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SUMMARY

It has been well documented that the oral routhesmost cost effective route for drug
delivery and encourages patient compliance. Restmlies have shown the numerous
advantages associated with specific drug delivempé colon, highlighting its favourable
conditions and long transit time as the main advged. A number ah vitro studies also
show that the delivery of liposomes to the colonldgrovide further advantages due to
bonding to the colonic mucosa in both healthy amitined regions. Despite these
apparent advantages no oral liposomal formulatias heen developed for targeted
delivery to the colon as yet. This work sets outlévelop a formulation which can be
taken orally, that will remain intact through thtersach and small intestine to release the
liposomes, and subsequently the active ingrediend, the colon.

Initially, experiments were conducted in which oomes were directly coated with the
pH responsive polymer Eudragit S100. Although tbating was shown to slow drug
release in simple pH buffers, it was realised itldanot protect the lipid membrane from
the model bile salt sodium taurocholate. Develognoéithe formulation moved onto the
production of Eudragit S100 microspheres to provadesolid barrier to protect the
liposomes. A number of production variables inahgdhomogenisation speed and time
were investigated to provide a homogenous micragphmopulation suitable for
encapsulating liposomes. Due to the solvents reduim the microsphere production it
was essential to protect the liposomes, which veee dy coating them with the enzyme
triggered polymer chitosan. This coating would aply protect the liposomes from the
solvents but also provide a trigger release when lthosomes reach the colonic
microflora. The final stage involved encapsulataigtosan-coated liposomes within the
Eudragit microspheres to produce a novel, cologetarg liposome-in-microsphere
(LIM) formulation. Through cryo-SEM chitosan-coatégosomes could be observed
within the microsphere core. Subsequent drug relediadies showed that the LIM

2



formulation remained intact through the simulateasach and small intestine conditions
with drug release occurring in the colonic conditowhere the model enzynfe
glucosidase could solubilise the chitosan coating.
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1.0 Introduction

ABSTRACT

The oral drug delivery route is widely seen asiwst practical and cost efficient route of
administration. Despite the well documented advgedaof colonic drug delivery including
long residence time, neutral pH and low enzymevigtivery few oral colonic drug delivery
systems have made it to market. Recent investigatimve shown that liposomes have a
number of advantages for the prolonged releasetofeaingredients in the colon. Coupled
with the advantages associated with specific targeib the colon for drug delivery it is
proposed that liposomal formulations capable ajdted drug release to the colon could be

useful for both localised and systemic treatment.

The first part of this chapter investigates theiouss routes of administration available,
reviewing oral delivery in detail with an emphagiscolonic targeting. The complexities of
the GI tract as a route for drug delivery are oet, with pH and transit times being
discussed in detail. It introduces the conceptasfous triggers for site specific drug delivery
and summarises the advantages and disadvantagashoimethod. The second part discusses
the production and applications for liposomes artcbduces the possibility of coating for
site specific colonic drug delivery. The final paftthe chapter introduces the overall aims

and objectives of this work.
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Chapter 1 Introduction

1.1 Introduction

The principal goal of targeted drug delivery isdeliver the drug to a specific area with
increased efficiency and reduced adverse effeets ss specific drug administration. This
can be achieved through the prolonged and localididery of the drug to the diseased
tissue thus ensuring maximal therapeutic effeasaahieved whilst minimising possible side
effects through excessive exposure. For site dpeditig delivery a number of routes of
administration can be adopted, each of which hawenaber of advantages and disadvantages
(Langer 1998) which are discussed in the followsegtion.

1.2. Routes of drug administration
1.2.1. Enteral drug delivery
1.2.1.1. Oral administration

Oral administration is widely regarded as the npoattical, efficient and cost effective route
for drug dosage and is responsible for over eigletgent of the best selling pharmaceutical
products available (Lennernas and Abrahamsson,)20050t only allows for complete
patient independence and therefore compliance buis inormally cost effective to
manufacture and offers a lengthy shelf life whismormally determined by the active drug
itself rather than the formulation components (Ntailitz, 1999). There are however a
number of complications associated with oral drativéry including the varying conditions
observed within the GI tract and the large popaoreti of digestive enzymes which will
degrade most peptide and protein drugs (Chen angdra 998).

1.2.1.2. Rectal administration

The use of rectal drug administration has a nunatbexdvantages, including being able to
administer drugs to the colon without needing tgatiate the hostile environments of the
stomach and small intestine. The use of rectal adtnation also allows for specific targeting
to be achieved as a number of pathways are noireelgto reach the colon and varying
transit times across the ileo-caecal junction waudd be an issue. Furthermore, the use of
rectal administration allows for drugs to be effiegly administered whilst the patient is
undertaking bouts of vomiting, nausea or unconscicenvulsions (van Hoogdaleen al.,
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Chapter 1 Introduction

1991). The potential disadvantages of rectal adstration include patient compliance and

the causes of bowel movements on the administrétios of the dosage.
1.2.2. Parenteral drug delivery

Parenteral delivery is the most direct route fougddelivery and therefore has a major
advantage over other methods. This means the dmidpe administered to the specific site
instantaneously, or can be within the circulatidrorly after administration, which is
essential when the drug is required immediatelye parenteral administration route can be
achieved through the intravenous, intramuscularsulscutaneous approach. Despite the
obvious advantages of this approach there are d@uai disadvantages which limit the use
of parenteral administration for all applicatiofifie administration of the drug is required to
be conducted by a qualified health care professiama levels of patient compliance are low
due to the associated pain and subsequent fearse Sorms of subcutaneous and
intramuscular delivery can be self administereddaiient compliance and willingness is still
low. If parenteral administration is required thersustained treatment is observed as more
favourable as it reduces the pain associated wefuent injections and the need for a
healthcare professional to administer it. Myoce®4on Pharmaceuticalss a liposomal
formulation containing the active ingredient doxmnin. It is used in the treatment of
metastatic breast cancer and is a non-pegylatesibwvei.e. it does not have the polyethylene
glycol (PEG) coating associated with other liposbfoamulations containing doxorubicin
(Doxil®, Caelyx®).

1.2.3. Transdermal drug delivery

Transdermal delivery refers to the delivery of drugprough the skin which requires
penetration through the two sublayers of the epigeto reach the microcirculation of the
dermis. The advantages associated with transdetetigery include ease of use/application
and the possibility to provide non-invasive sustdimelease where other routes may not be
applicable (oral). A current dermally administetipdsomal formulation is LMX-4 (Ferndale
Pharmaceuticals Ltd) which contains the local athedis lidocaine and is therefore marketed
as a fast and effective pain relief from medicalgadures involving injection (taking blood,

insertion of cannula etc.).
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1.2.4. Pulmonary drug delivery

Pulmonary drug delivery refers to drugs administateough the airways and has a number
of advantages and applications. The use of pulnyodang delivery would not only be

advantageous due to the large surface area offsrélde alveoli but also effective systemic
treatment would be possible as well as localisedtinent. Drawbacks associated with
pulmonary drug delivery include the treatment canshort-term and the formulation can

soon be cleared by the mucociliary escalator.

Due to the numerous advantages associated witlorddedrug delivery route the current
investigation will go on to explore the possibiliy developing an oral formulation and the

subsequent issues that may arise.

1.3. Advantages of colonic drug delivery

After briefly reviewing a number of routes of admsination it is generally accepted that the
oral route is the most cost effective and patiesrngliant route. With this in mind it is
essential to determine the best site for drug dgfiwithin the Gl tract and subsequently
design a formulation for the application. Over rdcgears the colon has received a large
amount of interest as a possible drug deliveryfsitehe treatment of both localised diseases
(bowel cancer, ulcerative colitis and Crohn’s dssgMcConnelkt al., 2008; Ibekweet al.,
2008a; Patett al., 2008), but also for the administration of sysaéinally-acting proteins and
therapeutic peptides such as insulin (Tiwetrial., 2010). Protein and peptide drugs are
known to be degraded by digestive enzymes presininvthe stomach and small intestine.
These proteases are lower in concentration in ek@ovhich means it is a more favourable
site for delivery (Kumaet al., 2011). The reduced proteolytic activity in thidon compared

to that of the small intestine mean certain drugs are enzymatically labile in the small
intestine would be more effectively absorbed (Mathiz, 1999). The specific targeted
delivery to the colon would also allow the dosageébé reduced, therefore minimising any
possible systemic side effects that may occur. Asegample, the specific treatment of
ulcerative colitis is through the administrationtbé active ingredient 5-aminosalicylic acid
(5-ASA; Mesalazine) which is available in tablateena and suppository formulations. It has
been shown that the oral formulation has a higlogibi®n level within the upper Gl tract of

approximately 75% whilst only 19% was absorbedhi@ tolon (Segars and Gales, 1992).
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Due to the topical nature of the drug administratad 5-ASA it is necessary to get the
highest efficiency of delivery to the site of infien which is the large intestine. With this in
mind it has been shown that the use of enemas applositories have proven the most
effective at treating ulcerative colitis, but th@lplem of patient compliance remains.

The colon offers a number of further advantagesfag delivery including a mild pH and a
long residence time (on average 35 hours in totaeljch are reviewed within this chapter.
Few drugs (e.g. nisodipine and dilazep hydroch&ridre known to be preferentially
absorbed in the colon; therefore specific formoladi are required to target the colon (Fasinu
etal., 2011).

1.4. Anatomy and physiology of the gastro intestindGl) tract

Although oral administration to the colon offersnsmerable advantages it is also the most
complicated route of drug delivery due to the wiggiation in pH, enzyme and bacterial
levels. It is therefore essential to completelyeanstand the environment that the formulation
will be exposed to and any influences they may hates not only entails understanding the
different conditions that are found within the Gadt but also understanding the patient
variability that can occur, especially regardinghotransit times and chemical differences. It
is also important to understand that these conditiman fluctuate through varying illnesses
which either need to be taken into account whemgdesgy specific formulations, or ideally,
producing a formulation with certain flexibility tiake into account these changes. This has
also led to the concept of absorption windows winereertain drugs display region specific
absorption and therefore drug exposure at the fapesiie is essential for effective drug
dosing (Davis, 2005). To review the Gl tract it dcensplit into the three main sections of the

stomach, small intestine and large intestine (Fduf).
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Figure 1.1. Structure of the gastrointestinal tractshowing the position of the stomach, small inteste
(duodenum, jejunum, ileum) and the colon (http://wwv.umm.edu/digest/howworks.htm).

1.4.1. Anatomy and physiology of the stomach

After oral ingestion food travels down the oesoplsa(0 — 30 seconds transit time) to the
stomach, whereby digestion starts through the géonanixing and production of a chyme to
then be processed further in the small intestifee $tomach is a muscular cavity which
produces gastric secretions upon the enteringaf.fdhe gastric juices that are secreted are
made up of water, hydrochloric acid (HCI) (0.15 Mgpsin and mucin. The presence of the
hydrochloric acid makes the pH of the stomach apprately 1-3, which is an optimum pH
for the protein digesting enzymes present in thetrigajuice to inhabit. The low pH coupled
with a high intensity of stomach contractions mak&sa hostile environment for orally
administered formulations to travel. The exit obdofrom the stomach is controlled by the
pyloric sphincter which relaxes to release the simcontents into the small intestine. This
release will only occur for smaller objects withime fed stomach (<10mm) whilst larger
objects (>20 mm) will be retained and processed britken into smaller particles (Davis,
2005).
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1.4.1.1. Structure of the stomach

The stomach is a large muscular sac located higiménabdominal cavity just below the
diaphragm. The stomach wall is made up of fourrsyyhe mucosa, submucosa, muscularis
externa and the serosa. When in the fasted statmticosa of the stomach lies in folds but
can then distend to approximately 5%after a large meal (Clegg and Mackean, 1999). The
muscularis externa has three separate layers aflenybich through their contraction causes

the contents of the stomach to be continually med churned.
1.4.1.2. pH changes in the stomach

The pH changes throughout the GI tract have bedhinwestigated observing a number of
variables for subjects including feed status, agx and health. The standard method to
measure Gl tract pH uses a radiotelemetric capstleh is orally taken and can emit a
signal to an antenna every second to record th@lptkweet al., 2008a; Ewest al., 1999).
Experiments taken place in both the fasted andfatgs show that the pH of the stomach is
in the region of 1 — 3 (Ibekwat al., 2008a; Dressmasi al., 1990; Fallingborgt al., 1989),
which is due to the concentration of HCI. As a lesti all thein vivo measurements the
British Pharmacoepoeia recommends a pH 1-1.5 0.1Mtbl be used for simulated gastric
media when assessing delayed release dosage fdnitssh( Pharmacoepoeia 2010,
Appendix XII A309).

1.4.1.3. Transit times in the stomach

The transit time within the stomach can vary coasaflly and is mainly dependent upon the
feed status of the subject (Varwatnal., 2008). The stomach transit time in the fastedestat
normally in the range 1 — 2 hours which is duehsrmigrating myoelectric complex (MMC).
The MMC involves a prolonged period (40 — 60 misytef low mechanical activity
followed by intense regular contractions of 4 — hutes, before emptying of the stomach
into the small intestine (Davis, 2005). The MMC daninterrupted by the presence of food
and therefore what is normally a regular transitetibecomes irregular and can be in the
range of a few seconds through to a number of hdtuingis also been shown that the size of
the formulation can influence transit time in tleel state with smaller dosage forms having a

more reliable transit time but larger formulatidresng retained in the stomach.
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1.4.2. Anatomy and physiology of the small intestir
1.4.2.1. Structure of the small intestin

The small intestine is on average 5 metres lont)) winormal range of-7 metres and is
responsible for the majority of digestion and fadasorption that takes place in the hur
body. As the main rolef the small intestir is digestion and absorption, this ¢ makes it
the primary site for drug absorpt. The small intestine is splittm the duodenum, jejunu
and ileum, with each section having different chtegastics and therefore providing
varying environment for drug dosage formulaticA dosaggorm in the small intestir will
be subjected to a completely different environncompared to that of the stomi due to its
relatively high pH andoresence of bile sa. The small intestine achieves high levels
absorption through its greatly increased surfacea,amhich is provided by the lar
population of villi and microvilli ining the epithelial surfaceF{gure .2). The role of
digestion is completed by the digestive juices Wwhace present within the small intestine
secreted due to a reflex response or hormone trigge two main digestive juices found

the small inestine are bile and pancreatic jui
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Figure 1.2.Schematic diagram showin the sections of the small intestinand the subsequer wall
structure showing the villi and microvilli (http://www.britannica.com/EBchecked/topic/549336/srall-
intestine).

1.4.2.2 pH changes of the small intestir

Studies have generally showed similar values fergH within the tomach, buthe small

intestine shows more of a range of pH va. pH changes within the small intestine car
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observed not only due to individual variability,tkalso variability has been observed over 7
days for the same subject (Ibeketal., 2008).

The small intestine has a pH ranging from 5.7 m plylorus to 7.7 in the ileum. The pH in
the duodenum is normally measured within the raofg&0 to 6.6 in both the fasted and fed
states (Ibekwest al., 2008; McConnelkt al., 2008; Fallingborget al., 1989; Evanst al.,
1988). The pH then gradually increases down thdlsntastine with values in the range of
pH 6.8 — 7.4 (Ibekwet al., 2008; Evangt al., 1988) observed for the jejunum. The pH of
the small intestine then peaks at the ileum whevelhyes recorded have been in the range of
7.2 — 7.7 (Ibekwet al., 2008a; Fallingborgt al., 1989; Evanst al., 1988). This patient
variability in pH through the small intestine cdretefore be problematic when designing a
pH responsive drug dosage formulation as eachrppatteild have a different point within the
Gl tract where drug release will be initiated.

1.4.2.3. Transit times in the small intestine

The transit times for the small intestine can rangesiderably from 1-6 hours depending
upon the subject, with the mean being 3 hours (M@t et al., 2008; Davist al., 1986).
The transit time for dosage forms of differing sigestatistically similar in both the fasted and
fed states (Rouget al., 1996). The range in small intestine transit has only been
attributed to subject variability but it has beamggested that the timing of food ingestion
may have a considerable influence on the tramsi¢ iMcConnellet al., 2008). It has been
suggested that the intestinal motility may be iaeflced by the MMC and the subsequent
points along the Gl tract (oesophagus, throughwaisimall intestine).

1.4.2.4. Digestive juices found within the small testine

Bile is produced in the liver cells, stored in thedl bladder and released into the duodenum
via the bile duct. Bile is made up of bile saltde [pigments, cholesterol and salts. The main
role of bile is to lower the surface tension of ggdbules allowing emulsification to take
place and therefore aid the subsequent hydrolysiatdy lipase. The enterohepatic (bile)
system is an efficient one with more than 95% ¢é balts being reabsorbed in the terminal
ileum, with less than 5% (0.2 — 0.6 g) being lastfaeces daily (Redinger, 2003). The
reabsorbed bile salts are then actively transpadéke gall bladder where newly synthesised

bile salts can replenish to the required levelde Balts are bile acids that have been
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compounded with a cation, usually sodium. Approxeha80% of bile salts in the human
body are made up from the salts of taurocholic gliydocolic acids and therefoia vitro

studies can be completed using the model bilessdium taurocholate.

Pancreatic juice includes a number of enzymes dnofuamylase, trypsin, peptidases and
lipases which are responsible for a number of raletuding the hydrolysis of starch to

maltose and the hydrolysis of proteins to polypbgsi
1.4.3. Anatomy and physiology of the large intesta
1.4.3.1. Structure of the large intestine

The large intestine consists of the caecum and rajdpe colon and rectum and is
approximately 1.5 metres long. The large inteshiag a diameter in the range of 6 — 6.3 cm
and therefore is approximately twice that of theabnmtestine. The large intestine is joined
to the small intestine at the ileo-caecal junciidrere the entry of digested food is controlled
by the ileo-caecal valve. The large intestine iacttrally very similar to the small intestine
but without the villi for increased surface arecheTcolon’s two main roles involve
absorption, which takes place in the proximal hatfd storage, which occurs in the distal
half. These two processes result in the colon lggaitower water content and fluid mobility
than other areas of the Gl tract. These conditraean any drug residing in the colon will
have higher residency times due to the reducedcigpa enzymatic biodegradation, which

will in turn allow for the maximum possible drugtake efficiency in patients.

