in C]_4H1()C|2N02 .
COA2v 296.14 4.57 4.15 water Na

S

[1] Santa Cruz Biotech Product Datasheet, 2014 Aot available
Note: USP and EP definition of ‘sparingly solubtewater’: 30—100 parts solvent required to dissdlyert solute
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Table 6.11 contd. Comparison of the physicochemical properties lodictives that were ‘soluble’ in SolufbHS-15

Active Molecular Log P Ka Water Molecular Chemical Structure
(including CQA status) weight 9 P Solubility Formula
H
Aspirin Slightly
CQA 1V soluble in
COA 2x 180.15 1.19 3.49 water CoHgO4
(4600mg/L)
F
s 1 " COCH
. \X// Ix"“x =
gg“:i? Very slightly \E CH;
CQA 2x 356.41 3.42 4.7 Sovly;gle?r n CaoH17FOsS P

Note: USP and EP definition of ‘slightly solublewater’: 100-1000 parts solvent required to dissd\part solute

USP and EP definition of ‘very slightlglgble in water’: 1000-10,000 parts solvent recplitee dissolve 1 part solute
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Table 6.12 Comparison of the physicochemical properties ldctives that were ‘insoluble’ in SolufoHS-15

in water

Active Molecular Log P Ka Water Molecular Chemical Structure
(including CQA status) weight 9 P Solubility Formula
CH3
Naproxen Sodium Soluble in z O'Na*
CQA1x 252.24 3.18! N/A water Ci14H13NaOs
(250 g/l e 0
(o}
Zolpidem Tartrate Slightly [ T f‘,»—f pu— & ﬂ
CQA 1x | 2 soluble in [C1oH21Nz0]2 e N NN o
764.82 3.8% 6.2 water . CaHeOs '-‘.._h_ /- :
M
H5C 0
2
OCH,
Tramadol-HCI | =)
CQA 1x 299.83 2.4 9.41 | Freelysolublel o 4\ ciNO, HCI -HCI

[1]Roche Product Datasheet, 2014 [2] Soif®82 N/A = Not available
Note: USP and EP definition of ‘soluble intew&x 10—30 parts solvent required to dissolve ft palute

USP and EP definition of ‘freely solulitewater’: 1-10 parts solvent required to dissdlvgart solute
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Table 6.12contd. Comparison of the physicochemical properties oéefives that were ‘insoluble’ in SolufoHS-15

Active Molecular Water Molecular .
(including CQA status) weight Log P pRg Solubility Formula CllShlel) SHTEE
O
Theophylline Slightly
CQA1x 180.12 002 | gs1 | Soublein | NG
water
(7360 mg/L)
Tacrolimus Practically - i
COA 1% insoluble in 5 B
804.01 3.3 N/A water C44HgaNO12 =0
|
(4- N NS
12mg/Ly4 0-2(0‘ H
HO/& L‘l/
L
L g K
LJ_.T,Na_.w T IT—NH./‘“
Cyclosporine Practically i ws i
CQA1x Non- insoluble in ¥ P
1202.61 412 1 jonizable water CozH11aN1:01> ”W’Lﬁj‘”’ ki
{':'.--lC_,_.J\]_.' ;/ f N0

[1] Patelet al, 2012 N/A = Not available
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In terms of CQA 1 (i.e., the ability of SolutoHS-15 to dissolve the active) it is
important to refer back to the structure of SofitHIS-15 as described in Chapter 2.
SolutoP HS-15, is a PEG (polyethylene glycol) fatty acistee consisting of PEG
mono- and di-esters of 12 hydroxystearic (primgopphilic component) and of about
30% free PEG. In Chapter 2, the solubility of CuXstearic acid and a range of PEGs
(i.e., the primary components of SolftdfiS-15) was examined and it was found that
CLX was 40-95 times more soluble in the range d&BPEested in comparison to stearic
acid therefore it is reasonable to assume thasohgbilising power of Solut8l HS-15

in relation to CLX is predominantly PEG relateld. spite of its name, PEG has
hydroxyl groups only at each end of the polymehain, therefore, except for these
ends, the polymer is essentially non-polar and éesanore amenable for dissolving
non-polar compounds.