Some of the advantages associated with colon s$pedifig delivery can be seen as
problematic for example the reduction in water eahtcan lead to sluggish and propulsive
movements which may lead to size segregation. Eurtbre, the variability of transit time

for both the stomach and small intestine may imfage certain drugs that have a reduced

absorption window.
1.4.3.2. pH changes of the large intestine

When previously designing colonic drug deliveryteyss it was generally accepted that the
pH of the Gl tract continued to rise through to todon, therefore allowing for specific pH
controlled release to be observed. However, it shown that the Gl tract pH increases
distally to a peak at the ileo-caecal junction Kilve et al., 2008a; McConnekt al., 2008).
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The pH has then been shown to reduce in to theer& - 6.2, which is a significant
decrease in comparison to the distal small intestitvanset al., 1988; Fallingborget al.,
1989; Ibekweet al., 2008a). Once the pH has decreased on arrivalti large intestine
very few fluctuations in pH are observed, whichdise to the low motility experienced
throughout. A limited range in pH is seen throulyd karge intestine of a healthy subject but
some variability can be seen due to certain disestsdes (McConnedéit al., 2008). Reduced
pH values of 4.7 and 5.3 have been recorded feratiwe colitis and Crohn’s disease
respectively. This indicates not only patient viallity needs to be taken into account but also

the effect the specific disease may have on tlyeted area.
1.4.3.3. Transit times of the large intestine

The transit times observed within the large intesttan vary considerably, which provides a
number of issues if designing a time-dependant dieigyery system. Before entering the
colon it has been shown that dosage forms accuenimathe ileo-caecal junction for a
variable period of time up to approximately 3 ho(iizekwe et al., 2008b). Despite this,
Ibekweet al. (2008b) observed an average transit time of #utas for the fasted state and
81 minutes in the fed state for the ileocaecal on¢ with only one subject from eight
showing a transit time of over 100 minutes. Thaalde transit times are continued through
the ascending (up to 14 hours) and transverse ¢afoito 48 hours), with transit through the

descending colon being relatively fast (Varenal., 2010).
1.4.3.4. Microflora of the large intestine

The stable pH and lengthy transit times found witthie large intestine provide the perfect
conditions for bacterial growth with over 400 spesciesiding and a range of'1@- 10
CFU/g in comparison to the stomach{@FU/g) and small intestine (16 10 CFU/g). The
main bacteria found in the large intestine are tfahe oxygen intolerant anaerobic nature
with the main isolated species beirpcteroides, Bifidobacterium and Eubacterium
(Gorbachet al., 1967). The energy needs of the bacteria arélédlfoy fermenting various
types of substrates (di, tri — polysaccharides, apatysaccharides) that have been left
undigested by the small intestine. The colonic oflora are able to break down these
polysaccharides by producing a large number of geede enzymes and polysaccharidases
(Jainet al., 2007).
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The previous sections have outlined the varyingdg@mms of the Gl tract and the subsequent
issues that may arise when designing a targetegl dilivery formulation. Transit times and

varying pH values throughout the Gl tract have bmenmarised (Tables 1.5 and 1.6).

Table 1.5. Table summarising the mean varying pldesrecorded throughout the GI tract

for healthy fasted subjects in a number of studies.

Reference | Stomach Small intestine Large intestine

Duodenum| Jejunum lleump  Proximal Mid Distal
colon colon | colon

Evanset al., | 1.0-25 6.6 6.63 7.49 6.37 6.61 7.04

1988

Fallingborg 1-3 6.4 7.0 7.3 5.6 5.7 6.6

etal., 1989

Dressman et 1.7 6.1

al., 1990

Pye et al, 6.6 7.4 7.5 6.4 6.6 7.0

1990

Russellet al., 1.3 6.5

1993

lbekweet al., 1.4 6.5 6.8 7.2 6.5

2008a
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Table 1.6. Table summarising the varying transites (hours) recorded throughout the Gl

tract for healthy fasted subjects in a number odists.

Reference | Stomach Small intestine Large intestine

Duodenum | Jejunum lleum  ProximalMid Distal
colon colon colon

Davis et al.,

1986 3.4

Evanset al.,

1988 5.7

Fallingborg 0.9 8

etal., 1989 17.5

Wilding, 0-2

2001 05-2 | 05-25 2-72

Rougeet al.,

1996 3+1 1-60

In summary, the colon offers an advantageous eitelfug delivery due to its near neutral
pH, long transit time and relatively low proteotygnzyme activity (Yangt al., 2002). Not
only is the colon advantageous for the treatmelta#lised diseases but it also a suitable site
for systemic treatments. The main challenges aatsatiwith targeting the colon for drug
delivery is being able to preserve the formulatiorough the harsh acidic conditions of the
stomach and subsequent rise in pH coupled withirtfieence of bile salts in the small

intestine.

1.6. Strategies for ensuring site-specific targetgand release to the colon

A number of challenges have been presented whemptihg to create a formulation for

colon-specific drug delivery (Kumat al., 2011):

0] The primary challenge is that of creating a forrtiala that can withstand the
upper Gl tract and lead to subsequent drug relieatbe near neutral environment

of the colon.
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(i) Due to the high viscosity of the colonic fluid $t assumed that drugs need to be in
the form of a solution within the colon to allow feuccessful delivery.

(i)  The effect of the resident microflora needs to d&leeh into account as it may
cause the metabolic degradation of the drug.

(iv)  Drug transport across the mucosa and into themsysigrculation can be reduced

by the low surface area in the colon.

With these challenges in mind a number of polyntfease been investigated to produce
formulations suitable for colonic drug delivery. éde polymers can be used in a variety of
ways from a direct spray coating formulation throug microsphere formulations composed
of a number of polymer layers. Each coating polymwen be categorised depending upon
their specific trigger within the Gl tract i.e. whaauses them to solubilise, degrade or swell
to cause the drug release.

1.6.1. Time dependent triggers

Time dependent formulations work on the conceptlefasing the drug after a specified time
e.g. taking into account transit through the stdmaod small intestine to subsequently
release in the large intestine. Time delayed systiiat have been developed (e.g. Pulsincap,
Time-Clock) rely on a multi component system whinotiolves the use of an outer enteric
coating which is insoluble in the stomach (Phéipal., 2010; Hebdemt al., 1999; Steedt

al., 1997). This allows for any variety in stomachnsit time to be exempt from the
calculations for the time controlled componentha formulation i.e. only the small intestine
and ileo-caecal junction need to be accounted Aor. example of a time dependant
formulation is that of the enteric coated time-aske press coated (ETP) tablets whereby a
multilayer concept is adopted (Phikpal., 2010) (Figure 1.3). The formulation consistsof
drug containing core tablet with a rapid releasecfion, which is surrounded by a press
coated swellable hydrophobic polymer Hydroxypropgllulose (HPC). The HPC layer
provides a timed released function and is dependeon the weight or composition of the
layer. The final coating is an enteric layer whigdt only protects the formulation through the
stomach but also means the varying transit timestomach does not need to be accounted
for. Despite this the varying transit times throuie Gl tract remain an issue with the

possibility of varying transit times through the aimand large intestine causing either
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premature drug release or even reducing drug eeliéa®lonic transit is accelerated, as has
been observed in patients with IBD (Phidipal., 2010)

Enteric coating Core tablet
layer containing active
ingredient
(rapid-release
function)

il - \.Hfii
b
i 7 [

/

(timed-release function)

Figure 1.3. Schematic diagram showing the design tife ETP tablet. The enteric coating is rapidly
dissolved after gastric emptying, exposing the tinterelease HPC layer. The HPC layer slowly erodes
throughout the small intestine to expose the rapidelease core tablet for colonic drug delivery.

1.6.2. pH dependent triggers

pH dependent formulations attempt to exploit thegease in pH that is observed along the Gl
tract, from the acidic stomach through to the shghlkaline ileo-caecal junction. Coating
the formulation with a pH sensitive polymer woulsiect the contents to the point whereby
a pH is reached that would solubilise the polynret therefore release the active component.
There is a range of pH responsive polymers that beautilised in the production of a pH
controlled drug dosage form (Table 1.7). From tli Ipvels through the small intestine
(section 1.3.2.2) it is apparent that for ileo-@eand subsequent colonic drug delivery the
polymer would need a pH threshold level of appratety 7 as any polymer below this level
would begin to release in the duodenum. Despit@khef the ileum increasing to above 7 in
most cases the nature of the polymer solubilisationld mean that drug delivery would not
occur until the large intestine. Despite this du¢hte nature of the pH targeting a number of
researchers refer to it as ileo-caecal junctionveel as opposed to colon specific delivery.

With this in mind the most widely used polymers &mlonic drug delivery are within the
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Polymethacrylic-acid-methylmethacrylate-ester-cgpwr, brand name Eudragits (Evonik,

Darmstadt, Germany).

Table 1.7. Widely used pH responsive polymers at drug delivery.

Brand name Polymer Target site

Threshold pH Retaen

Eudragit L100 (Evonik) Poly(methacylic acid-co- Jejunum
methyl methacrylate) 1:1

Eudragit S100 (Evonik) Poly(methacylic acid-co-  Colon
methyl methacrylate) 1:2

Eudragit L-30D-55 Poly(methacylic acid-co-ethyl Duodenum
(Evonik) acrylate) 1:1
Eudragit FS 30D (Evonik) Poly(methyl acrylate-co-  Colon

methyl methacrylate-co-
methacrylic acid) 7:3:1

Opadry, Sureteric Polyvinyl acetate phthalate
(Colorcon Ltd.) (PVAP)
CAP Cellulose acetate phthalate

6.0

7.0

5.5

5.0

6.0

(Eudragit.evonik.com)

(Eudragit.evonik.com)

(Eudragit.evonik.com)

(Eudragit.evonik.com)

Liuetal., 2011;

Dalmera. (2010);
Liu et al. (2011)

pH responsive Eudragit polymers are acrylate-basedmaceutical polymers which include

methacrylic acid copolymers (gastroresistant) amginaalkyl methacrylate copolymers

(gastrosoluble) (R6hm Pharma Polymers) (Figure. TAgre are a number of methacrylic

acid copolymers in the Eudragit range which allsdige at different pH conditions and

subsequently at a different section of the GI t(&ggure 1.5). For the application of colonic

drug delivery, Eudragit L100 and S100 are mostldjsvhich dissolve within the pH range

of 6 - 7 and 7 - 8 respectively. This indicatest ttee use of Eudragit S100 as an enteric

coating would provide colon targeted drug delivemth dissolution of the coating being

initiated through the jejunum/ileum regions whehe pH has been seen to increase to a

maximum of approximately 7.2 at the ileo-caecatjion (Ibekwest al., 2008a).
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|
—?HS—C—CHE—C—CHE—C—

OR, sz

R1=CHs, H

R, = CHs, CHsCH;

R3; = COOH (Eudragit® L and S)

R; = COOCHCH;N (CH3) CI- (Eudragit® RL and RS)

Figure 1.4. Chemical structures of Eudragit S,L, RLand RS (Chourasia and Jain, 2003).

Duodenum pH> 5.5

EUDRAGIT® L 30 D-55
EUDRAGIT® L 100-55

lleum, Colon delivery pH > 7.0
EUDRAGIT® S 100

EUDRAGIT®S 12,5
EUDRAGIT® FS 30 D

Jejunum pH 6-7

EUDRAGIT® L 100
EUDRAGIT® L 12,5

Stomach pH 1-5

EUDRAGIT® E 100
EUDRAGIT®E 12,5
EUDRAGIT® E PO

Time controlled release
pHindependent

EUDRAGIT® RL 30 D
EUDRAGIT® RL PO
EUDRAGIT® RL 100
EUDRAGIT® RL 12,5
EUDRAGIT® RS 30 D
EUDRAGIT® RS PO
EUDRAGIT® RS 100
EUDRAGIT® RS 12,5
EUDRAGIT® NE 30 D
EUDRAGIT® NE 40 D
EUDRAGIT® NM 30 D

Figure 1.5. Range of pH responsive Eudragit polynme and their anticipated point of solubilisation.
(www.evonik.com)

29



Chapter 1 Introduction

The use of Eudragit S100 and L100 as pH respomkivg formulations is well proven, with
a number of products currently on the market inicilgdAsacol (Medeva Pharma) and
Salofalk (Dr Falk Pharma). Despite these drugs ntakito market a number of studies have
indicated that in some patients Asacol failed wmindegrate in the Gl tract (Schroedkml.,
1987; Sinhaet al., 2003). The inability of Asacol to disintegraterithg Gl tract transit was
attributed to rapid small intestine transit andrétiere implying the formulation was not
subjected to a pH above 7 for a long enough durafibis theory is reinforced by Ibekvee

al. (2008a) where thim vitro disintegration of Eudragit S100 coated tablets eampared to
the relative pH and transit time throughout thetr@tt of the participant. It was shown that in
seven out of eight participants tablet disintegraticcurred in the ascending colon during the
fasted state, with one participant showing disirdggn in the ileo-caecal junction.
Contrasting this, in both the fasted and fed sthtess observed that in three out of the eight
subjects the tablet failed to disintegrate. Thedhrblets that failed to disintegrate could not
be attributed to a single limiting factor (pH valuesidence time), but was attributed to a
number of factors that make up the complexitiepldfresponsive formulatiom vivo. The
majority of tablets in the fed state were seenisintegrate in the ileo-caecal junction and
therefore Ibekwest al. (2008a) defined the use of Eudragit S100 for-daecal targeting as
opposed to the normally defined colonic targetifige drop in pH observed upon entry to the
small intestine would indicate Eudragit S100 wolbédjin to solubilise prior to reaching the
colon, but due to the quick transit time througk tleo-caecal junction and the nature of
delayed release formulations, it is anticipated thimimal drug release will occur prior to the

colonic region.

A number of studies conducted by Khatral. (1999 and 2000) showed that it was possible to
modify the polymer characteristics, through the ab@a combination of different grades of
Eudragit (S100 and L100) as an enteric coating.nkdtal., (1999, 2000) showed that the
addition of Eudragit L100 to Eudragit S100 in vagyiratios altered the pH at which the
tablet solubilised. This would enable formulatiotss be created with high accuracy,
facilitating the possibility of tailoring them, depding upon the specific Gl tract pH of the
patient. Although this work proved useful in indiog that specific formulations can be
produced, the inclusion of Eudragit L100 led toypaoér solubilisation occurring at a pH less
than 7, which would therefore cause drug releagbarproximal small intestine, as opposed
to the distal region at the ileo-caecal junctioartkrermore, despite the ability to produce a
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more specific pH solubilisation point between thege of Eudragit L100 and S100 (pH 6
and 7), it would still be susceptible to the inaad inter patient variables, as discussed
previously. With this in mind, it is hypothesisdoat a system using the pH threshold of
Eudragit S100 would enable solubilisation in altigrats at the distal section of the small

intestine, with a view for continued drug releds®tighout the large intestine.
1.6.3. Microbially triggered polymers

Microbially triggered polymers aim to utilise thast quantity of anaerobic bacteria found
within the colon (section 1.4.3.4.). The main pofysithat have been investigated are non-
starch polysaccharides which can only be solullisg the microflora in the colon and
therefore will remain intact throughout the stomaid small intestine. Examples of the
biodegradable polysaccharides used in colonic dielivery include amylase, chitosan
dextran, guar gum and pectin (Kumetr al., 2011). Each of these polysaccharides are
solubilised within the large intestine due to specénzymes as they are resistant to Gl
enzymes found within the small intestine. Theseysaatcharides are also soluble in acidic
conditions and therefore an enteric coating wowddgjuired to prevent solubilisation in the
stomach. Of the polysaccharides investigated a eumb studies have managed to coat
liposomes with chitosan through a number of teaesg(Madyet al., 2009; Layeet al.,
2008; Wei and Bin, 2003; Gu al., 2003; Henrikseet al., 1994 and 1997).

1.7. Systems for colon specific drug delivery

A number of approaches have been adopted in cgefmirmulations for drug delivery to the
colon, each of which using either one or a comimnatof the polymers previously
introduced. A number of formulations have shownegdegrees of success through both

vitro andin vivo trials, each of which are outlined in the followisection.
1.7.1. Prodrugs

Prodrugs are pharmacologically inactive derivatioka parent drug molecule that requine
vivo transformation, either spontaneously or by enziond¢gradation, to form the active
drug (Tiwariet al., 2010). Prodrugs for colonic drug delivery arelfoyysed by the extensive
number of enzymes produced by the colonic micrafloncluding azoreductasej-

galactosidase}-xylosidase, nitro-reductase and glycosidase deasrir{Sinha and Kumria,
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2001). These enzymes have led to a number of catgsgoeing investigated as possible
prodrugs for colonic drug delivery including amiraxid, glycoside, glucuronide, azo,

dextran, and cyclodextrin. A prodrug for coloniagrdelivery is normally successful if it is

hydrophilic and bulky to minimise absorption in thyeper Gl tract, but upon arrival into the
colon is converted into a more lipophilic drug nlke which is available for absorption.

The advantages of prodrugs include their abilityd&diver high percentages of the active
ingredient directly to the colon with limited sidsffects and much simpler production
techniques required in comparison to more compleki+particulate drug carrier systems.

The prodrug approach has a number of disadvaniagesling the lack of versatility as the
formulation depends upon the functional group add on the drug moiety for chemical
linkage. A further drawback is the fact that pragrare classified as new chemical entities
and would therefore require more extensive triadstusing an existing active ingredient in a
drug delivery formulation. Furthermore to this tpessible biological side effects of the
carrier molecule are relatively unknown and wodldrefore require further investigation or
prodrugs would need to be limited to the use oltirstpolysaccharide carriers (dextrans,
cyclodextrins) as opposed to the synthetic carriers

1.7.2. Pressure-controlled colon delivery capsuléBCDCS)

Digestive processes in the colon are controlleddrgible peristaltic movements that are
termed mass peristalsis (Pagelal., 2008). The mass peristaltic waves only occuedaho
four times a day and are of a short duration. Degis, the mass peristalsis temporarily
increases the luminal pressure within the colonicivitan be exploited for targeted drug
delivery. PCDCs were initially developed by Takagaal., (1995) by producing capsular
shaped suppositories coated with the water-inselpblymer ethyl cellulose. Sufficient fluid
is present in the stomach and small intestine @wegnt drug leakage. Due to the reabsorption
of water in the colon, the viscosity of the lumiahtent increases, causing mass peristalstis.
The increased pressure associated with mass peEsgt@ported up to 110 mmHg in healthy
subjects with a duration of 14 seconds (Raal., 2001)), causes the PCDC to rupture and
release the contents into the colon. The variatdpsrted to influence the performance of

PCDCs are the thickness of the ethylcellulose mangrand the capsule size and density.
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1.7.3. Azo hydrogels

A number of studies have described the synthesischaracterisation of azo hydrogels for
colonic drug delivery (Brondsted and Kopecek, 19P992; Kopecelet al., 1992; Akalaet

al., 1998). Colon targeting is achieved by combimitysensitive monomers with azo cross-
linking agents in the hydrogel structure. Duringnsit through the GI tract the hydrogel
continues to swell as the pH increases (to a maximiapproximately 7.4) at the ileo-caecal
junction. Due to the swelling throughout the Gictraupon entering the colon, the hydrogel
cross-links are accessible to colonic enzymes amdtherefore be degraded through the

cleavage of the cross-links.
1.7.4. Novel colon targeted delivery system (CODE')

CODESM is a colon specific drug delivery system that us@ecific polysaccharides that are
only degraded by bacteria available in the coloangyet al., 2003; 2002; Takemurgt al.,
2000; Watanabet al., 1998). The system usually involves the coreetabbnsisting of the
active polysaccharide plus any other excipientstetbdy three different polymer layers
(Figure 1.6). The three coating layers (from indg®ut) include an acid soluble polymer, a
hydroxypropyl methylcellulose (HPMC) barrier layand finally a pH responsive enteric
coating. Upon entry into the Gl tract the core istgcted by the enteric coating until the
small intestine at which point the pH rises abovand therefore causes the enteric coating
and the HPMC barrier to dissolve. The inclusiothef HPMC barrier is necessary to prevent
any interaction between the oppositely chargedrienteating and acid soluble polymer. The
acid soluble polymer (in many cases Eudragit E198pluble at pH<5 and therefore is only
slightly permeable/swellable at a higher pH (thfmeend in the small intestine). Upon arrival
into the large intestine the bacteria degrade thigspccharide and subsequently cause a
significant decrease in pH in the surrounding aeancrease dissolve the acid soluble
polymer layer and lead to extensive drug releaséigure 1.6 the degradation of lactulose
generates organic acid therefore leading to a ikemhldecrease in pH to allow for drug
release through the dissolution of acid solubletiogalayer. Other polysaccharides used
within the CODES™ include mannitol, maltose, staxdeyand fructooligosaccharide.
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. Enteric Coating
In Stomach

........................... l;

. Acid-soluble
In Small Intestine Polymer Coating

Lactulose

Microflora
In Colon

Figure 1.6. Schematic diagram showing the componesof CODES™. The diagram indicates the release
of lactulose maintained within a traditional tablet core as the active ingredient within the system
(Takemura et al., 2000).

Whilst these formulations have identified and addeel the advantages of colonic drug
delivery, little consideration is given for the aal uptake of the drug within the colon. A
number of researchers have shown that using lipesdar site specific colonic drug delivery
can provide a number of advantages over a stan@metvoir system. This is discussed

below after a general introduction to liposomes.
1.7.5. Liposomes as drug delivery vesicles
1.7.5.1. Introduction to liposomes

Liposomes are micro-particulate spherical vesicleBich spontaneously form when
phospholipids are appropriately dispersed in aneags medium. The phospholipid
molecules contain a hydrophobic, non polar taittyfacid chain) attached to a hydrophilic
polar head.

When placed in an aqueous environment the lipidg alvith the hydrophilic heads facing
the agueous solution and the hydrophobic tailstpgnnwards (Figure 1.7). The formation
of the bilayer leads to closed phospholipid vesi¢eming, which are considered stable due
to the significant hydrophobic effect (Tanford, 098Each bilayer encapsulates an agueous
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space with the number of spaces equalling the numbebilayers within the liposomu
Classification of liposomes isetermined through the number of bilayers and tharn
diameter of the vesicle (Table.8), which is principally determined by the produat
method.

liposome

phospholipid
molecule

2 2007 Encyclopsdia Britannica, Ine.

Figure 1.7.Arrangement of phospholipid molecults into a spherical liposomevesicle with an aqueous cre
(http://www.britannica.com/EBchecked/topic/342808/hid/257727/Biologica-membrane-lipids).
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Table 1.8 — Classification of liposomes throughirtdeameter and number of bilayers, Storm
and Crommelin (1998)

Liposomal type Abbreviation Typical diameter
Multilamellar large vesicle MLV >0.5um
Oligolamellar vesicle oLv 0.1-1um

Small unilamellar vesicle SUV 20-100nm
Large unilamellar vesicle LUV >100nm

Giant unilamellar vesicle Guv >1lum
Multivesicular vesicle MVV >1lum

The membrane transition temperature,)(df liposomes is often described as the point at
which the bilayer membrane changes from a well rediesolid state to a fluid, more
disordered state (Table 1.9). Thg i$ not only important for the production of lip@ses but
also its ability to retain any molecules encapsaatithin the aqueous spaces can be greatly

affected.

Bilayer properties of liposomes can be modifiedotigh both the alteration of the lipid
component and/or the addition of further constitagfor example cholesterol (CH). Changes
in liposomal mechanical properties can be obsewlseh various types of lipid are used, due
to their difference in {§. Both naturally occurring and synthetic phosphdbpare used in the
production of liposomes with their characteristuegying considerably. Naturally occurring
phosphatidycholine derived from egg yolk or soyarbéEPC or SPC), are used extensively

in liposome production due to their biocompatiiliow transition temperature (facilitating
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liposome production) and availability. Syntheticoppholipids used in the production of
liposomes include dimyristoylphosphatidylcholinedMPC) and dimyristoylphosphatidic acid
(DMPA), which have an increased, but offer a more stable membrane. It has been show
that the inclusion of CH can further stabilise th#ayer and therefore decrease their
permeability in the liquid state with amounts ugtonolar % softening the bilayer, and any
amounts above 3-4 molar % showing a stiffeningatféand therefore a reduction in the rate
of drug release (Lemmichkt al., 1996). Not only can altering the phospholipicd ahe
inclusion of CH add stability to the membrane btutcan also help prevent bilayer
solubilisation through the attack of bile salts Wkand and Woodley, 1980).

Table 1.9 — Phospholipids and their correspondiaigsition temperature I

. Transition

Phospholipid
temperature, §(°C)

Egg Phosphatidycholine (EPC) -51t0 -15
Soya Phosphatidycholine (SPC) -20 to -30
Dimyristoylphosphatidylcholine (DMPC) 23.5
Dipalmitoylphosphatidylcholine (DPPC) 41.3
Distearoylphosphatidylcholine (DSPC) 55.1

The properties of liposomes make them ideal forassa drug delivery system due to their

ability to carry a variety of substances, strudturarsatility and non toxicity of their

37



Chapter 1 Introduction

components. The aqueous spaces within a liposoméeaused to store hydrophilic drug
molecules whilst hydrophobic drugs can be encapedibithin the bilayer. The advantages
of using liposomes as a drug delivery system apsehelating to (Storm and Crommelin,
1998):

Structural and physiochemical characteristics -edgmes are a very diverse family of

vehicles and can be tailored to suit the applicatio

Distribution — liposomes can target, either acinval passively, specific areas in the body for
treatment (site specific) or can be directed awaynfsites that are sensitive to the toxic

nature of the drug (site —avoidance).

Duration — liposomes act as a reservoir of drug ihalowly released over time leading to

increased duration of action with a fewer numbeaarinistrations.

Protection — liposomes can protect the drug fromaae detrimental factors that may be

present in the host e.g. degradative enzymes.

Internalisation — liposomes can interact with taigls allowing the intracellular delivery of
drugs that would normally have unfavourable physémical characteristics in this respect

e.g. DNA molecules.

Amplification — if the drug is an antigen, lipososnean act as immunological adjuvant in

vaccine formulations.

Due to the number of advantages of using liposofeesdrug delivery, research and
development has taken place to produce liposomtbiito treat a number of conditions. A
number of liposomal products have been developeddoenteral administration and are
present in marketplace today, e.g. the anticanaatyats Doxil® (Ortho Biotech), Myocet®
(Zeneous) and DaunoXome® (Gilead Sciences) (Ztleanh, 2008). The other main field of
liposomal drug delivery is in the treatment of sysic fungal infections including Abelcet®
(Enzon) and Ambisome® (Gilead Sciences). Other slarg emerging on the market which

use liposomes via the intravenous route includingutfyne® (QLT, Novartis) which is a
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liposomal form of the drug verteporfin which is adimstered for the treatment of age related
macular degeneration (Zhaegal., 2008). The majority of liposomal drug productghin
the marketplace are for intravenous administratiam.extend their applicability to a wider
range of disease states, it would be beneficiaréate formulations for oral administration.

1.7.5.1. Advantages of liposomes for colonic sitpexific delivery

A number of researchers have recognised the pateadvantages of producing liposomal
formulations that deliver the active ingredienthie colonic region. As mentioned previously
specific targeting to the colon provides the apild deliver active ingredients both topically
and systemically, it has been shown that liposohaee the ability to adhere to both healthy
and inflamed colonic mucosa vitro (Tirosh et al., 2009 Jubehet al., 2004). Tiroshet al.
(2009) showed that negatively charged (anionic)odgmes preferentially attached
themselves to the inflamed mucosa of the rat catolow pH conditions characteristic of
those found during ulcerative colitis. The lower palues observed in inflammatory bowel
disease relate to the production of mucosal bicsateand lactate, bacterial fermentation of
carbohydrates and mucosal absorption of short dagyacids which could all influence the
pH of the colon. In comparison, at a neutral pHoneferential attachment of liposomes was
observed and therefore no improved rate of activgredient uptake (transferrin) was
identified. This indicates that the use of aniohmosomes would be preferential when
treating ulcerative colitis due to their increaseffinity to inflamed colonic mucosa.
Similarly, Jubehet al. (2004) reported a two-fold increase in anionposiomal adhesion to
inflamed colonic mucosa in comparison to that aftred or cationic liposomes. Interestingly,
a three-fold increase in adhesion for cationic dipones was observed compared to neutral
and anionic liposomes for healthy colonic mucosacwiwould indicate that they may be

suitable for the systemic delivery of proteins tigh adhesion to healthy colonic mucosa.

The interaction of liposomes with colonic mucosa el a number of researchers to explore
the possibility of treating both local and systendiseases through liposomal colonic
targeting. D’Argenioet al. (2006) considered liposomes as vehicles for dgfiwf carnitine

for the reversal of colitis. Kesisogloet al. (2005) used liposomes for encapsulating

5-aminosalicylate and 6-mercaptupurine againsainfhatory bowel disease. Although for
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colonic action, administration of the liposomesalhof these studies was either intraluminal

orinvitro to excised tissue; delivery via oral administratwas not explored.

One study that has explored the oral route for raoldiposomal drug delivery is that of
Xing et al. (2003). The study describes a multicomponent diaivery system which
comprised drug loaded liposomes within Eudragitedaalginate beads. The resultant
formulation was assesseuvitro using simple buffer solutions of pH 1.2, 6.8 and. After
two hours in pH 1.2 buffer very little release wslsown indicating that the coating
mechanism would survive the stomanlvivo. Upon exposure to the pH 6.8 phosphate buffer
for three hours considerable drug release was sh@pproximately 45%) which was
attributed to the dissolution of the Eudragit S16@ating to expose the gel beads
subsequently causing drug release. This would atelithat drug release would occur prior to
the ileum and therefore significant amounts ofabive ingredient would not reach the target
of the colon. In the final three hours in pH 7.4opphate buffer it was shown that drug
release up to approximately 90% could be obseridedpite the obvious protection of the
formulation through simulated stomach conditiong tformulation has a number of
drawbacks that could be improved upon. It is in@idathat drug release was controlled by
the alginate and not the liposomes therefore maiingclear as to whether the liposomes
could be subsequently released allowing them tcer@dlbo the colonic mucosa, a major
advantage of using liposomes as previously destriberthermore, then vitro drug release
trials showed considerable drug release whilstsmgple pH 6.8 phosphate buffer, indicating
that exposure t vivo conditions containing bile salts would cause ferttirug release and

therefore reduce the quantity of drug deliverethecolon.
1.7.5.2 Production of liposomes

As liposomes are produced by the spontaneous ati@nabetween phospholipids and water
(with agitation of some form — Lasic 1998), the émags when producing liposomes is
mainly on the ability to form vesicles of the righize and structure with the highest
entrapment efficiency (New, 1990). A wide varietf techniques has been adopted to
produce liposomes which include mechanical dispargechniques, dried-reconstituted
vesicles, and solvent dispersion techniques (ethether injection vesicles and reverse phase
evaporation vesicles). Most methods of producipgdomes can be said to involve three

stages, which include the drying down of lipidsnfrorganic solvents, dispersion of the lipids
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in agueous media and subsequent purification ofdkeltant liposomes. In this work it was
decided that a method based on that of Bangtiaah (1965) would be adopted throughout,
as the actual production of liposomes is not undeestigation, but the possibility of

producing a formulation suitable for colonic druglidery is. This method enabled direct
comparison with the numerous studies that havestigeted the coating of thin film

hydration vesicles (TakeucHi al., 2005; Guaet al., 2003; Kharet al., 2000).

Thin film hydration

The original method of producing liposomes wasldistaed by Bangharet al. (1965) and is

a simple thin film hydration method, also knowntlas ‘hand shaking’ method. The method
involves producing a lipid solution in an organichv&nt such as chloroform. The lipid
solution is then placed in a round bottomed flagkh a rotary evaporator being used to
remove the solvent and leave a lipid film deposiedthe sides of the flask. Any residual
solvent is then removed by drying the film undesteeam of nitrogen. The film is then
hydrated with an aqueous buffer that is above th@fTthe lipid mixture. The flask is then
agitated through hand shaking (sometimes glassstaadused) which displaces the thin film
from the walls of the flask causing the productainiposomes. The liposomal suspension
produced consists of a heterogeneous MLV suspengitbnliposomes over 1 um in size.
Subsequent processing (see below) can then be etsdpo produce a more homogenous
formulation with a specific size range (SUVs, LU&ts.).

Sonicated vesicles

To produce the homogenous SUV liposomal sample fitecessary to use a method which
imparts energy at a high level on the lipid suspengNew, 1990). Initially Huangt al.
(1969) produced SUVs with an approximate diamefe25onm by using probe sonication
whilst Johnsoret al. (1969) produced similar SUVs using a ultrasorathbfor a prolonged

period of time (1 — 1.5 hours).

Probe sonication can be used when suspensiongedggh energy in a small volume e.g.
high concentration of lipid or the use of a viscagsieous phase. As a consequence of this

process heat is given off and therefore it is dssethat the suspension is maintained at a
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constant temperature by the use of a cooling lmafirévent any lipid degradation. A further
issue that may arise through probe sonication espibssible contamination of the sample
through the degradation of the probe therefore endipg Ti particles within the sample.
Subsequent centrifugation or gel permeation chrography can be used to separate any

small MLVs remaining from the SUV population.

The ultrasonic bath method is more suitable fastdilipid concentrations of a higher volume
and as there is a lower energy input, there isespuEntly a lower risk of lipid degradation

due to heat. The risk of contaminants enteringstiiation is reduced as the formulation can
be maintained in a sealed container throughousdtmécation process. The main drawbacks
of the bath sonication method include the needpfotonged sonication time and the final

liposome size may not be homogenous and thus thayebe a requirement for centrifugation

(Barenholtzet al., 1977).

Membrane extrusion

The use of membrane filters to reduce the size ipdsbmes has been investigated
considerably with two main methods having evolvEae first method uses what is described
as a tortuous path membrane which consists of éaumf fibres criss-crossed over each
other, which leads to specific channels which lgoss are forced through. The channel or
pore size is controlled by the density of the fibbused in the membrane manufacture. The
drawback of this method is that larger liposomes bacome stuck within the membrane
channels and this therefore blocks the filter. Tinere widely used method is that of the
Nuclepore membrane which consists of uniform pahesugh a thin sheet of polymer. A
range of pore sized membranes can be obtainedingafm 1 um to 50 nm. Liposomes
which are much greater in size than the membratéd®ibroken down into smaller vesicles
when extruded through the membrane. The liposonieshvare only marginally larger than
the pore size will be able to change their confaiomaand squeeze though the pore, which
means despite a number of extrusions a small pgemf the liposomes will be larger than

the pore size itself.
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1.8. Objectives of current work

The overall objective of this work was to developl &valuate a (polymer-coated) liposomal
system that will potentially allow for site specifidrug delivery at the colon following oral
administration. The liposomal component will be eleped to encapsulate a model drug that
can be either encapsulated in the aqueous spadbe typid bilayer. It is hypothesised that the
development of a formulation containing materialishwoth a pH and enzyme triggered
response would increase the accuracy of the tagyaetnd subsequently reduce the problems
associated with inter and intra patient variahility

With the overall objective in mind, the specificre were to:

Introduce colonic drug delivery outlining the sgieciadvantages and challenges involved.
Investigate the characteristics of specific coatomdymers used in targeted colonic drug
delivery, comparing the difference between enzynee@H controlled mechanisms.

Produce a coated liposomal formulation for the paepof site specific drug delivery to the
colon. The direct coating of liposomes will be istrgated with the possibility of producing a

more robust system by encapsulating liposomes nvétsolid microsphere.

Assess each formulation using a number of stan@afthiques to characterise formulations

indicating any change in particle charge, sizemodphology.