Based on a review of the ‘insoluble’ compounds abl€ 6.12, it was noted that three
out of six of the insoluble compounds are salteesEhare highly polar compounds with
pure ionic bonds and therefore would not readilgsdive in PEG or PEG 15
hydroxystearate (i.e., SolufblHS-15). Of the remaining ‘insoluble’ compounds,
Tacrolimus and Cyclosporine are much larger motetihan any of the other actives
screened (aside from Zolpidem tartrate (anothesolimble’ compound) and therefore it
is proposed that they are too bulky to interachwlie hydrophobic structure of Soldftol
HS-15 (i.e., the molecules of the active and thlvest are too big to have an
interaction). It is notable that Tacrolimus whick smaller and less bulky than
Cyclosporine had a better solubility in SolftoHS-15. Finally in the case of
Theophylline, it has a pKa of 8.8 and thereforaalso quite polar and will become
ionized at pH<8 and hence is unlikely to solubiliseSolutof HS-15. With respect to
the actives that were ‘soluble’ in SolftdHS-15 (Table 6.11), it would appear that the

majority of these compounds are pushing towardsntirepolar side of the spectrum
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and therefore are suitable for dissolving in PEGP&G 15 hydroxystearate. This
includes CLX, which is unionized between pH 1-14 avould only lose a proton from
the sulfonamide group at a very high pH. The maioeption in Table 6.11 to the
theory proposed would appear to be the one séiilist (i.e., Diclofenac Sodium salt),
however when compared to the other salts that geheble’ in Solutof HS-15 (Table
6.12), Diclofenac Sodium salt (sparingly solubleniater) has a lower water solubility
than Tramadol HCI (freely soluble in water) or Na@n Sodium (soluble in water)
therefore one could reasonably argue that it 6 atvery non-polar compound and
hence soluble in Soluf®blHS-15. It is also noted that it is a much smatiempound
compared to Zolpidem Tartrate.

In terms of CQA 2, as previously stated 75% of &leéves that were ‘soluble’ were
found to be suitable for conversion into microbeadlseview of the suitable versus
unsuitable actives with respect to CQA 2 (Tablelp.highlighted that the two
unsuitable actives had a higher water solubilitymwpared to the other six actives.

In summary, it is concluded that the platform fotation is very versatile but that non-

polar small molecules with very poor water solupiire most suited to the application.

6.5 Conclusions

Whilst Chapter 5 described the assessment of thiecamcer and anti-inflammatory
effects of a coated microbead formulation in a GR@ine model, the limitation of the
formulation, that is that it was not fully colorrgeted was also identified. The primary
focus of this phase of the project (Chapter 6) w\lasrefore to overcome these
limitations by scaling-up microbead production autbsequently optimising the coating
applied to the microbeads. Microbead production wascessfully scaled-up via

automated prilling (using an Inotech IE-50 R encdgasr) which resulted in robust
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microbeads with a very narrow size distributiorhigh % entrapment efficiency and
critically a high and consistent level of drug esde in release experiments using PW as
the dissolution media. Importantly the scaled-ugag@sulation process allowed for
batch sizes in the region of 50 g which made sicgmit coating optimisation studies a
possibility. These coating optimisation studiestiatly focused on optimising the
coating in order to meet the desired TPP for calelivery in a mouse. This target was
achieved by applying increased levels of the SRipet (20%, 27% and 32% weight
gains). The focus of the project then switched &etimg the desired TPP for human
colon delivery and specifically to enhance releatsihe end of the release cycle to meet
clinical and regulatory needs. This aim was acldewg applying a HPMC based sub-
coat (Opadr§ White) under the SR coat. The final aspect ofghgect focused on
assessing the broader application of the platf@mmdilation using alternative actives to
CLX. This assessment illustrated the versatilityred formulation in that out of a total
of 14 actives tested (including CLX), 50% were sssfully converted into robust
spherical microbeads in which there was no evidehgeecipitation during processing.
A review of the physicochemical characteristicsatiffthe actives also identified that
non-polar, poorly water soluble small molecules evenost suited to the platform

formulation.
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6.6 Nomenclature

Table 6.13List of abbreviations which are listed accordingheir appearance in the text.