Conduct drug release triala vitro simulating the stomach, small intestine and colon t
assess the formulation and its suitability for tlesired application of colonic drug delivery.
In vitro studies will include model bile salts and enzyntes produce an accurate

representation of the Gl tract.
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ABSTRACT

A number of different polymers are used in the putihn of site specific drug delivery
vesicles. The polymers used can be categorisech®yspecific triggers that cause their
solubilisation and/or degradation whether it be p¢$idence time or enzymatic action. The
two polymers used throughout this thesis have begnduced in this chapter. Eudragit
S100, a pH responsive polymer, and chitosan, aynemzriggered polysaccharide, have been
selected to produce a site-specific drug delivgstesn to target the colon and subsequently
release liposomes containing the active ingredientwledge of the two polymers has been
built up through a number of techniques includirgd germeation chromatography (GPC),
Fourier transform infrared spectroscopy (FTIR) awdnning electron microscopy (SEM).
GPC provided an insight into the specific molecwlaight of Eudragit S100 (122,500) and
chitosan (237,500) which are shown to have a cernsinle impact on the dissolution. FTIR
provided an insight into the ‘as received’ natufehe polymers which further enables the
prediction of the solubilisation mechanisms/speédds to the specific chemical structure.
SEM offered a visual guide to the polymers withreleterisation being essential to observe
any changes that may be observed during subsepreogssing. In depth discussions of the
specific solubility mechanisms for each polymer sreduded to give an insight into their

response throughout the Gl tract conditions.
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2.1.1. Introduction

In order to investigate the possibility of coatioigliposomes with polymers it is essential to
understand the polymer and subsequently the coatewhanism that may occur. The overall
aim of this chapter is to introduce the polymersb® used throughout this thesis and
subsequently provide an insight into their speqfigperties. A number of techniques will be
used including Fourier transform infra-red speaopy (FTIR) and gel permeation
chromatography (GPC) to identify the differenceshia polymers and therefore hypothesise
how they may coat liposomal surfaces. These tedesiqill indicate the specific properties
including the specific chemical bonds, moleculaighie and morphology of the polymer.
Furthermore, imaging techniques will be adoptedvisualise the polymers in their as
received state and therefore allow comparisonsetanbde when the liposome coating is

undertaken.
2.1.2. Introduction to polymer science

Polymers can simply be described as long chain ecuotde of high molecular weight

(Sperling, 1999). They are termed macromoleculeishware produced by covalent bonding
of repeat monomer units through a process calléghp@isation. Bonding along the chain is
strong but intramolecular forces only take placeulgh weaker forces of either van der

Waals or hydrogen bonds.

Polymers can adopt two morphologies; amorphouson-srystalline. The amorphous state
refers to a randomly entangled structure with negloange order. The glass transition
temperature (Tg) refers to a range of temperatwieseby the amorphous polymer changes
from a brittle solid to a viscous liquid upon heati Crystallisation within the polymer is

prevented due to either the irregular structurdue to rapid quenching of the sample which
prevents the formation of ordered crystalline dtites. Tg is not only dependent upon the
chemical structure of the polymer but is also iefloed by the cooling rate adopted through
the crystallisation temperature (Tc), therefore thermal history of a sample can have a

considerable effect upon its properties.

The semi-crystalline state of a polymer refers toighly ordered microstructure that alters
from a solid to a liquid at the melting point (TnMlany polymers are semi-crystalline and

have regions of both highly ordered chains and sanéntanglements therefore, altering in
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state over a range of temperatures. Semi-crystafislymers can be seen to form spherical
structures that are termed spherulites (Figure. 2tlhas been shown that the spherulite
consists of thin lamellae crystals that have groaaially, which are made of extensively
folded polymer chains. The lamellae regions areaspd by thin regions of amorphous
material. The initial process of crystallisatiortésmed nucleation, and can either involve the
attachment of polymer chains to a nucleating afegterogeneous nucleation), such as dust
or an inorganic material, or the chains become eggged within the melt (homogenous
nucleation). The spherulite grows by repeated Wmage which develops an intermediate

wheat sheaf structure, with even further branckiegting the spherical structure.

Region of high
crystallinity

oyt
\
q’f QA morshous
\ ﬁ'b

Figure 2.1.Schematic diagram of polymer spherulitevith chain folded lamellae (Callister, 2003)

2.2. Polymers for oral colonic drug delivery
2.2.1. Introduction to polymers for oral colonic dug delivery

A number of polymers have been explored for thdiegon of triggered oral colonic drug
delivery including pectin, alginate, chitosan, Eagit and cellulose acetate phthalate (CAP)
(Tiwari et al., 2010; Sinha and Kumria, 2003). As previouslycdssed, the main triggers for

polymer degradation and subsequent drug releakseutither the changes observed in the

46



Chapter 2 Material Characterisation

Gl tract (pH, enzyme, temperature) or relate tgpecsic transit time through the tract. A
number of studies have reviewed the advantagesadi enethod, with no single trigger
release mechanism consistently providing a suaglesdéase in all experiments (Yaagal.,
2002; Patekt al., 2008). It has therefore been considered thagger system utilising two
or more of the mechanisms would be more succeasfitl would reduce the influence that
patient variability may have upon the drug deliveygtem (Bajpagt al., 2008). This strategy
has been seen with the success of the COMESchnology which uses two different
polymers (pH and enzyme controlled) to provide dreigase in the colonic region. Due to
the significant variance that can be observedandit times through the Gl tract within both
the fed and fasted states it has been decidednimentrate on the specific triggers of pH and

enzyme change throughout this thesis.

To investigate oral colonic drug delivery it hasebedecided two polymers will be
investigated, one being pH dependant and one enzgmieolled. The pH triggered polymer
selected is that of Eudragit S100 which has beed usa number of studies for colonic drug
delivery and has also shown flexibility as it candmmbined with Eudragit L100 to adjust its
specific solubility profile (Kharet al., 1999a; 1999b). The enzyme triggered polymereto b
used is chitosan, which is emerging as very promgigor colonic drug delivery due to being
solubilised by enzymes only found within the col@ain and Jain, 2007). In depth
investigations into each of these polymers areiredquo further understand their properties
and solubility mechanisms. A number of studies hiagen undertaken to characterise the
polymers in their ‘as received’ state and therefmrgdd up an understanding of how they will
respond to the changing conditions both experintignta vitro but also what would be

observedn vivo.
2.2.2. Eudragit S100
2.2.2.1. Introduction

The most commonly used polymers for pH responsiug delivery are methacrylic acid and
methyl methacrylate ester copolymers which are statkunder the brand name of Eudragits
(Evonik, Germany). A range of pH responsive Eudsgre available (S100, L100, L30-
D55), with each one showing a different solubititgce (Figure 2.2). The Eudragit range of
polymers have been used in a number oral deliwstems due to the number of advantages

they possess, including:

47



Chapter 2

Material Characterisation

* Protectsactive ingredients sensitive to gastric f

Offers effective Gl tract and colon target

Provides increased drug effectiver

Good storage stability

Offers either pl or time dependent release profiles through sbéathion profile

Eudragit S10Qvas selected for this wc due to it being soluble above pH 7.0 and there

an ideal polymer for targeted drug reledo the distal small intestinand beyond, the

benefits of which were addressed in the previowsptr. A number of studies have u:
Eudragit S100 for colonic drug delivery (Khet al., 1999; 2000), each of which show

release mechanism suitable for protection of thevedngredint through the stomach a

small intestine with subsequent release occurtinigeailec-caecal junction and beyor

350
300
T
250
i
200
o | .E
-
= 150
|
100
50
0

EUDRAGIT® L
100/5 100 1:1

EUDRAGIT® L 100

EUDRAGIT® L 30 D-55

ﬁ; EUDRAGIT® S 100

.
4 i‘{p

[pH] —

Figure 2.2.Dissolution profiles of varying grades of Eudragitpolymers (evonik.com). It has been show
that different grades of Eudragits can be combinedio produce polymers with different solubility profiles

(Khan et al., 1999a; 1999b).
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2.2.2.2. Chemical structure

Observing the specific chemical structure of Eudr&J00 is important for a number of
reasons. The exact chemical structure of the Eiutdiatermines the solubility profile, more
specifically that of the side chains and theiraatig. Eudragit L100 (>pH 6) has the ratio of
1:1 of free carboxyl groups to ester groups whiatiragit S100 (>pH 7) has the ratio 1:2.
Furthermore, it may provide an insight into the gible interactions that could occur
throughout the Gl tract in relation to bile sakszymes etc. The specific chemical structure
of Eudragit S100 is shown in Figure 2.3.

Figure 2.3. Molecular structure of Eudragit S100.

2.2.2.3. Mechanism for coating with Eudragit S100prganic vs aqueous

It has been shown that the specific coating tealeigsed will alter the properties of Eudragit
S100 when investigateieh vitro (Ibekweet al., 2006a; Ibekweet al., 2006b; Bandat al.,
2006). Traditionally film coatings are achieved &gplying the polymer from a solution
usually using Eudragit S100 dissolved in organidvesds, but there are associated
environmental and health concerns. Film formatiemf organic polymer solutions results
from the evaporation of the solvent which causesnarease in polymer concentration and
subsequent inter-diffusion of the polymeric chaiRarther solvent evaporation leads to a
solvent free polymeric film being formed. Despitést there will always be certain quantities
of residual solvent within the system.

With this in mind a formulation suitable for prosewy as an aqueous dispersion was

developed which was prepared by the partial nasatadn of the methacrylic acid group of
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the polymer. Aqueous dispersions are created thrdbg dropwise addition of a dilute
ammonia solution to Eudragit S100 dispersed in matelst undergoing high speed stirring.
Film formation from aqueous polymer solutions ocaith the polymer particles coalescing
into a film that happens in conjunction with theaperation of water. The addition of
ammonia can be calculated to give a specific leveleutralisation and therefore predict the
resultant solubility profile. A number of studieseuthe addition of ammonia leading to
approximately 15% neutralisation of the methacrg@eid group and therefore altering the
solubility profile of the resultant film (Ibekwet al., 2006a and 2006b; Bandbal., 2006).
The neutralisation of the acid group reduces thie i side groups (from 2:1 towards 1:1),
therefore producing a polymer solution between tfat100 and S100, and subsequently

producing a film that is soluble between pH 6 and 7

The experimental results comparing the use of acgamiutions and agueous dispersions are
considerably different. As expected both formulasiqgoroduce a coating that provides an
effective gastro-resistant barrier, where the pMeis/ low and therefore neither the organic
or aqueous formulations show any sign of drug ssetbekweet al., (2006a) showed that in
five out of eight patients the organic coated tbkeached the ascending colon, with the
remaining three subjects showing signs of the tatikeying intact which was attributed to
low patient Gl tract pH. In comparison for aquearsated tablets seven out of eight
participants showed complete tablet disintegratmothe proximal to mid small intestine and
therefore indicated it would not be suitable foeoHcaecal drug delivery. Similarly,
Bandoet al., (2006) showed that two cast films, organic agdemus, had negligible weight
loss when exposed to 0.1 M HCI (simulated gastoodd@ions), but were considerably
different during the simulated small intestine atinds. It was shown that during a 4 hour
period in pH 6 PBS the aqueous film displayed apipmately 40% weight loss in
comparison to the negligible loss for the orgaiiim.flt was then shown that in pH 7 PBS
that 100% weight loss occurred after 2 hours fer @lqueous film whilst the organic took
over 4 hours to completely dissolve. This indicatest the use of aqueous dispersions for
coating, although favourable in terms of environtaknand health concerns would
considerably alter the solubility profile of thelpmer and subsequently make it unsuitable

for ileo-caecal drug delivery.
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2.2.2.4. Solubilisation mechanism of Eudragit S100

In order to understand the specific properties dfuay delivery formulation it is essential to

appreciate the solubility mechanism involved in 8ie specific release. In the case of
Eudragit, a pH responsive polymer, any alterationhie chemical structure will lead to an

alteration in solubility profile. The solubility nohanism for pH responsive polymers

revolves around the ionisation of the functionabugyr when a shift in pH occurs. The

ionisation leads to a large number of groups whk same charge, therefore causing
repulsion and subsequent expansion and solubdisaiihe difference in the pH at which

solubilisation occurs is due to the ester groupctvhs evident with the difference between
Eudragit L100 and S100. Eudragit L100 has a 1:baay to ester group ratio, while S100

has a 1:2 ratio in favour of the ester group amdetfore solubilisation occurs slower and at a
higher pH.

2.2.3. Chitosan
2.2.3.1. Introduction

Chitosan was selected as the enzyme triggered polym be used as it is a naturally
occurring polysaccharide, cost effective, and add in abundance. Chitosan is formed
through the alkaline deacetylation of the mucopmtgharaide chitin. The use of chitosan is
an attractive proposition as it is solubilised bg £nzymes present in the colonic microflora
and therefore presents a characteristic for coldnig delivery. Chitosan refers to a large
number of polymers which differ in their degree d#faceylation (40-98%) and molecular
weight (50,000-2,000,000 Da) which has been showat the molecular weight of the

chitosan influences the solubility, and therefdre telease profile considerably (Hejazi and
Amiji, 2003; Zhang and Neau, 2002). A chitosandgréermed by the manufacturers as low
molecular weight (Sigma Aldrich; product code: 4888 was used throughout, however the
specific molecular weight would be established tigio GPC. The manufacturer’'s data sheet
indicated that the supplied chitosan was 75-85%cyated which further influences the

solubility of the chitosan. It has been shown thagher levels of deaceylation lead to a
coating with in increased solubility in comparistim chitosan with a lower deaceylation

percentage (Filipo¢tGrei¢ et al., 2001).
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2.2.3.2. Chemical structureof chitosan and its derivatives

Chitosan is a hydrophilic, biocompatible and biadegble polymer that is derived frc
chitin, which is aderivative of glucose predonantly obtained from the shells of crab &
shrimp. To fully understand the structure of chatost is necessary to view the chemi
structure of chitin and therefore the changes tiwaur during the alkaline deaceylatl to

produce chitosan (Figure ). Chitin (GHi130sN) is a long chain polymer of -

acetylglucosamine with the repeat units being itteough a (1-4) glycosidic bond. It
comparison chitosan is composeof both Nacetylglucosamine (ylated) and D-
glucosamine (deatated) units joinecby B (1-4) glycosidic bonds. The process of alkal
deaceylation, which is normally completed in 40%dism hydroxide at 1z°C for 1-3 hours,

removes the acetgroups (CH-CO) leaving the amine groups (NH).

CH>,OH CH-OH
O O
OH O OH o\
b N
Q%rNH (%ﬁ/NH
. CHs CHs .
Chitin

OH OH OH

HO O l|lo O |o O
HO HO HO OH
NH, NH, NH,

Chitosan

Figure 2.4. Chemical struture of chitin and chitosan following the alkalinedeaceylation of chitin.
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2.2.3.3. Solubilisation of chitosan by the colonimicroflora

As discussed in the previous chapter the humarofioca is a complex system containing an
enormous variety of both aerobic and anaerobic ebactcreating a hugely complex
ecosystem. Polysaccharidases like glucosidaseglgoosidases are released by the colonic
microflora, which are responsible for the degramtatdf polysaccharides (Jaeb al, 2007).
These polysaccharidases are responsible for tlimmascission of the 1,4 glycosidic bonds
observed between the single monomer units in cnito&s the human microflora activity has
been shown to not be affected by diet, age andrgpb location it can be assumed that
patient variability would not influence the abilif the colonic region to digest chitosan.
Furthermore it has been shown that the anaeroluieti@ can react to changing mixtures of
carbohydrates entering the colon, by recognisingaaety of substrates the appropriate
digestive enzyme can then be produced to fermerghkcific bonds involved.

2.3. Materials
2.3.1. Polymers

Eudragit S100 was a gift from Evonik (Essen, Geyha@hitosan (low molecular weight —
34234) was purchased from Sigma Aldrich (Dorsegl&md). Polymers were used in their

‘as received’ state.

2.4. Apparatus and methodology
2.4.1. Gel Permeation Chromatography (GPC)
2.4.1.1. Introduction to GPC

GPC is a technique used to determine the molewdaght distribution of a polymer. GPC is
a form of size exclusion chromatography which iedmminately used for sizing polymers.
The technigue uses the size exclusion principle relhe a particle is defined by its
hydrodynamic radius and therefore may or may naaide to enter small pores in a bed of
cross-linked polymer particles (Sperling, 1999)e Technique uses a column packed with gel
(stationary phase) which has a specific pore gizmlvent is then passed through the column

(mobile phase) at a controlled speed. The sampleersinjected into the mobile phase where
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it begins to interact with the stationary phasegF¢ 2.5). Larger particles are unable to
interact with the pores of the gel and thereforesspghrough the column relatively

uninhibited, while the smaller particles diffuseand out of the pores via Brownian motion
and are therefore delayed. The molecular weighttitan be related to the specific retention

time of the polymer within the column.

All GPC was completed by Rapra Smithers Technologly (Shawbury, UK). Due to the
difference in samples, two different methods wewguired for the GPC of Eudragit S100 and
chitosan which are outlined in sections 2.3.1.1 28d1.2 respectively.

Figure 2.5. Diagrammatic representation of GPC
(http://whale.wheelock.edu/bwcontaminants/analysibtml).

2.4.1.2. GPC conditions for Eudragit S100

Eudragit S100 had been proven insoluble in chlormofor tetrahydrofuran and therefore
N,N’dimethylsulphoxide was adopted as the solvénsolution was prepared by adding 15
ml of the solvent to 30 mg of chitosan, heated3% with shaking for 4 hours. The solution
was left overnight to stabilize and then re-heate®5°C for 30 minutes before filtering

through a 1.0 um glass-fibre pad. The instrumeatdsr experimentation was the Polymer
Laboratories PL-GPC 120 with PL-AS-MT autosampl&he columns used were PL

PolarGel guard plus 2 x PolarGel-M, 30 cm, 8 pnilotv rate of 1.0 ml/min and temperature

of 95°C were adopted throughout the experimentation
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2.4.1.3. GPC conditions for chitosan

As chitosan is insoluble in solvents an aqueousdaspproach was adopted for GPC
analysis. A chitosan solution was created by addidgnl of 10% acetic acid to 20 mg of
chitosan and left overnight to stabilise. The solutvas then warmed to 40°C and held for
30 minutes before being vortex mixed and filteteetigh a 0.45 um PVdF membrane. GPC
was conducted using the Viscotek triple detectosmyalf DA301 with associated pump and
autosampler. The column used throughout was PLafjudg guard plus PLaquagel OH-
mixed, 30 cm, 8 um. The eluent used was 0.5 M NaN®1 M NaHPOQO, adjusted to pH
2.0. A flow rate of 1.0 ml/min and temperature @3 were selected. The detector used

observed refractive index with differential pressand light scattering.
2.4.2. Fourier Transform Infrared Spectroscopy (FTR)

FTIR is a branch of molecular vibrational spectapsc whereby infra-red light is used to
excite the covalent bonds into higher vibrationd anbsequently the bonds absorb the light
to a different extent. The specific wavelength &ich the light is absorbed relates to specific
bonds, and therefore is unique to that material @ad be used to determine its structure,
presence and quantification due to the specifiodiasce level.