Abbreviation Definition

CLX Celecoxib

CRC Colorectal cancer

w/g Weight gain

PW Purified water

HPMC Hydroxypropyl methylcellulose
AOM Azoxymethane

DSS Dextran sodium sulphate

API Active pharmaceutical ingredient
TPP Target product profile

Gl Gastrointestinal

FIP International Pharmaceutical Federation
NMT Not more than

EC Ethylcellulose

HPLC High performance liquid chromatography
SDS Sodium dodecyl sulphate

LPM Litres per minute

PSA Particle size analysis

SR Surleas@

STDEV Standard deviation

SR:P Sureleas&Pectin

SR:M Sureleas&Methocel E5

oP Opadr§

PEG Polyethylene glycol

CQA Critical quality attribute

Celecoxib bead formulation numbering system wheseix a
CLX xxx/B . ]
sequential number and B is bead
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Conclusions and perspectives
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7.1 Conclusion and perspectives

Colorectal cancer (CRC) is the third most commamseaof cancer mortality worldwide
with an estimated 1,360,000 new cases of CRC dseghworldwide in 2012, (Cancer
Research UK, 2013). In Ireland, CRC is the segondt common type of cancer (as it
is in Europe) and it is predicted that the numierases of colorectal cancer will double

between 2015 and 2040 (National Cancer Registtgride2013 and 2014).

As with other cancers, currently, the most effexttveatments for colorectal cancer
(combinations of surgical resection, radiation, /ancchemotherapy) depend on the
detection of the cancer at a very early-stage. iDedhe more widespread use of
colorectal cancer screening (e.g., via colonosgom@eedures for patinets presenting
with positive faecal occult blood tests), unforttety it has not been possible to
identify all individuals at the earliest stagesdifease. In fact, most patients present to
their physician with advanced cancer when stanttea@ments for solid malignancies
result in a much lower 5-year survival (Wang ando@s, 2010). Thus, an effective
approach for this disease must include preventiwhtargeted therapy. It is generally
agreed that an effective way to control canceoisirid better ways of preventing it
and/or detecting the disease at its earliest s{i¢gng and Dubois, 2010). This is
particularly important in the case of colitis asated cancer as the entire colon is
considered to be at a heightened risk of dysplasigh ultimately requires surgical
removal of the entire colon, therefore chemoprdavenapproaches present obvious
benefits. Since elevated cyclooxygenase-2 (COXxression was found in most
colorectal cancer tissue and is associated withsevaurvival among CRC patients,
investigators have sought to evaluate the effe€tmamsteroidal anti-inflammatory
drugs (NSAIDs) for CRC prevention and treatmente Epidemiologic studies, clinical

trials and animal experiments indicate that NSAHe among the most promising
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chemopreventive agents for this disease. NSAIDstakeir anti-inflammatory and
anti-tumour effects primarily by reducing prostaglan production via inhibition of
COX-2 activity, therefore there has been a pamicdbcus on the use of COX-2
inhibitors for CRC prevention and treatment (Wandg ®ubois, 2010). As described in
Chapter 1, there is a significant body of reseallotrating the anti-CRC effects of
COX-2 inhibitors such as Celecoxib (CLX). The sfgrant drawbacks of current
therapy with the marketed CLX product Celelftethat is the serious cardiovascular
(CV) and gastrointestinal (Gl) side effects asgedavith the drugs, were also outlined.
Chapter 1 revealed that the unwanted side effddBelebre® are a) dose related (CV
and Gl side effects) and b) dosage form related 4i@¢ effects) (Sacchetti, 2013,
Solomanet al, 2005 and FDA labelling Revision for Celebrex €alps, 2008). The
core objective of this project was to develop aemffective CLX formulation in which
the solubility issues associated with the drug wWdo¢ addressed, thereby ultimately
allowing for the unwanted side effects associatéti @elebre® to be eliminated or
reduced. A five step plan was developed to mestdhbre objective. These five steps

were as follows;

1. Development of a lipid-based formulations to enleathe solubility of CLX

2. An assessment of the anti-cancer effects of seldiprl-based formulations in
an in-vitro cell culture model and a comparison to the antcea effects of

Celebre®

3. The translation of the optimal lipid-based formigdatinto a multiparticulate
lipid-based drug delivery system (LBDDS), a micratbformulation, and the

optimisation of the same microbead formulation
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4. The application of controlled release polymers ke toptimal microbead
formulation to enable colonic delivery in a mouae, assessment of the anti-
cancer effects of the colonic targeted formulateorcomparison to the anti-

cancer effects of Celebrgx

5. The optimisation of the coated microbead formutatito allow for the
development of a more colon specific formulatiom tse in futurein-vivo
mouse and human studies. The phase of the prdgecirevolved a scale-up of
microbead manufacture and the application of tla¢fgaim formulation to other

active ingredients.