Infra red spectra of as received polymer sample® wecorded using a Fourier transform
infra red (FT-IR) spectrometer (FT-IR-6300, JasBoeat Dunmow, UK) with an attenuated
total reflection (ATR) infrared optical unit (goldeyaté™, part number 10586, Specac Ltd.,
Orpington, UK) at a resolution of 2 émInitially a background scan was completed to
improve the signal-noise ratio. Each trace congiste200 scans. A small amount of dry
polymer was then placed onto the stage. Each erpatiwas conducted in triplicate, with

the mean of three independent trials being displaye

2.4.3. Scanning Electron Microscopy (SEM)

SEM was conducted on the as received polymer sampe determine the surface
morphology, homogeneity of the sample and indithéegeneral particle size. The samples
were mounted on a SEM stub and subsequently comtbdplatinum using an Emscope

SC500 sputter coater. The samples were coatedrfun@tes, depositing a layer of platinum
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equivalent to 150 Angstrom. Images were taken usiihillips XL-30 FEG ESEM under

vacuum conditions.

2.5. Results and Discussion
2.5.1. Eudragit S100 characterisation
2.5.1.1. GPC analysis of Eudragit S100

GPC analysis of Eudragit S100 indicates a moleautaght (M,) in the region of 122,000 —
123,000 (Table 2.1), which is very similar to tlb&tl25,000 published by the manufacturer.
The M, is obtained by dividing the chains into a seriéssiae ranges and subsequently
determining the weight fraction in each range (8t&t, 2003). The corresponding number
average molecular weight which is based on the murraction within each size range (M
was shown to be between 72,400-75,000. The widgerabserved for Mis representative
of the theory that polymers with relatively low rmaollar mass are more sensitive tq M
while Mw is more sensitive when observing high noalar mass polymers. The
polydispersity (PDI) of the sample is calculateddbyiding the M, by the M, to give a value
representative of individual molecular masses invide ranging sample. The PDI for
Eudragit S100 was recorded as between 1.6-1.7,avitalue being closer to 1 indicating a
uniform polymer chain length throughout the samplee consistency of the results is further
emphasised by the graph showing a normal distobutor both trials (Figure 2.6) which

overlap each other very closely.

Table 2.1. Table showing the GPC results for twmasate trials of Eudragit S100 indicating
the range in M, M, and polydispersity.

Sample My Mn Polydispersity
Eudragit S100 (A) 122,000 72,400 1.7
Eudragit S100 (B) 123,000 75,000 1.6
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MOLECULAR WEIGHT DISTRIBUTIONS
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Figure 2.6. Molecular weight distribution for as received Eudragit S100 showing two separate trials
overlapping each other determined through GPC.

2.5.1.3. FTIR analysis of Eudragit S100

The FTIR trace provided by the manufacturer is show Figure 2.7. The main peaks
identified in the analysis shows the characteristands of the C=O vibrations of the
carboxylic acid groups at 1705 ¢mand of the esterified carboxyl groups at 1738cm
Further ester vibrations were identified at 1156 tm", 1190-1195 cm and 1250-1275
cm™.
The FTIR analysis of as received Eudragit S10Geswvs in Figure 2.8. The main peaks have
been identified with their corresponding bonds besntlined in the table accompanying the
spectra. The main bonds associated with Eudra@0 @hd visible on the FTIR trace are the
C=0 vibrations of the carboxylic acid groups at3%@i* and the esterified carboxyl groups
at 1726 crit. Further ester vibrations can be observed at 11539 and 1249 ch with CH,
vibrations visible at 1480, 1451 and 1389 trihen compared with the trace published by
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the manufacturer the main peaks are the same, omith the level of transmittance being
different, which is due to the quantities of Eudr&jL00 used in the testing method and the
specific testing parameters used in each trial. F#R trace will prove useful in future
experiments to indicate any change in chemicatsira. The technique will prove beneficial
to ensure that the polymer does not change durbotg Bormulation and experimental

conditions and therefore its desired propertiesvamtained.
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Figure 2.7. Manufacturers FTIR trace of Eudragit S100. Dry films of 15 um thickness were produced by
placing a few drops of the test solution on a cryat disc (KBr, NaCl) and then dried under vacuum
conditions at approximately 70°C.
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Figure 2.8. FTIR trace for as received Eudragit S10showing the main bonds associated with the polymeatructure. The attached table shows the exact waaigth

of the peak and the corresponding bond it represest
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2.5.1.4. SEM analysis of Eudragit S100

The SEM images for as received Eudragit S100 avenshn Figure 2.9. From the images it
can be seen that the polymer is spherical in skathen in the size range 10-20 um. The
surface of the polymer appears to be relatively atimowith very few inclusions or
abnormalities. The SEM images are important tor&uiavestigations as they will indicate
whether the Eudragit S100 is present in its origioam that has precipitated out of solution
or whether a film has been formed through the augon of the Eudragit solution and the
liposomes. It has been shown in a number of stutiesthe use of chitosan produces a thin
coating layer on liposomes (Madyal., 2009; Layest al., 2008; Wei and Lu, 2003), but as
yet the direct coating of liposomes has not beenpteted using a Eudragit S100 solution.
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Figure 2.9. SEM images showing the uniform spheri¢anature of as received Eudragit S100.

2.5.2. Chitosan characterisation
2.5.2.1. GPC analysis of chitosan

A number of studies have shown that the specifidemuwar weight of chitosan has a
profound effect upon the dissolution profile (LozeALamoseaet al., 1998). Theoretically it is
known that an increase in Mwould lead to an increase in polymer viscositysiignand
therefore a significant slowing in drug releaseetsnwould be anticipated. It is therefore
essential that the molecular weight of the chitobaing used is known to subsequently
predict thein vivo response. From the resultant GPC data shown ideTal2 and
corresponding distribution (Figure 2.10) it can d¢een that the M of the chitosan was

237,000-238,000 with very little range in,Mnd polydispersity being observed, which is
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indicated by the closely overlapping distributioRsevious studies have shown the use of
chitosan with a M in the region of 250,000 were suitably solubilisslen exposed to
colonic microflora. In contrast to this chitosarttwan increased Min the region of 400,000
showed very little solubilisation in the same cdiois. Not only is the molecular weight
important to know forin vivo predictions but it has also been shown that dunmugitro
analysis the molecular weight is an important fagtben producing simulated colonic fluid

to ensure chitosan solubilisation will occur.

Further advantages of knowing the specifig bf the chitosan used relates to the surface
interactions between the polymer and liposomebka#t been observed that chitosan grades
with lower M, have shown a more uniform adsorption when coatiipgsomes
(Henrikseret al., 1997), which in turn reduces the probability ioteraction between
different particles and subsequently reduces agglation. Knowledge of the exact M
would therefore allow predictions to be made of phecesses involved during the coating of
liposomes with chitosan with a lower Mchitosan having shorter chains and therefore
produce a charge reversal of particles, whilstrgelaM, would lead to bridging effects
dominating the process (Henriksetral., 1994).

Table 2.2. Table showing the GPC results for twoasate trials of chitosan indicating the
range of M,, M, and polydispersity

Sample My Mpn Polydispersity
Chitosan (A) 238,000 50,300 4.7
Chitosan (B) 237,000 50,200 4.6
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Figure 2.10 — Molecular weight distribution for asreceived chitosan showing two separate trials

overlapping each other determined through GPC.

2.5.2.3. FTIR analysis of chitosan

The FTIR analysis of as received chitosan is shiowiigure 2.11. The main peaks have been

identified with their corresponding bonds beinglioed in the table accompanying the

spectra. The main bonds associated with chitosabl@ion the FTIR spectra are the NH
bending at 1648 cth 1585 cni, 896 cm' and 641 cril. CH, bending is visible at 1375 ¢h
and O-C stretching vibrations of the carboxylicdagioup can be seen at 1149059
cm® and 1024 cm.
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Figure 2.11. FTIR trace for as received chitosan. ffe attached table shows the exact wavelength of theak and the corresponding bond it represent
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2.5.2.4. SEM analysis of chitosan

The SEM imaging of as received chitosan particlesshown in Figure 2.12. It can be seen
that the chitosan particles vary in both size ahdps, showing a number of plate-like

particles.

} WA el VAt 1
AccY SpotMagn Det WD —————— 200m AccV  Spot Magn
SE 133 ; 18.0kV 6.3 548 SE 1386
\ . o . e L e 7T

Figure 2.12. SEM images showing as received chiteswith irregular particle size and shape throughout
the sample.

2.6. Conclusions

The current chapter provides an introduction tdlibe polymers being used throughout this
thesis (Table 2.3). The chemical structures, playsicoperties and solubility mechanisms
have been discussed. Through GPC the specific olaleaveights of Eudragit S100
(122,500) and chitosan (237,500) were experimgntitrived. The use of FTIR built up a
picture of each of the polymers specific charastes including identifying the specific
bonds within the chemical structure which lead heirt solubilisation through different
triggers. SEM showed a smooth spherical structorBudragit S100 whilst in comparison
chitosan showed an irregular shape with both abalities and inclusions throughout the

sample.

64



Chapter 2 Materials characterisation

Table 2.3. Summary table displaying propertieswudriagit S100 and chitosan.

Polymer Molecular Chemical Structure SEM image
weight

Eudragit
S100 122,500
Chitosan 237,500

Beyond the characterisation of the polymers, thecifip solubilisation mechanisms have
been outlined with the specific triggers and subset|bond cleavage being identified. This
chapter acts as an introduction to the polymersluad in this thesis and subsequently
provides a framework to analyse any future resialtsformulations produced using either
Eudragit S100 or chitosan.
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3.0 Exploring direct coating of liposomes with Eudagit
S100

ABSTRACT

Liposomes have been coated with the pH responsolgmer Eudragit S100, and the
formulation’s potential for lower Gl tract targegirfollowing oral administration has been
assessed. Cationic liposomes were coated withrilomia polymer through simple mixing.
The evolution of a polymer coat was studied usiatp zotential measurements and laser
diffraction size analysis. Further evidence of aso&iation between polymer and liposome
was obtained using light and cryo electron micrpgcorhe results show an association
between the liposome and polymer through a sigmtichange in zeta potential, increased
size and visual indication of a coating layer. Dralpase studies were carried out at pH 1.4,
pH 6.3 and pH 7.8, representing the pH conditiohghe stomach, small intestine and

ileocaecal junction, respectively.

The polymer significantly reduced liposomal drug¢ease at pH 1.4 and pH 6.3 but drug
release was equivalent to the uncoated controlHa78, indicating that the formulation
displayed appropriate pH responsive release clarstots. Further drug release trials were
conducted whereby the simulated small intestineditimm included the model bile salt
sodium taurocholate. Whilst the coating layer was$ able to withstand the additional
challenge of bile salts, this reinforces the imaonce of evaluating these types of
formulations in more complex media. It is thoughe tinteraction between liposomes and
Eudragit S100 may follow a non-linear adsorptiogimee and therefore a solid coat is

improbable.




3.1. Introduction

A number of studies have shown that the directiogaif liposomes with chitosan is possible
through electrostatic interactions (Henrikgtal., 1994 and 1997; Perugidial., 2000; Guo

et al., 2003; Madyet al., 2009). The strategy involves the simple mixirighe liposomal
formulation with a chitosan solution usually dissl in acetic acid. It has been decided that
a direct coating method through stirring of a lipo® solution with a polymer solution would
be simplest and therefore the first investigatiwat will be carried out. As chitosan is soluble
in the acidic environment in the stomach it wasidit that attempting to directly coat
liposomes with the pH responsive polymer Eudradg®®would provide the simplest and

most effective formulation at targeting the ileecal junction for drug delivery.

The main aim of the studies described in this draptas to investigate whether liposomes
could be directly coated with Eudragit to produc®m@mulation that specifically targets the
colon. It was hypothesised that cationic liposormasld be coated through mixing with the
anionic polymer Eudragit through electrostatic attions which has been observed in a
variety of other polymers. It was hypothesised theultant formulation would be pH
responsive and subsequently begin release ingbecdecal junction for drug release to occur
in the colon. Characterisation of the coating medra involved was undertaken through a
variety of methods including imaging, zeta potdraiad size distribution. The suitability of
the formulation was assessed by simulating theitond representative of the Gl tract. Once
the liposomal coating has been confirmed the foatmuh was then assessediitro in buffer

systems representative of those experiemnteo/o.

3.2. Materials
3.2.1. Phospholipids and cholesterol

Liposomal membrane components included egg phasptctoline (EPC) (a gift from

Lipoid, Ludwigshafen, Germany, minimum 98% puritgholesterol (CH) (Sigma Aldrich,
Dorset, UK, and stearylamine (SA) (Sigma Aldricl®A was incorporated to give the
liposomes a positive charge, facilitating electatistinteraction with the anionic polymer.
EPC and CH were stored at -20°C and SA at room éesyre in accordance with the

manufacturer’s guidelines.
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3.2.2. Model drug

Vitamin By (Sigma Aldrich) was chosen as a model drug dug¢stbigh solubility in all of
the release media used (thus ensuring sink condittmuld be readily maintained during
release studies). VitaminBwas stored at 4°C in accordance with the manufactu

guidelines.
3.2.3. Buffers for simulating Gl tract conditions

For the drug release studies 0.1 M hydrochloric eiCl), Hanks’ balanced salt solution
(99.015 mol% water, 0.95% Hanks’ balanced salt@fA85% sodium bicarbonate adjusted to
pH 6.3 using 0.1 M HCI) and phosphate bufferednsaliPBS, increased to pH 7.8 using
tribasic sodium phosphate) were used to simulaepth conditions of the stomach (Sinha
and Kumaria, 2003 and Ibekwat al., 2006a), small intestine (Ibekwet al., 2006a) and
ileocaecal junction (Khaet al., 1999), respectively. All components for the rekeanedia

were purchased from Sigma Aldrich (Dorset, UK).
3.2.4. Other chemicals and reagents

All other chemicals and solvents used were of atyéinal grade and used as received.

3.3. Apparatus and methodology
3.3.1 Production of cationic liposomes

Liposomes were prepared using EPC and CH in themratio 1:1. Initially, a number of
molar ratios of SA were investigated (0, 5, 10, 4bd 20%) to determine the minimum
amount required to produce a consistently catidipgsomal formulation. The results of
subsequent zeta potential analysis (section 3iddlgated that the use of 5 mol% would be
most suitable for the application. The conventiahat film hydration method (Banghaet
al., 1965) was used to produce multilamellar vesif@kVs) for the study. The lipids were
dissolved in 5 ml chloroform in a 50 ml round bottdlask. The chloroform was then
removed using a rotary evaporator (Rotavapor-Butdd\ving a thin lipid film on the side of
the flask which was then dried under nitrogen fdraRirs to remove any trace chloroform.
The film was then hydrated with an aqueous solutiomtaining 10 mg/ml of vitamin B in
PBS (pH 7.4). During hydration the flask was agiiaby vortex mixing. Excess drug was
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removed by centrifugation using a Sigma 3K30 c&rgg maintained at 4°C to prevent the
sample heating up. Centrifugation was carried @u26000 rpm (63,0009g) using a 12111
angled rotor with the capacity of 10 x 10 ml tubBse liposomes were centrifuged at 26,000
rom (relative centrifugal force (rcf) 63,000) anchskhed three times by removing the
supernatant and replacing with fresh PBS (Figutg Jhe final pellet was then re-suspended
in 10 ml of PBS.

Figure 3.1. Vitamin B,, loaded liposomes before and after centrifugationrad washing.
3.3.2. Production of Eudragit S100 coated liposomes

To prepare the coated liposomes equal volumes pafséimal suspension and agueous
solution of Eudragit S100 of various concentrati®125, 0.025, 0.05 and 0.1% w/v in pH

7.4 PBS) were combined and hand-shaken for 2 nsnute
3.3.3. Liposomal characterisation techniques
3.3.3.1. Zeta potential

Zeta potential measurements can be used to detethenstability of a colloidal system. The

measurements indicate the overall surface charge garticle and therefore provide
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information as to whether the system may remaiblstar consequently undergo aggregation
or flocculation. Particles with a zeta potentialrmpositive than + 30 mV, or more negative
than -30 mV are considered stable as they will Irelaeh other. The zeta potential of a
colloidal system can be affected by a number dabfadncluding pH and conductivity.

Electrophoresis refers to the movement of a chamgaticle relative to the liquid it is

suspended in under the influence of an appliedraddeeld, and can be used to calculate the
zeta potential of a system. It is possible to mezasie electrophoretic mobility by using a
zeta potential instrument. The relationship betwesta potential and electrophoretic

mobility is shown through the Henry equation:

__ 2&ez.f(Ka)

U
E 3n

(1)
Where U = electrophoretic mobility; = dielectric constant, z = zeta potential, f(Ka) =

Henry’s function and = viscosity.

The instrument used to calculate zeta potentialsones the electrophoretic mobility by
applying an electric field across a capillary c@larticles then move towards the electrode
with their velocity being measured and expressednin field strength as their mobility. A
laser source is used to illuminate the particlegshia sample, with scattered light being
detected after it has passed through the sampkenidvement of particles in the cell, when
the potential is applied, will cause a fluctuation light intensity which can then be
interpreted by a digital signal processor and syisetly fed to a computer.

Initially zeta potential was used to characterise amount of SA required to produce a
liposomal formulation which has a plateau in zedteptial and therefore suitably cationic for
coating with the anionic polymer Eudragit S100.sTalso allowed for the minimum amount
of SA to be ascertained and therefore reduce tlreuathof excess used within the liposomal
system. This would be essential for the formulatioe to the knowledge that SA has certain

levels of toxicity when used in high quantitiesvivo (Campbell 1983; Seniat al., 1991).