The primary conclusions from each of these phaséleoproject are outlined below.
References are also made to links between thesdusans and the various stages of a
‘parallel screening model’ which was unexpectedyaloped through the course of this

work and which is described later in the chapter.

In the first phase of the project (Chapter 2),dipased liquid formulations were
produced, formulations CLX 016/L and CLX 021/L, whiwere demonstrated to have
a greater drug release performance to that of @st€bThese liquid formulations were
based on the non-ionic surfactant SolfitdlS-15 and the semi-synthetic medium chain
triglyceride Miglyol’ 810N (parallel screening - stage 2). An initiahdbility study
also illustrated that these formulations were arbkn#o translation into spherical and
robust gelatine based microbeads. This result washportant first step in the project

as it demonstrated the potential to meet the twockiical quality attributes (CQAS) of
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the desired formulation outlined in Chapter 1; 1) BDDS in which CLX was fully

dissolved and 2) the translation of the LBDDS iatmultiparticulate form..

The second phase of the project (Chapter 3) indotgsting a hypothesis that the lipid-
based CLX formulations had the potential for a meffecacious inhibitory effect than
Celebre® in a CRC cell line on the basis that pre-dissgvihe drug would enable
direct interaction with colon cancer cells (parafiereening — stage 3). The testing of
this hypothesis demonstrated that CLX liquid foratidns (CLX 016/L and CLX
021/L) performed significantly better than the metdd CLX product Celebr&xwith
respect to their ability to prevent the prolifeoatibut also motility of a HT29 CRC cell
line in-vitro. The CLX liquid formulations were also shown tgrsficantly reduce the
motility (a marker for the metastatic potential azincer cells) of the HT29 CRC cell
line, whereas Celebr&did not have a significant effect. One of the kedings of this
phase of the project involved a demonstration timet liquid CLX formulations
employed had an early apoptotic effect on HT29scellhereas CLX alone had both a
necrotic and an early apoptotic effect, which waseay significant finding as it
presented the opportunity for targeted CLX therafiir reduced Gl side effects on the
basis that the GI side effects related to Celébare as a result of direct epithelial
toxicity and are associated with the current pregeom of the drug as a powder filled
capsule (refer to Chapters 1 and 3 for furtheridgtaA correlation between the drug
release performance of CLX formulations in PW ameirtability to affect HT29 cells
was also observed, thereby presenting an effedtweé for formulation screening
(parallel screening - stage 2). CLX liquid formisats were used for this-vitro cell
study as they represented a precursor to microdeadulations and were also

amenable for direct application to the cells.
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In the third stage of the project (Chapter 4), @eX liquid formulations developed in
the first stage of the project and tested in tleoise stage of the project were used a
precursor for the development of gelatine basedabead formulations using a gravity
‘dripping’ technique. A spherical robust microbeadmulation (CLX 136/B) with an
entrapment efficiency of 97% and a maximum drugasé¢ in PW of 80% was
produced, which represented a formulation thatthadpotential to consistently deliver
CLX in a pre-solubilised state (parallel screeningstage 4). CLX 136/B was
demonstrated to have a greater drug release penmfmento that of Celebr&x A
correlation between the droplet size and drug selgeerformance was also established

for optimal and sub-optimal formulations (paralieteening - stage 5).