Changes in dispersion zeta potential as a funadbftudragit S100 concentration were
determined through electrophoretic mobility measeaets (Zetamaster, Malvern

70



Chapter 3 Eudragit S100 coated liposomes

Instruments, UK) at pH conditions in which the pabr was insoluble. Briefly, 500 ul of the
liposome/polymer suspensions (from section 3.3vere diluted with 20 ml of distilled water
(pH<7) before introducing to the electrophoresi. d&n measurements were taken at 25°C
on three independent samples of each preparatioa.célibration of the instrument was
periodically confirmed using a zeta master trans$éandard (Malvern Instruments -
DTS1230) that had a charge of -68 mV £ 6.8 mV 8C25

3.3.3.2. Light Microscopy

Light microscopy was conducted using an Olympus BX&ht microscope interfaced with a
Leica Q500IW computer, with images taken using Rphase plate) under the phase contrast
setting. A small drop of liposome sample was plaoaeda pre-cleaned microscope slide

before covering with a cover slip. Images were a&e1000x magnification.
3.3.3.3. Cryo-scanning electron microscopy (cryo-3&)

Drops of liposomal samples were dispersed into samplls. The sample holder was then
guenched in liquid nitrogen under vacuum conditioRsacturing of the samples was
conducted within the preparation chamber through uke of a fine blade. Samples were
fractured using a Polaron Polar Preparation 20G&lad to a Phillips XL 30 Environmental
Scanning Electron Microscope (ESEM). The sample® een sputter coated with gold for
2 minutes to increase conductivity and transfeméal the SEM chamber. Images were taken
at a maximum voltage of 3.0 kV to reduce tempeegafluctuations associated with higher
voltages, with the instrument maintained at -180%Ghe periodic addition of liquid nitrogen

to the cooling chamber.
3.3.3.4. Laser diffraction particle sizing

Vesicle size and size distribution, as a functidnEodragit S100 concentration, were
measured using wet laser diffraction particle gjziMastersizer 2000 connected to a Hydro
SM small volume sample dispersion unit, Malverntrin®ents, UK). The instrument has a
guoted measurement range of 0.02 — 2000 um aneéfdinerenabled the full range of
particles to be analysed produced in this studyasdeements are taken when a helium-neon
laser passes through a flow cell based within amal Particles within the flow cell scatter

the light at an angle which is inversely proporéibmo their size. Detectors are used to

71



Chapter 3 Eudragit S100 coated liposomes

measure light and subsequently calculate the panising the Mie scattering model. The
Mie model takes into account both diffraction ariffudion of the light around the particle in

its medium. Measurements were carried out in pHHERBKS’ and pH 7.4 PBS where the
polymer is insoluble and soluble respectively. Bhirelependent formulations were produced

and subsequently measured five times with a meke Yar each trial given.
3.3.4 Drug release studies
3.3.4.1. UV spectral analysis and calibration cunseof vitamin By,

Initially, a UV spectra was completed to determansuitable wavelength which Vitamin B
has a suitable absorbance to analyse drug releadia fior B, content (Figure 3.2). All UV
spectra were completed on a Jasco V-530 UV/Vistematotometer. A small amount of
vitamin B, was dissolved in water with the spectra beingriakethe range 250-500 nm, at
5 nm/second.
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Figure 3.2. UV spectra of Vitamin B dissolved in water.

Calibration curves were then constructed for vitami, dissolved in each of the buffers to
be used during the release trials (thus allowingctmcentrations to be calculated from the
specific absorbance measured during the relead® #or each calibration curve a solution
of 1 mg/ml of vitamin B, was made up in the required buffer, and then ialsdifution was
completed to a point where the absorbance levedrbemegligible. All measurements were
completed in triplicate on independent samplel@imax = 361 nm.
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Figure 3.2. Calibration curves for vitamin By, dissolved in (A) 0.1M HCI, (B) Hanks’ solution, (§ PBS

and (D) ethanol at 361 nm.
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3.3.4.2. Quantification of encapsulated vitamin B

The amount of drug present within the liposomal @anprior to coating was quantified by
lysing the liposomes in ethanol and therefore stepthe entrapped drug. Briefly, 0.1ml of
liposome sample was added to 0.9ml ethanol aneéxartixed to ensure all the liposomes
had been destroyed. The solution was then analgpedtrophotometrically with the

concentration being calculated by referring to ¢akbration curve in ethanol (Figure 3.2 D)

and accounting for any dilutions.
3.3.4.3. Drug release studies in pH conditions repsentative of the Gl tract

Drug release studies with uncoated and coateddipes (liposomes + polymer will be
referred to as coated liposomes throughout) wendwcted in each of the different pH media
described in section 3.2.3. For each release arpati 1 ml of liposomal suspension was
added to 40 ml of preheated (37°C) release medinth well-agitated (100rpm) in an
incubator maintained at 37°C. Sink conditions wagntained throughout each experiment,
ensuring the maximum released concentration washes 10% of the saturated solubility of
vitamin B, in accordance with the British Pharmacopoeia (BMiquots of 1ml were
removed at 0, 0.5, 1, 2, 4, 6, 10, 20, 30, 45, M) B0 hours and centrifuged to precipitate
the liposomes. 1 ml of pre-heated fresh buffer wgdaced to maintain sink conditions
throughout. The concentration of released vitamjn iB the supernatant was determined
using UV spectrophotometry against a standard cuobgained atA=361 nm. All
measurements were taken against reference sanfplles appropriate dissolution medium.
For each formulation, the initial amount of drugg(trug/ mg phospholipid) prior to release
was determined by lysing the liposomes with ethaarodl measuring the resulting drug
concentration using UV spectroscopy, allowing dreigase to be reported as a percentage of
the total encapsulated.

For all drug release studies throughout this thsttistical methods have been adopted to
ascertain whether there is any difference betwkeersamples. The Mann-Whitney U test was
adopted as it is a non-parametric statistical Hyp&is test for assessing whether one of two
independent observations is significantly differémtthe other. The Mann-Whitney U test

adopts a ranking system which attributes a scoeatth data point between two samples. The

sum of these scores is then used to calculate allut for both sets of data. The lower U
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value is then used and compared to critical vafum® a set of values found in specific
tables. If the U value is lower than that of thieulated value for that level of significance it

can be deemed that there is a statistical differd@tween the two samples.
3.3.4.4. Drug release studies with the addition ¢fie model bile salt sodium taurocholate

Further drug release trials with uncoated and cbdf@somes were completed in the
presence of bile salts at a concentration reprageatof that found in the small intestine
(10 mM sodium taurocholate in pH 6.3 Hanks’ solat{dwanagaet al., 1997)). These trials
aimed to test the liposomal formulations beyondrtfesponse to pH alone. Over a period of
4 hours (the upper estimation of small intestirmngit time (Rouget al., 1996; Wilding,
2001; Daviset al., 1986) samples were removed and analysed spbotapetrically at

A=361nm against a reference sample of the releadeime

3.3.4.5. Investigation into bile salt interaction lirough size distribution and FTIR

analysis

The inclusion of a model bile salt to simulate to@ditions experienced in the small intestine
offers a significant challenge to liposomal forntidas. The presence of a bile salt may
influence both the drug release but also may haweesbearing on the chemistry of the
coating polymer, Eudragit S100. Infra red specfragueous pastes containing polymer, bile
salt and their mixture were recorded using a Fourasform infra red (FT-IR) spectrometer
(FT-IR-6300, Jasco, Great Dunmow, UK) with an ateged total reflection (ATR) infrared
optical unit (golden gaf¥, part number 10586, Specac Ltd., Orpington, UK a¢solution

of 2 cm. Eudragit S100 powder (as received from the mantufar) was dispersed in either
Hanks’ solution or Hanks’ solution + sodium taurolgte and analysed using wet laser
diffraction particle sizing over 2 hours. All matdrconcentrations were equivalent to those
of the drug release studies.

The purpose of this analysis was to test for tlesgmce of any chemical interaction between
the paste components. Any interactions betweektitgagit and the bile salt would result in
a shift in the peak positions (e.g. ester vibratiem 1150 cm and 1250 cm, and C=0
vibrations of the carboxylic acid groups at 1705¢massociated with the functional groups

involved in the interaction.
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3.4. Results and Discussion

3.4.1. Investigation into stearylamine concentratios required for cationic liposomal

formulation

The level of SA (5 mol%) was chosen after an ihg@eening study showed that it increased
the zeta potential of liposomes at pH 7.4 from A2 (without SA) to +63 mV (Table 3.1).
Higher levels of SA were not found to significanthcrease zeta potential, and therefore it
was decided to use a 5 mol% throughout. It was ratpe to obtain a balance between
producing a stable cationic liposomal formulatianr{imum 30 mV) but also to maintain the
SA levels at their lowest point required due tor@gorted toxicity. The toxicity of SA (L§3
2395 mg/kg in rats) is so low that for the purpostthe current formulation the levels are
negligible. If the levels of SA were to become asue then it may be resolved through the
use of a synthetic cationic lipid for example DOTAPOPE and therefore eradicating the
need for SA. The use of these lipids would howeter the methodology required due to the

higher transitional temperatures seen in synthigiits.

Table 3.1. Table showing the change in zeta patiewhien increasing the concentration of

stearylamine in the liposomal formulation.

SA Concentration Zeta Potential
(mol %) (mV)

0 -12.3+10.7
5 63+ 3.6
10 63 +6.3
20 64 +4.7
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3.4.2. Investigation into the evolution of the Eudagit S100 coating
3.4.2.1. Zeta potential analysis to determine ther@sence of a Eudragit S100 coat

Zeta potential measurements were used to moniogvblution of the coat. This strategy has
previously been used in the development of polyooated cationic and anionic liposomal
formulations, where the point at which the zetaepbtal plateaus is taken to indicate
saturation of the vesicle surface with polymer (Gaial., 2003; Takeuchgt al., 2005).
Guoet al. (2003) observed the evolution of a chitosan ogabn liposomes of differing
purity (Epikuron 170 and 200) through zeta poténtiaalysis. Both samples showed a
marked increase in zeta potential, with the ligidogvest purity showing the greatest change
in zeta potential due to the electrostatic inteo@st dominating as opposed to the high purity
lipid where hydrophobic interactions dominate. $amty, Takeuchiet al. (2005) observed an
increase in zeta potential with the increasing eatration of chitosan in the presence of
DSPC liposomes to a certain concentration wherez¢ite stabilised and a complete coating
had evolved. Figure 3.3 shows the vesicle zetanpateas a function of polymer
concentration, where the polymer concentration shiswthat of the original solution that was
mixed with the liposomes. As no further decreasedta potential was seen by increasing
the polymer concentration beyond 0.05% this wasraed to be the concentration necessary

to cover the surface of the liposomes and wasised in all further studies.
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Figure 3.3. Change in zeta potential with the incrased concentration of Eudragit S100 in water. Error

bars represent the mean + the standard deviation dhree independent trials.
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3.4.2.2. Laser diffraction particle sizing to invesgate presence of Eudragit S100 coat

Size distribution analysis was completed at twovattues; one at which the Eudragit S100
was insoluble (pH 6.3) and one at which the polymers soluble (pH 7.4). It was
hypothesised that the coating layer should onlplerved at a pH lower than 7 due to the
solubility profile of Eudragit S100. Size distrilban in pH 7.4 PBS, where the Eudragit S100
is soluble, showed no change with the inclusiorEoéiragit S100 (Figure 3.4A). The size
distribution profile observed for uncoated lipos@mnebimodal and therefore expected due to
the heterogeneous nature of a MLV formulation. ther size distribution completed in pH
6.3 Hanks’ solution, where the polymer is insolyblecreased vesicle size (Figure 3.4B)
correlated with a higher concentration of polymEhis increase continued until 0.05% at

which point there was a plateau, similar to thanser the zeta potential results.
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Figure 3.4. Laser diffraction particle sizing distibutions for Eudragit S100 coated liposomes in pH.4
PBS (A) and pH 6.3 Hanks’ solution (B).
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3.4.2.3. Imaging techniques to observe Eudragit SA@oat

Evidence of an association between the polymerlgodomes was also seen using light
microscopy. Figure 3.5A shows the uncoated liposoatepH 6.3. Typically for MLVs, the

size of the vesicles was originally around 5 - 1. On addition of polymer to a system at
pH 7.8 no increase in size was observed (Figur8)3.6onsistent with the fact that the
polymer was in solution at these conditions. At @3 the polymer was seen to precipitate
around the vesicles forming larger agglomerategufiei 3.5D). A control experiment (Figure
3.6) in which liposomes were excluded showed thalyrper ‘particles’ resulting from

precipitation at pH 6.3 were considerably smalégapfoximately 500 nm) than the liposomes

used in this study. In this way, the agglomeratEnsn Figure 3.5C were assumed to be

liposomes + polymer and not precipitated polymenal

(©) ' | (D)

Figure 3.5. Light microscope images of (A) uncoatednd (B) Eudragit S100 coated liposomes in pH 7.4
PBS. Further light microscope images of (C) uncoateand (D) Eudragit S100 coated liposomes in pH 6.3
Hanks’ solution.
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Figure 3.6. Light microscope image of control expément showing precipitated Eudragit S100 at pH 6.3
not in the presence of liposomes.

Cryo-SEM imaging was used to image the liposomahtdations in their ‘natural’ state as
opposed to lyophilisation and rehydration, whichs Haeen shown to alter liposome
characteristics (particle size, drug retention) mvharoduced without a cryoprotectant
(Glavas-Dodovet al., 2005). Throughout all experiments, liposomalnfalations were
investigated whilst still in a wet dispersion, hayiundertaken no form of drying. This further
indicates the importance of cryo-SEM as imaging lbarcompleted using liposomes in the
same state that all other experiments have beepletsd.

In Figure 3.7 typical images of uncoated liposorfiem cryo-SEM are shown. The images
clearly show the lamellae with each bilayer beimgible. The central aqueous core can also
be identified and has been labelled accordinglye Ténge in size of MLVs can also be
observed, as a number of smaller vesicles, whichbma seen around the larger fractured

liposomes.
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Figure 3.7. Cryo-SEM images of uncoated liposome The aqueous core and lipid bilayers are labelle
showing the internal structure ofuncoated MLVs.

Cryo-SEM images were taken of EudraS100 coated liposomes in conditions where
polymer was insoluble (Figure i) and where the polymer as soluble (Figure 3.9
Figure 3.8displays images taken with the Eudragit S100 codifsmbomes uspended in
pH 6.3 Hanks’ bufferlt can be seen tF a polymer crust forms around the liposomes, w
was not observed in the unted samples (Figure 3.7Jhe coating on the surface of t
liposomes is spherical in nature, which would iatkc an agglomeration of precipitai
Eudragit S100. The structuoé the coat adopts the appearance of Eudragit 8@ natural
state (Figure 2.9), indicating the possibility tladdragit S100 shows no change in fc
through the coating proceskhis indicates that when the polymer precipitatesh® surfac
of the liposomes very little morphological change carsben, which would indicate tha
single coating layer may not habeenachieved as with other coating techniquGuoet al.,

2003; Davidseret al., 200). The images indicate more of an agglomeratif Eudragit
S100 on the surface of thiposomes as opposed to the previously hypothessede layel
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coating. This agglomeration occurs due to the \dstidtic interactions between the polyr
and liposomes, but the actual form of Eudragit Sif@ficates no significant polyme
bridging has occurred, which would be seen whentimgdiposomes with chitosi; for
example Henriksert al., 1994, 1997 The images showing coateddgomes in pH 7.8 PB
(Figure 3.9 where the polymer is soluble display no visiblgglameration around tt
liposomes, but merely show similar characteristewghe uncoateformulations shown i
Figure 3.7.
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Figure 3.8. Cryo-SEM images of EudragitS100 coated liposomes dispersed at pH at which the
polymer is insoluble.A Eudragit S100 ‘crust’ is shown to be present arond the liposome.
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Figure 3.9. Cryo-SEM images of Eudragit S100 coatdiposomes at pH 7.4 at which the polymer is
soluble. The liposome structure can be seen withothie presence of a polymer ‘crust’ similar to thatseem
for the uncoated liposomes.

3.4.2.4. Discussion of coating mechanism for Eudrag 100 coated liposomes

A number of studies have successfully coated betltral and anionic liposomes with the
cationic polymer chitosan (Henriksenal., 1994 and 1997; Perugidial., 2000; Gucet al.,
2003; Madyet al., 2009). In each of these studies the coating aresm was attributed to
electrostatic interactions, which was proven thtotige distinct change in surface charge
observed on the liposomes. The main issue is whéteesame coating mechanism can be
attributed to the use of Eudragit S100 as is oleskfar chitosan. Perugia al. (2000) was
the only study which expanded on the concept dftedstatic interactions, when looking at
the coating of neutral liposomes with chitosanwds hypothesised that the coating of neutral
liposomes was through hydrogen bonding betweerptiysaccharide and the phospholipid
head group. It can be assumed this would not bhegakace in the current conditions due to
the significant charge of the liposomes and theosje charge of the Eudragit S100,
therefore indicating that electrostatic interacsiovould dominate.

Few studies have attempted to directly coat lipaomwith any of the Eudragit brand
polymers, although Hasanowtal., (2010) appeared to have some success in imgyohe
stability of DPPC liposomes through coating withdeagit EPO. Eudragit EPO is a Poly
(butyl-methacylate-co-(2-dimethylaminoethyl) methdate-co-methyl methacrylate polymer
which is soluble in gastric fluid up to pH 5 andedlable and permeable above pH 5. The
technique used to coat the liposomes involved teehanical stirring of the Eudragit solution

(varying concentrations) with liposomes for 30 ntesu(1:1 ratio). Similar to the current
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study a significant decrease in zeta potential eEerved along with an increase in particle
size. It was hypothesised that the coating mecharsssimilar to that observed for chitosan-
coated liposomes with hydrogen bonding betweenptiigmer and liposome surfaces. The
main purpose of stabilising the liposomes was lher transdermal application of liposomes
and therefore the specific integrity of the coaswat investigated.

Whilst it may be assumed that the coating mechamsiald be similar when using an
oppositely charged polymer to coat liposomes, theree been a number of papers discussing
the complexities involved with particle adsorptiand the role of electrostatic interactions
(Adamczyk, 2003). Adamczyk outlined a distinct eifnce between linear and non-linear
adsorption regimes whereby a linear adsorptiommregivould involve the ordered coverage
of a particle through the sequential coating layer support this idea Perugiei al., (2000)
observed a number of chitosan layers surroundiadiftosomes indicating the presence of
layer by layer deposition as described by Adamg2@03). Non linear adsorption regimes
occur when adsorbed particles exert specific amtiddynamic forces on adsorbing (moving)
particles, excluding them from the part of the wodunear the interface (Adamczyk, 2003). A
non linear adsorption regime would provide a mamglicated coating mechanism which is
governed by a number of factors including partislee and shape, surface properties
(charge), ionic strength, transport mechanism €z presence of non linear adsorption
regimes can lead to a number of blocking effeces/gmting a solid adsorption layer on a
particle surface. The cryo imaging of the coatpddbmes would indicate that certain areas
of the liposomes may not have been completely doatech may in theory be due to a non

linear adsorption regime.
3.4.3. Drug release studies for Eudragit S100 coatéiposomes
3.4.3.1. Drug loading and subsequent encapsulatedueous volume calculations

Drug loading calculations were completed for eaalcly prior to coating and subsequent
drug release trials. Each batch of MLVs produced used as a source for both uncoated and
coated drug release trials, therefore any diffezsrtzetween batches would be the same for
both formulations. The range of drug loading spaninem 0.28 — 0.33 mg/ml which can be
attributed to a number of differences occurring tluéhe self assembly nature of liposomes
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which will lead to differences in size distributiamd lamellarity. The encapsulated agueous

volume (ml) can then be calculated using the foltgformula:

Encapsulated aqueousvolu m{ Drug loading concentration(mg/ml) jxlml

Hydrating drug stock solution(mg/ml) ?)
This value can then be expressed in relation toatheunt of lipid within the system and
expressed in terms of litres aqueous space/ma (igmol). The mean captured volume in
relation to lipid concentration was calculated @&31/mol which is very similar to the value
quoted by Perkinet al., 1988 of 1.2 pl/umol for MLVs produced from drigbif with a lipid

concentration of 6 mg/ml.

3.4.3.2. Drug release profiles in simulated Gl tracconditions representative of pH

changes

In Figures 3.10, 3.11 and 3.12 drug release psofite liposomes with and without polymer
are shown in the different release media repraesgmach stage of the Gl tract. At pH 1.4
and 6.3 (Figures 3.10 and 3.11) the amount of delepsed was significantly lower at all
time points on addition of polymer (Mann Whitney Tést (chosen level of significance
a=0.05). For example at pH 1.4, over a 20 hour peromly 10% of the drug was released,
which is in contrast to the 40% release over theesdime period for the uncoated
formulation. Over a time period more representativgastric residence time (boxed graph in
Figure 3.10) only 2.5% was released from the co&dadulation compared to 10% for the
uncoated. Similarly for a transit time representabtf the small intestine (4 hours) the release
for uncoated liposomes is approximately 12% wlolethe same time period only 3% release
is observed for the coated formulation. It is pereg that the agglomeration of Eudragit
S100 around the liposomes significantly reducesdiffesion of drug from the liposome
bilayers in comparison of that observed for theoated formulations. However, it can
clearly be seen that although drug release wasfisgmtly reduced it was not completely
prevented. It is thought this may be due to thellsof@annels still present between the
Eudragit S100 particles, therefore allowing forl@a@r rate of drug diffusion to take place
into the dissolution media. In comparison the cddtemulations in both pH 1.2 and 6.3
show a gradual drug release which would possildycate a form of ‘leaking’ through the

polymer channels formed as the Eudragit precifgtatethe surface of the liposomes. As the
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Eudragit S100 is insoluble throughout it is assurttest the polymer remains intact, and

therefore a relatively constant release rate shioelldbserved.

In contrast to this the release profile in simulatieo-cecal junction dissolution media of
pH 7.8 show similar release rates for both uncoatedl coated formulations (Figure 3.12).
This would be expected as previous studies lookitg the solubility of Eudragit S100 in
pH 7.0 PBS have shown thin films to form pores padially break down within 2 minutes
(Sabot and Krause, 2002). This would account ferviery similar release profiles observed,
and therefore little or no delay being seen in ghesence of Eudragit S100. The uncoated
formulations in the three media show a similar Itotdease of approximately 80% after
120 hours, which is also observed for the coatechdation in pH 7.8 PBS, indicating the
solubility of Eudragit S100 in pH 7 and above.
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Figure 3.10. Drug release profile for uncoated®) and Eudragit S100 coated«) liposomes in 0.1M pH 1.4
HCI. Each value represents the overall mean of theeindependent experiments + the standard error of
the mean.
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Figure 3.11. Drug release profile for uncoated®) and Eudragit S100 coateds) liposomes in pH 6.3
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3.4.3.3. Drug release profile with the inclusion ofthe model bile salt sodium

taurocholate

The addition of bile salts to the release mediaii@antly increased the drug release rate for
both uncoated and coated liposomes (Figure 3.18relTwas also a significant increase in
release rate in comparison to the uncoated formulavithout the presence of bile salts
showing that the inclusion of bile salts has a redrlkffect on the release rates of EPC
liposomal formulations. Interestingly there wasstatistically significant difference between
coated and uncoated formulations in the presenceilef salts indicating that both the
structural integrity of the vesicles and the polyrarrier were affected by the bile salts. This
observation can be seen at the first time poir@®Mminutes, indicating that the presence of

the polymer had very little effect on slowing theugl release from the liposomes. As the
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results differ considerably to those observed witlthe model bile salt it is hypothesised that
the polymer agglomeration had previously acted di$fasional barrier, slowing drug release
from the coated formulations in both the stomacti small intestine simulated conditions.
However, it was unable to protect against bilessalhich indicates that premature drug
release and liposomal degradation could be expé&ttedo.

Drug release results in Figure 3.13 indicate thath lthe liposomes and the coat were
disrupted by the bile salts. It was hypothesised tlamage to the coat could be due to either
the bile salts interacting directly with the polyméacilitating its dispersion, or a secondary
effect of liposomal degradation; i.e. once the dipmes were ‘digested’ the coat dispersed
due to the lack of a vesicle core holding it ingelaThe cryo-SEM images of coated
formulations in pH 6.3 Hanks’ (Figure 3.8) indicdkat there are points within the polymer
agglomeration that would be susceptible to bilé pahetration. This would result in the lysis
of the liposome and therefore cause the Eudradl0 $d disperse, as there is no central core
for it to adhere to. This would then allow for sianirelease profiles to be observed as the

uncoated liposomes in the presence of bile salts.
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Figure 3.13. Drug release profiles for Eudragit S10 coated @) and uncoated @) liposome formulations

at pH 6.3 in the presence of 10mM sodium taurochola. Release data from Figure 3.10 (no bile saltsjea

shown for comparison Eudragit S100 coateds) and uncoated ¢). Each value represents the overall mean
of three independent experiments + the standard ear of the mean.
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The mechanism by which bile salts interact with HpG@somal formulations has been well
investigated (Nagatet al., 1990; Ramaldest al., 1996; Andrieuxet al., 2004), with each
study showing that a simple EPC liposomal formaolatwould not withstand the rigors of
bile salt exposure experienced vivo. The disintegration of lipid bilayers by bile salts
modelled as a three stage process which can bexdepeon a number of factors including
vesicle size, surfactant concentration and ratadofition (Ramaldest al., 1996; Annesini

et al., 2000).

Sage one begins with the penetration of the outer bilaygithe surfactant. This penetration
has been described by Waleeal., (1987) and Schubed al., (1986, 1988) as a two stage
process that involves the aggregation of the sodmumocholate molecules in the external
leaflet of the bilayer, where no change in permégbs observed. The second stage occurs
when the molecules flip to the internal leaflet th& concentration increases and the
subsequent formation of transient membrane ponedat@ place. The sodium taurocholate
molecules then redistribute within the membrane iantease in concentration to lead to the
destabilisation of the vesicles.

Sage two involves the further incorporation of sodium tatholate into the bilayer
subsequently producing mixed micelles.

Sage three refers to a reduction in size of mixed micellee da the increasing ratio of
surfactant/phospholipid (Nagat al., 1990). The process of solubilisation for MLVs is
considered to be stepwise, with each (outer) bildy®ing penetrated by the surfactant
sequentially. It can therefore be assumed thaptbeess is governed, in this case, by the
permeability of the liposomal bilayer and thereftiie specific CH concentration used. The
current study uses a high CH concentration leattirg slow drug release in the presence of
bile salts, compared to previous studies wheresatf 7/3 and 10/2 EPC to CH were used
(Ramaldest al., 1996; Rowland and Woodley 1980).

The marked difference in how the Eudragit S100 emdiposomes react in the presence of
the model bile salt sodium taurocholate is a vegpnificant result, as it shows that the
coating would be inadequate for usevivo due to the concentrations and variability of bile
salts observed throughout the small intestine. fiiding also reinforces the importance of
going beyond evaluation of liposomal formulations $ite specific delivery in the Gl tract on
the basis of pH shifts alone. The addition of lsidts, while adopted by some researchers in

examiningin vitro liposomal release for oral delivery (e.g. Leteal., 2005) has not been
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pursued by others (e.g. Gab al., 2003; Filipové-Grei¢ et al., 2001). Whilst the coating
mechanisms in these studies may be different teettabserved for Eudragit S100 coated
liposomes, assumptions cannot be made that theaodaiposomes will remain intact in the

presence of bile salts without the necessary irgagsins being undertaken.
3.4.3.4. Influence of sodium taurocholate on thezg distribution of Eudragit S100

To explore the cause of the increased drug releabe presence of bile salts, an initial study
was conducted, investigating if any change in plrtsize was observed in Hanks’ solution
containing bile salts. This would indicate whetlagry polymer solubilisation/degradation
was taking place. The resulting polymer particieglistributions are shown in Table 3.2 and
Figure 3.14, which show identical results in botbpdrsion media, indicating that the bile
salts did not facilitate polymer solubilisation dissolution. The initial high value was
recorded as the sample was being stirred and eaeftiie be attributed to dispersing the
polymer throughout the sample chamber. This woulglaen the large drop in size
distribution observed in both the media, as thegmelr was added to the instrument prior to
the first reading taking place and therefore ntmvahg for complete polymer dispersion to
occur. The possibility of initial agglomerates imetchamber would then lead to skewed
results due to the light scattering technique efitistrument thereby indicating a larger size
distribution than is plausible. Beyond this poit significant change in particle is observed
in both conditions, it can therefore be assumetlttieabile salts have no marked effect on the
Eudragit S100. This would be expected due to thereaf Eudragit S100 regarding its use
as an enteric coating material for colonic releasel its solubility above pH 7. This
reinforces the use of Eudragit S100 as a pH tremjeelease polymer as opposed to a

polymer triggered by bile salts as there were naaus interactions when included.
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Table 3.2. Size distributions for Eudragit S100 dewdispersed in pH 6.3 Hanks’ solution
and in the presence of model bile salt sodium Teholate (10mM).

Eudragit S100 + bile salt in pH 6.3

Eudragit S100 in pH 6.3 Hanks’ Hanks’
Minutes d(0.1) d(0.5) d(0.9) d(0.1) d(0.5) d(0.9)
0 0.094 0.352 83.66 0.102 0.399 86.053
15 0.079 0.129 0.199 0.087 0.137 0.201
30 0.087 0.136 0.201 0.087 0.137 0.201
45 0.087 0.137 0.201 0.087 0.137 0.202
60 0.087 0.137 0.202 0.087 0.137 0.202
75 0.079 0.13 0.201 0.087 0.137 0.202
90 0.082 0.135 0.206 0.079 0.13 0.201
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Figure 3.14. Size distribution traces for EudragitS100 powder dispersed in (A) pH 6.3 Hanks’ solution
and (B) pH 6.3 Hanks’ solution with 10mM sodium Tauwocholate.
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3.4.3.5. FTIR investigation into possible interactins between Eudragit S100 and sodium

taurocholate

The results for the FT-IR analysis of Eudragit Sti¥persed in Hanks’ and Hanks’ plus bile
salt is shown in Figure 3.15. Examination of theddm revealed no variation in peak
position; in fact, the spectra could be superimgoSeie to the standard resolution of 2 tm
any minor shifts observed (< 2 &ncould be attributed to measurement error as @gbts
significant changes in bonds. The main areas wbtleaages in the bonds may be expected
have been highlighted on the trace (C=0O stretckC-Cstretch, C-C stretch and the C-O
stretch), all of which show no significant shift reak position. These peaks are specific to
the Eudragit S100 trace and any direct influencehenchemical structure of the polymer
would be indicated through a peak shift. Differenosere observed for the relative
absorbance of the peaks which can be attributedetovarying components of the mixtures
and the actual concentrations in contact with tbigcal unit. Furthermore, a change in peak
height would indicate a change in morphology, whiebuld indicate there is no form of
interaction between the Eudragit S100 and sodiwmotdolate. The results for the size
distributions and FT-IR therefore indicate it sedikaly that disruption to the coat was due

to the loss of liposome structure, through bilagismtegration.

Whilst liposomes can be designed to increase ttesiistance to bile salts through the
inclusion of CH or the use of synthetic lipids (Rand and Woodley, 1980; Kokkoreaal.,
2000; Andrieuxet al., 2009), it would also be necessary to improvarbegrity of the coat to
prevent bile salt ingress. Rowland and Woodley @}9howed that when a number of
liposomal formulations were exposed to 10mM bilkssa caused the release of over 80% of
the entrapped marker. Only one formulation provemhsing which was produced using the
synthetic lipid DSPC, which only released 16% o #mtrapped marker in the one hour
period. It was hypothesised that the increased lgfivieetention was due to the ‘solid’ nature
of the liposomal bilayer due to the high transittemperature of DSPC being 58°C therefore
resisting bile salt disruption. In comparison tleenfulations produced using lipids with a
lower transition temperature (EPC, DMPC) will havéuid like bilayer at test conditions of
37°C and therefore allow for bile salt disruptiomdesubsequent drug release. Similar results
were observed by Kakkoreaal. (2000) where DSPC liposomal formulations combinith

CH showed improved drug retention properties whgrosed to sodium taurocholate. The
inclusion of CH (1:1 molar ratio) in EPC liposomeas shown to delay drug release in the
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presence of sodium taurocholate in comparison 0 &lBne, but significant release was still
observed within the first hour (~80%). The inclusiof CH was shown to improve drug
retention in the case of lipids with higher traimsittemperatures to that of EPC (DPPC,
DSPC) throughout the 5 hours of the study, whioteexrls the average small intestine transit
time. It was therefore concluded that the lipiddjsand its specific transition temperature,
has more of an influence on the stability of lippes in the presence of bile salts compared

to the CH concentration.
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3.5. Conclusions

Eudragit S100 can be associated with cationic épuwss through a simple mixing strategy,
creating a barrier that significantly reduces |mposl drug release at pH conditions
representative of the stomach and small intestingial results were promising, with
characterisation techniques showing a shift in peteential, an increase in size and light
microscope images showing the association betweepdlymer and liposomes. Despite the
cryo-SEM images not showing a single distinctivatcaround the liposomes there was
enough of a barrier to significantly slow drug ede through the stomach and small intestine
conditions. As expected, the coated formulatiorgdrlease profile in pH 7.8 conditions was
very similar to that of the uncoated, due to thiilsity of the polymer in these conditions.
Further rigorous testing, whereby the coated foatimh was exposed to bile salts, led to a
significant drug release in line with that of thecoated formulation at the same conditions,
indicating that the coat was not as stable as ftiigali release trials suggested. It is
hypothesised that the bile salts could penetradipmsomes through the channels between
the polymer aggregates and therefore facilitatg delease through the normal digestion of
lipids, as would be seen for the uncoated formahatiThe importance of evaluating coated
liposomes for oral drug delivery beyond pH shifidsés has been demonstrated with the

addition of bile salts.
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4.0 Investigation into the production of Eudragit 900

microspheres

ABSTRACT

Eudragit S100 microspheres have been produced usirdpuble emulsion - solvent
evaporation method, with a view to encapsulatipgpdomes in the internal structure. A
number of parameters were investigated includinkymper concentration, homogenisation
speed, homogenisation time and surfactant condemtra The microspheres were
characterised using a number of methods includisgrldiffraction particle sizing and SEM.
It was found that the specific properties includisige, homogeneity and yield of the

microspheres could be controlled by altering onmore process variables.

An increase in polymer concentration initially léml an increase in microsphere size, but
above a certain concentration (6% w/w) a non-homoge sample was observed with a
number of polymer agglomerates. Increasing botthtmogenisation speed and time led to a
smaller microsphere population, with a narrowee slistribution being observed. The use of
Span 85 and Tween 85 was deemed the most succsasiattant combination yielding a

large batch of discrete microspheres.
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4.1.1. Introduction

It was shown in the previous chapter that Eudr&fi00 coated liposomes could not
withstand the attack of bile salts that would banidin vivo in the small intestine. It was
concluded that the coating around the liposomesvalll for the ingress of bile salts and
therefore led to the solubilisation of the liposemk is hypothesised that producing a solid
microparticulate system will significantly improvihe stability of a liposomal system
developed for colonic drug delivery. With this innu the key aims of the current chapter

were to;

* Produce a solid Eudragit S100 microparticulate esystthat would protect the
liposomes through the stomach and small intesbrigegin release at the ileo-caecal
junction.

* Identify the most suitable processing parametergrmduce a formulation with
discrete microspheres of a high yield.

* Evaluate the formulation for its suitability to siwe varying pH conditions and

subsequently degrade above pH 7.

4.1.2. Introduction to the production of microsphees suitable for the encapsulation of
liposomes

Over the past thirty years a number of researdiere investigated degradable microspheres
as a technique for controlled drug release (Frgilaead Zhu, 2004). The advantages of these

systems include;

» Their small size enables administration throughegitngestion or injection.
» They can be targeted for specific release proéites even target specific organs.

* Microspheres can be produced to enable prolondedse which not only reduces the

number of administrations but also increases patempliance.

* Microsphere properties can be manipulated throudjusament of a number of

production variables.

* Microspheres can also be used as a solid protelstivger against specific enzymes,

bile salts during drug delivery.