The proposition for the fourth stage of the projé&hapter 5) was to target the optimal
microbead formulation developed in the previousseghaf the project (CLX 136/B) to
the colon of a mouse and to assess their potertral, that of Celebréxfor the
treatment and prevention of CRC using an AOM (ammethane)/DSS (dextran sodium
sulphate) mouse model for CRC. Surel&gsthylcellulose polymer) was applied to the
microbeads (batch size of 6 g) at a weight gai8%fand despite not meeting a pre-
defined target product profile (TPP) for colonicesiiic delivery in a mouse (parallel
screening stage 5), the partially colonic targdtethulation (C-02) was progressed to
the CRC model (parallel screening stage 6). Theceféf formulation C-02 on the
attenuation of CRC tumours was compared to thatelébre® and was found to be
marginally better. The anti-inflammatory effects bbth formulations were also
assessed, with formulation C-02 being found to hesgnificant effect compared to
the control in the case of colon length and higiglscoring (markers for inflammation)
whereas Celebréxdid not meet significance. A hypothesis was alsesgnted to

suggest that the anti-cancer and anti-inflammagdfgcts of formulation C-02 may

285



have been achieved with a lower dose that thatinegjuo exert the effect seen for
Celebre® given that in the region of 50% of the drug fronOZ was likely released
before the microbead reached the colon and therefould not have been available in

the colon to interact with colonic tissue.

Given the limitations of the formulation testedtire mouse model, with respect to it
being only partially colonic targeted, the focugtod fifth and final phase of the project
was to optimise the coating applied to formulatiGhX 136/B with the aim of
producing a fully colonic targeted final producthi§ coating optimisation study
necessitated the automated scale-up of microbeadfature to allow for a sufficient
guantity of microbeads for the coating. Microbeaddoction was successfully scaled
up via an automated prilling process (using andaotlE-50 R encapsulator) which
resulted in robust microbeads with a very narraze slistribution, a high % entrapment
efficiency and critically, a high and consistenvde of drug release in release
experiments using PW as the dissolution media. dpication of increased levels of
the Sureleagepolymer (20%, 27% and 32% weight gains) resultec iproduct that
met the predefined mouse TPP. Having achievedriheapy objective of the fifth phase
of the project, the focus of the project then shett to meeting the desired TPP for
human colonic delivery and specifically to enhamekease at the latter end of the
release profile to meet clinical and regulatorydsed his aim was achieved by applying
a HPMC (hydroxypropyl methylcellulose) based subto@padr§ White) under the
Sureleas® coat. The final part of the project focused orseasing the broader
application of the platform formulation using altative actives to CLX. A total of 14
actives tested with 50% of these successfully cdedeinto microbeads thereby

illustrating the versatility of the platform fornatlion.
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Parallel screening is defined as a cost-effectp@aching for selecting a suitable drug
delivery system to enhance the chances of achietlag required effects (e.g.,
bioavailability) for a given drug in the clinic (6tv and Kane, 2011). The requirement
for parallel screening approaches is as a resudt wiajor change in the types of new
chemical entities (NCEs) being presented to fortascientists. Literature shows
that there is an increasing number of poorly s@ulmdmpounds in the drug discovery
pipeline with BCS (biopharmaceutical classificatiepstem) Class Il drugs (poorly
soluble/highly permeable drugs such as CLX) ands<ldV drugs (poorly
soluble/poorly permeable representing 90% of NG#sreas BCS Class Il and Class
IV drugs only account for approximately 36% of #asting top 200 marketed drugs
(Figure 7.1) (Chow and Kane, 2011 and Hauss, 2@ient discovery programmes
have the potential to create a significant lose@inomic and therapeutic opportunity
due to product attrition resulting from poor biodaility (primarily due to poor
solubility), however it is believed that applyingitable technologies and approaches to
increase the bioavailability of poorly soluble nultes will reduce the attrition rate,
will increase the number new drugs getting to theek@at and consequently will bring

better healthcare to patients (Chow and Kane, 2011)

MNew chemical entities Top 200 marketed drugs in the US

IV, 20% | 1, 5% Unclassified, 10% |

’ IV, 6%
11, 5%

I, 23% |

1,31%

|11, 70% | 11, 30%

Figure 7.1Breakdown of NCEs and existing drugs with respetheir BCS classification.
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Class I: highly soluble/highly permeable, Classdtorly soluble/highly permeable, Class Ill: highly

soluble/poorly permeable and Class IV: poorly std{goorly permeable. (Adapted from Chow and
Kane, 2011)

As outlined in Chapter 1, there are a number ahfdation approaches which can be
utilised to address the poor solubility of drug digilates and historically pharmaceutical
companies have assessed the available technolimgi@s uncertain fashion that has

resulted in a significant investment of time andheyw (See Figure 7.2).

Microenvironments

Complexation Micronisation

Manoparticles

Solubilisation

Figure 7.2 Uncertain pathway historically adopted by pharmical companies to assess available

technologies which has resulted in a drain on nessu(Adapted from Chow and Kane 2011).

A parallel screening strategy is advocated by Claod Kane in order to increase the
speed of screening drug candidates and to ideatsfyitable technology to progress the
molecule to a proof-of-concept stage. The paraltetening strategy proposed by Chow
and Kane involves the six steps outlined in Tablebelow. The equivalent six steps

executed in the development of the CLX formulatéwe also described for comparison

purposes.
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Table 7.1Six step parallel screening strategy advocate@lyw and Kane (Chow and Kane, 2011) and

comparison to equivalent CLX formulation developinseps

Parallel
Screening Chow and Kane Equivalent CLX Formulation Developmen Steps
Step
Upfront  scientific  assessmentDocumentation of CLX API physicochemical
including an assessment of theharacteristics (Chapter 1) and latterly the
1 physicochemical characteristics pphysicochemical characteristics of the various APIs
the drug screened (Chapter 6)
Screening experiments includingexcipient solubility screening (Chapter 2) and drug
> solubility screening, thermal release screening experiments in PW
analysis etc.
In-vitro assessments such @€ell proliferation studies involving HT29 cell ling
3 permeation studies involving Cacpand correlation with drug release performance in PW
2 cell lines (Chapter 3)
Preparation of pilot formulationsManual preparation of microbeads (Chapter 4) and
using inexpensive miniaturised (APllatterly encapsulation using lab scale Inotech
4 sparing) equipment encapsulator (Chapter 6). Coating of small batcligs
microbeads on MFLO1 fluid bed coater (Chapters 5
and 6).
Predictive analytical test methods t&Release studies on coated microbeads using two step
5 select pilot formulation for release media (acid followed by phosphate buffer to
bioavailability studies mimic Gl conditions) and development of model
specific TPPs (Chapters 5 and 6).
Suitable  animal model for Attenuation of CRC tumours in studies involving
6 bioavailability assessment AOM/DSS induced mice (Chapter 5)

As eluded to earlier, it was not an intended aintha$ project to develop a parallel

screening model, however based on the results rgegbeand in particular the API

screening study described in Chapter 6, it is cleat a very robust model has been

developed for the screening of molecules linkedh® prevention and treatment of

CRC. In addition to a CRC parallel screening modekpite increased bioavailability

not being a focus of this project, stages 1, 2nd @ of the model are deemed to be

directly transferable to a model screening for @aled bioavailability whereas stages 3

(in-vitro cell model) and 5if-vivo animal model) could easily be adapted to suitable

models where bioavailability enhancement is the @firan alternative project (i.e., this

model has the potential for a much broader apphicahan CRC).

2
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In terms of the next stages of development for @heX product, a number of key

milestones have been identified. These include;

Modulation of the release profiles for the formidas designed for colonic
targeting in a mouse (formulations C-04, C-05 anQ6( in order to ensure
>80% release at 12 h to guarantee the maximumlpessose of drug is made

available.

A repeat of the AOM/DSS CRC mouse model descrilbe@hapter 5 using a
fully colonic targeted microbead formulation. Itatso recommended that this
study would involve an assessment of CLX levelstlie blood (i.e., a
pharmacokinetic (pK study)) for both CLX microbeaatsd Celebre% This is
important so as to verify that the CLX releasedrfrine microbead formulation
is exerting its effect via luminal interaction ratithan via systemic delivery but
also to understand if CLX in the microbeads haslérnative mode of action
compared to Celebr&x It is known that CLX is rapidly eliminated fronhme
blood which thereby might limit its therapeutic centration at the tumour site
(Paulson et al., 2000). It is also recommendetl tthsue samples be taken as

part of any animal study to assess levels of markech as PGE2

It is also recommended to perform a pK study onutheoated CLX formulation
to assess its potential to improve the bioavailgbibf CLX compared to
Celebre® for the treatment of osteoarthritis, adult rhewithtarthritis and

ankylosing spondylitis.
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e Performance of a drug loading study for formulat@®nX 136/B to assess the
boundaries of the formulation with respect to ikyygicochemical performance

(e.g., will a higher drug loading affect its releggerformance).

» Performance of excipient compatibility studies nder to establish an impurity

profile for the product.

* Performance of a packaging study to elucidate thegmal packaging (e.g.,

bottles, blister packaging) for the product.

* Performance of stability studies at ICH (Internatib Conference on
Harmonization) conditions in order to establish ghability of the formulation

and ultimately to set a shelf-life for the product.

» Performance of clinical studies to assess the afficand safety of the

formulation.

Although the focus of clinical cancer research attted of this project with CLX has
predominantly been on chemoprevention, the potertiemotherapeutic use of CLX in
cancer is also attracting considerable attentidren@therapeutic agents and radiation
therapy have been shown to enhance COX-2 protgiresgion in human cancer cells,
which in turn results in resistance to therapyydfare there is a desire to determine
whether CLX enhances the chemo-sensitivity andoradnsitivity of tumour cells
(Wang and Dubois, 2010). Preclinical studies havews that CLX potentiates the
effects of radiotherapy (Davist al, 2004) and that a combination treatment of CLX

with oxaliplatin had synergistic effects on inhibit of tumour growth in a mouse
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xenograft model of human colon cancer (Zka@l, 2009). Combination products in
general are in fact an area of increased atteibtodin from a chemotherapeutic but also
a chemopreventative perspective with recent eveldhestrating that a combination of
CLX and erlotinib (an EGFR tyrosine kinase inhibjtbad more effective prevention of
polyp formation inAPC""* mice and more significant inhibition of tumour gith in a
xenograft model than either drug individually (Baolanet al, 2007). The combination
therapies cited leverage on the principle that omlwning CLX with the synergistic
effects of other drugs that a lower dose of CLX nhayused thereby reducing the

undesired side effects associated with CLX (Wardy@umbois, 2010).

In conclusion, despite a large body of evidencesiiating the chemopreventative
effects of CLX, the identification of adverse C\laieffects associated with the drug
has understandably made it difficult for the depedent of new formulations in this
field, however to ignore the potential benefits ablfemoprevention with CLX is to
continue to accept a higher than necessary detgHroam colorectal cancer is patients
who do not have access to or are not fully comphaith colorectal cancer screening
and it also ignores the needs of a subset of gatien whom routine colorectal cancer
screening is not as an effective detection mechanfse., patients with colitis
associated dysplasia) (Wang and Dubois, 20109.unlikely that chemoprevention will
completely replace screening, but its success ey o fewer screening exams and to
fewer cancer-related deaths, especially in higk gioups (Arber, 2008). This project
has resulted in the development of a colonic tedyeticrobead formulation in which
CLX is presented in a pre-dissolved micellar formdthin a multiparticulate, a
combination that has been shown to greater thanntheketed CLX formulation
Celebre® from a physicochemical perspectivie-yitro release testing), from an anti-

inflammatory perspectivein-vivo CRC animal study) and an anti-cancer perspective

292



(in-vitro CRC cell line study andn-vivo CRC animal study). Importantly this
combination (i.e., pre-dissolved micellar formatthin a multiparticulate) has the
potential to minimize Gl and CV side effects asated with the current marketed
formulation and thereby presents the prospectfofraulation that can capitalise on the
anti-adenoma and anti-cancer effects describedraviqus clinical studies whilst

addressing the serious side effects that ultimdedyto the discontinuation of these
studies. In summary the formulation developed Inar® the potential to put colorectal
cancer prevention, using a safer more effective @xulation, back on the table for

consideration.

7.2 Nomenclature

Table 7.2List of abbreviations which are listed accordiagtteir appearance in the text.

Abbreviation Definition

CRC Colorectal cancer

NSAIDs Non-steroidal anti-inflammatory drugs
COX-2 Cyclooxygenase-2

CLX Celecoxib

Gl Gastrointestinal

Ccv Cardiovascular

LBDDS Lipid-based drug delivery system

PW Purified water

SDS Sodium dodecyl sulphate

AOM Azoxymethane

DSS Dextran sodium sulphate

TPP Target product profile

HPMC Hydroxypropyl methylcellulose

ICH International conference on harmonisation
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