99



Chapter 4 Eudragit S100 microspheres

To be able to encapsulate a liposomal dispersidmimwmicrospheres it has been shown that
an adapted double emulsion solvent evaporation (W)JQFigure 4.1) technique can be
utilised (Fenget al., 2004). This technique is usually used for thedpction of polymeric
microspheres to encapsulate water soluble ageotsthis production method the primary
emulsion is made up by homogenising the polymesalied in an organic solvent with the
encapsulant (liposomes) and an emulsifier. At ploisit it is important that a stable emulsion
is formed therefore ensuring no phase separati@urscprior to the formation of the
secondary emulsion. The use of sonication is ndymaldertaken to produce the primary
emulsion but due to the presence of liposomes lameffect it would have of their structure

it is proposed that homogenisation is used througho

The secondary emulsion (W/O/W) is then producedadigting the primary emulsion to a
large quantity of aqueous volume containing an sifieit (e.g. PVA) which then leads to the
formation of microspheres. Through continued stgrthe microspheres harden and solvent
evaporation occurs. The stirring is then continded a prolonged period to ensure the
maximum amount of residual solvent has been remomed subsequent microsphere

harvesting can take place.

Encapsulant Polymer Emulsifier
+ + + Primary
emulsifier solvent H,O emulsion
W/O W/O/W
emulsion emulsion

Figure 4.1. Schematic diagram representing doublenaulsion method (W/O/W) for microsphere
production. The primary emulsion (W/O) is formed by homogenising a polymer solution and a aqueous
solution containing the drug. The W/O/W is then fomed by adding the primary emulsion to a large
quantity of aqueous volume containing the emulsifie Microspheres are then stirred for a period of tme
to allow for hardening and subsequent solvent evapation.
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4.1.3. Eudragit S100 microspheres

Whilst Eudragit S100 has been used extensivelynaanteric coating for a number of other
microsphere formulations (Maestredti al., 2008; Pahariat al., 2006; Ooseget al., 2008),
the direct production of Eudragit S100 microsphér@s only come to the fore more recently.
A number of studies have successfully produced &giirS100 microspheres whilst
observing the influence of varying polymer concetiéms, surfactant concentration, stirring
speeds, and internal/external aqueous phase r@d@oset al., 2005; Rawagt al., 2007;
Siposet al., 2005). The Eudragit S100 microspheres produnetthe current chapter have
been formulated by adapting a double emulsionvesdlevaporation method previously used
by Leeet al. (2001) and Jairt al. (2005). The initial microsphere production methsd
described in section 4.3.1., but further studiesewendertaken to establish the method to
produce the most suitable microspheres in termsparftcle size, morphology and
homogeneity for oral colonic drug delivery. Theightes that were investigated were that of
polymer concentration, homogenisation speed andofenisation time as these are all

known to significantly influence particle size (G@Bnell and McGinity, 1997).

4.2. Materials

4.2.1. Polymers

Eudragit S100 (Evonik - Essen, Germany) was usqatdduce the microspheres due to its
specific pH solubility profile making it suitableorf ileo-caecal drug delivery. PVA
(molecular weight: 125,000 Sigma Aldrich.) was alssed in a variety of concentrations

from 1 — 3% (w/w) for the secondary emulsion anidsggjuent microsphere hardening.
4.2.2. Surfactants

Polysorbate 20 (Sigma Aldrich) was used in a varétconcentrations from 1-3% (w/w).
4.2.3. Other chemicals and reagents

The solvents including DCM, ethanol and HCI usedenad| of an analytical grade and used

as received.

101



Chapter 4 Eudragit S100 microspheres

4.3. Apparatus and methodology
4.3.1. Production of Eudragit S100 microspheres

Eudragit S100 microspheres were produced usingualdamulsion - solvent evaporation
method adapted from a number of studies that hageiqusly produced Eudragit S100
microspheres (Jairt al., 2005; Rawatet al., 2007; Siposet al., 2005). The different
experimental conditions used for the investigatodnproduction variables are outlined in
Table 4.1. The three variables of polymer concéptta homogenisation speed and
homogenisation time were investigated thereforealbses such surfactant concentrations and
agueous volumes were maintained. A standard metrezdused (outline in the following
section), which then allowed for the single varéatd be investigated whilst keeping all other

variables the same.
4.3.2. Standardised Eudragit S100 microsphere proaion method

The internal aqueous phase consisted of 0.8 mirwattex mixed (3,400 rpm, 20 seconds)
with 0.2 ml 3% polysorbate solution. The primaryusion (W,/O) was then formed by
homogenising (3,400 rpm, IKAT25 homogeniser, FisBerentific) the internal aqueous
phase with 5 ml 6% w/w Eudragit S100 dissolved in salvent mixture of
DCM:ethanol:propanol (5:6:4) for 2 minutes. Thenpmatry emulsion (WO) was then poured
into 100 ml 1% PVA solution to create the doubleutsion (W/O/W,), whilst under
magnetic stirring at 125 rpm (Fisher ScientificheTemulsion was then left stirring for 3
hours to allow for the microspheres to harden thhosolvent evaporation. The microspheres
were then washed using vacuum filtration with aefil membrane of 1.6 um. The

microspheres were then collected and allowed tatdrgom temperature for 48 hours.
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Table 4.1. Experimental conditions employed in theduction of Eudragit S100
microspheres to investigate the influence of polym@ncentration, homogenisation speed

and homogenisation time.

Polymer concentration ~ Homogenisation speed  Homogenisation time

(% wiw) (rpm) (minutes)
2
6
10 3400 1
15
400
6 3400 1
7400
1
6 3400 2
4

4.3.3. Scanning Electron Microscopy (SEM)

SEM was conducted on the dried microsphere sampldstermine the surface morphology,
homogeneity of the sample and indicate the gengaiticle size. These specific
characteristics will be important to the final pootl as they will influence the specific
solubility profile of the microspheres and theref@ossibly impact the drug release profile.
The dried samples were mounted on a SEM stub absequently coated with platinum
using an Emscope SC500 sputter coater. The samaes coated for 2 minutes with a
deposition pressure of 20 barr depositing a laygslatinum equivalent to 150 Angstrém.

Images were taken using a Phillips XL-30 FEG ESHMar vacuum conditions.
4.3.4. Patrticle size distribution

Particle size distribution was measured using tlethod outlined in section 3.3.3.4. The
microsphere sample, in its dried form, was addetthéodispersion unit until the obscuration
level was in the range of 14-18% (Mastersizer 2B68Adbook, Malvern Instruments). The

sample was dispersed in pH 7.0 distilled water.
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4.3.5. Cryo SEM imaging of microspheres

Microsphere samples were dispersed in 5 M sucrokgi@n to ensure they remained well
dispersed throughout, therefore preventing aggi@gatt the base of the sample well. The
method used for sample sectioning and imaging vasame as for the liposomal samples as

described in section 3.3.3.3.
4.3.6. Microsphere solubilisation in buffers represntative of the Gl tract

A degradation study of blank Eudragit S100 micr@sph was conducted to investigate what
happens to the microspheres at a pH above 7 anefdhe gauge their suitability for ileo-
caecal release. 50 mg of blank microspheres waieeglin 40 ml of three different buffers;
pH 1.4 0.1M HCI, pH 6.3 Hanks’ buffer and pH 7.4%Bnaintained at 37°C and shaken at
100 rpm in an incubator. As in chapter 3 the pHHIBaBiks’ buffer contained the model bile
salt sodium taurocholate to assess the resistanogetsalt attack as would be present in the
small intestine. 1 ml samples were taken at prerdehed intervals simulating the transit
times of the stomach, small intestine and largestme respectively. 1 ml of pre-heated fresh
buffer was replaced after each sample extractibe. Sample was then spun down at 26,000
rom (63,000 g) for 10 minutes, with the supernatbeing removed. The remaining
microspheres could then be completely dried at roéemperature for 48 hours, ready for

subsequent SEM analysis as described in sectiob. 4.3

4.4. Results and Discussions
4.4.1. Effect of polymer concentration on EudragiS100 microspheres

The influence of polymer concentration on the motpgy of the final microsphere sample
can be observed in the SEM images seen in Fig@&eThe images show the successful
production of microspheres for 2 and 6% polymercemtrations, but for 10 and 15% the
results are less consistent. From the images ibeastearly seen that the microspheres have a
broad size range indicating the possible need farasion of processing conditions. A
sieving technique could be used to ensure a honoogesample is obtained but this will lead
to loss of sample and therefore a reduced drugpsnotaion efficiency. The 6% polymer
solution appears to produce the most consistentospberes in both size and morphology,

with 2% showing a number of microspheres with defed morphology. In addition to this,
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increasing the polymer concentration to 10 and }B®&auced a large amount of polymer
aggregates both throughout the sample but alsosdedoon the magnetic stirrer, thus
reducing the production efficiency of this methdtiese observations can be attributed to the
increased viscosity of the organic phase and tbexeén increase in interfacial tension
between the organic and aqueous phases. This tiweduyther reinforced by the second
image in Figure 4.2 (D) where a microsphere haséar but is still held within a polymer
agglomerate. As the microsphere still has a nurobdéibrous connections it is thought the
shear forces involved during the homogenisatiomgestare not large enough to create a
disperse, stable emulsion and subsequent polyngtoragrations are seen throughout the

sample.

Further evidence for the use of 6% polymer conegiomn is supported by the findings of
Jainet al. (2005) where it was shown that 6% Eudragit S19@-Btabilised microspheres
could be produced with a good spherical form andatmsurface. A similar solvent mix was
used for the organic phase (DCM-ethanol-isopropigolal) and in the majority of
formulations 100 ml of 2% PVA was used as the edleaqueous phase, therefore making it
comparable to the current study. In comparisom daal. (2005) adopted the same method
to produce polyvinyl pyrrolidone (PVP) stabilisedcnospheres which displayed fibrous-
threadlike structures on the surface and there®dfB was deemed an inferior stabiliser in

comparison to PVA for the production of EudragiO8Inicrospheres.
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Figure 4.2. SEM images showing Eudragit S100 micrpleres produced using (A) 2%, (B) 6%, (C) 10%
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Despite the 6% polymer concentration showing tleemising results for the formulation of
Eudragit S100 microspheres, it has been shown ghreunumber of studies that altering a
number of variables can produce a successful fatoun. Rawatt al. (2007) successfully
produced Eudragit S100 microspheres using a rahgaidragit S100 concentrations (1.9,
2.2 and 2.7%) and subsequently compared a varfesyrdactants (Tween 20, 40, and 80)
and relative concentrations. It was shown that Tw&@&was the most successful surfactant in
terms of enzyme entrapment efficiency for this eyst with an increase in concentration
showing an increase in drug loading but a subsdéqdearease in microsphere size. In
comparison increasing the DCM concentration wasvshim have a negative effect on both
drug loading and size which was attributed to thegdeakage in the continuous aqueous
phase as the droplets would stay in the liquid féoma longer period of time in comparison
to lower DCM concentrations. Eudragit S100 micraspks have been successfully produced
using a 10% polymer concentration by letal. (2001) with the notable difference being that
the external aqueous phase consisted of 1000 réb B¥A which would subsequently
reduce the viscosity of the double emulsion andemse the likelihood of a homogenous
dispersion.

The effect of polymer concentration on particleesilzstribution is shown in Figure 4.3. The
results fall very much in line with those presenfiadthe SEM imaging, but a note of caution
is required due to the nature of the sizing teamaidrhe principle of measurement of the
mastersizer assumes the particles to be sphepmiginer agglomerates that can be seen for
both 10 and 15% Eudragit S100 may provide falselingg of large microspheres being
formed. With this in mind it can be observed thhaé tcurve with the narrowest size
distribution is seen for the 6%, which is also caded by the SEM imaging. In contrast to
this the higher polymer concentrations provide aaber size distribution with a high
percentage of large particle sizes which couldtbéated to the agglomerations of polymer

observed during processing.
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Figure 4.3. Size distribution showing influence oEudragit S100 concentration (% w/w) on size
distribution of blank Eudragit S100 microspheres.

4.4.2. Effect of homogenisation speed on Eudragitt80 microspheres

As mentioned previously, a primary emulsion neeigh fenough shear forces to create a
stable emulsion that can then be dispersed intcatjueeous phase. It has previously been
shown that the homogenisation speed can significatiter the final microsphere product
(Dunneet al., 2000). It can be seen from the current study tiva case of Eudragit S100
microspheres are no different (Figure 4.4.). ThéSBages show a range of microsphere
formulations produced using homogeniser speeds Qff, 8400, and 7400 rpm. The
microsphere formulation produced homogenising 8todn shows a number of fully formed
microspheres with a diameter in the region of 100. These microspheres are largely
spherical in shape but do have a number of impgofex which can be attributed to the low
shear forces produced at 400 rpm. Furthermore,nabau of polymer agglomerates can be
seen where a stable primary emulsion would not I@en produced causing the droplets to
agglomerate and subsequently harden when in theoaguphase. At 3400 rpm the
microsphere population appears to be more homogeand in the majority, smaller than
those observed at 400 rpm. A larger yield of mipheses can also be observed which can be

attributed to the increased number of droplets &mtrm the primary emulsion, leading to
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fewer polymer agglomerates being formed. Finalliae tmicrospheres produced by
homogenising at 7400 rpm display the most homogemlstribution with the majority of

microspheres being approximately 60 um or lesghEumore, the image shows very few, if
any unformed microspheres indicating the higher ¢genisation speed offers the most

polymer efficient production route for Eudragit ®lficrospheres.

The use of increasing homogenisation speed spaltyfiecn the production of Eudragit
microspheres has been identified in a number daissu Initially Mateovicet al. (2002)
investigated the influence of stirring rate on fgneperties of Eudragit RS microspheres and
found that increasing the stirring rate subseqyeticreased the microsphere size due to a
finer dispersion of droplets in the primary emutsi®imilarly, Sipost al. (2005) reported a
decrease in particle size with an increase inisgjirrate with homogenisation speeds of
14,400 and 20,800 rpm providing microsphere diarmeté 250 and 116 pm respectively.
Siposet al. (2005) then went on to observe the drug releasetiks of the microspheres,
showing the formulation produced using the higheshogenisation speed gave the fastest

release rate due to the increased specific susiaze
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Figure 4.4. SEM images showing blank Eudragit S10@icrospheres produced by homogenising for 2
minutes at (A) 400 rpm, (B) 3,400 rpm, and (C) 7,4Drpm.
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The results for the size distribution of EudragliO8 microspheres produced using various
homogenisation speeds are shown in Figure 4.5tArke peaks for the 400 rpm formulation
indicate the heterogeneous nature of the samplehwldoupled with the SEM images,
indicate that the shear forces created by the loged are too small to produce a disperse
emulsion. The distribution for 3400 rpm displaysiagle peak, with a relatively broad span
and a significant ‘shoulder’ at the lower end oé tburve. This can be attributed to the
majority of the formulation producing well formegblreerical microspheres as seen by the
SEM, but there is evidence of a number of smalomined microspheres which add a bias
towards the smaller particle size distribution. docordance with the SEM images the
7400 rpm microsphere sample show a narrow paicke distribution in the region of 60 —

70 pm.
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Figure 4.5. Size distribution showing the influencef primary emulsion homogenisation speed on size
distribution of blank Eudragit S100 microspheres.
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4.4.3. Effect of homogenisation time on Eudragit XD microspheres

The final parameter investigated is that of homaggion time for the primary emulsion. A
similar theory is applied to this parameter as tiditomogenisation speed, where the ability
to create a disperse primary emulsion through as@d shear forces should lead to a more
homogenous sample size. In the previous sectiorhdineogenisation speed of 3,400 rpm
created a varied microsphere sample populationshndld therefore give a good indication
into the effect of homogenisation time. SEM imafggshe three homogenisation time scales
of 1, 2 and 4 minutes are shown in Figure 4.6. doheof the images the formation of
microspheres is clearly evident. For 1 minute,dlegpears to be a range of microsphere size,
with a number of polymer complexes which would cade that a completely disperse
primary emulsion has not been created during thie frame. As indicated previously this
will subsequently increase the particle size dstion which may not give an accurate
indication of the actual microsphere size formed. fdal change in microsphere size was
observed for the microsphere formulation producsiohgi2 minutes, the main difference
being that of a reduced number of complexes bebsgmwed throughout the sample. The
microsphere morphology and sphericity are mainthitteoughout, with each increase in
homogenisation time showing little difference incnosphere characteristics. The final
sample produced using 4 minutes homogenisationcates a marginal decrease in
microsphere size, with a number of small (<40 pngrospheres being visible. Once again
no polymer agglomerates can be observed in congpatesthat of Figure 4.6 A, and it can
therefore be assumed that a homogenous primarysemuk being formed. Although the
changes in microsphere sample are not as signifasrthose observed in Figure 4.4 the
increase in homogenisation time appeared to imptiegemicrosphere sample by producing
smaller organic droplets and allowing for a morembgenous emulsion to be formed
therefore producing smaller particles and fewerympar agglomerates through the

coalescence of droplets.
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Figure 4.6. SEM images showing blank Eudragit S10@icrospheres produced by homogenising the
primary emulsion for (A) 1 minute, (B) 2 minutes aml (C) 4 minutes at 3,400 rpm.
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The size distribution results (Figure 4.7) for h@m®oisation time reflect that of the SEM
images, with a more narrow distribution being ofsedrfor microspheres being produced
using longer homogenisation times. The 1 minute dgenisation time does not show a
symmetrical size distribution which may be due he effect of the polymer agglomerates
seen in the SEM images and therefore skewing tmglsa In comparison, the 2 and 4 minute
samples show a symmetrical distribution which bee®marrower, showing a decrease in
particle size as the homogenisation time increal@s. once again is in accordance with the
concept of increasing the shear forces presenmglinomogenisation and therefore creating a
more disperse primary emulsion. In comparison kewostudies, Sipost al. (2005) produced
Eudragit RS microspheres by high shear mixing foridutes and Jaié al. (2005) produced
Eudragit S100 microspheres by using an ultrasositigtor for 1 minute. This indicates that
although homogenisation time has an effect onitta microsphere product, the influence of

homogenisation speed has a much greater signigcanc
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Figure 4.7. Size distribution showing the influencef primary emulsion homogenisation time on size
distribution of blank Eudragit S100 microspheres.

4.4.4. Microstructure of fractured Eudragit S100 mcrospheres using SEM

Eudragit S100 microspheres produced using the atdmitotocol as outlined in section 4.3.2

were fractured under cryogenic conditions. The Itastt SEM images are shown in
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Figure 4.8. From the images a wide microsphere ro(approximately 15 um) can be
identified in relation to the complete microsphdi@meter. The wall is relatively dense with
a few minor pores being visible towards the innart @f the shell. This is similar to that
observed by Leet al. (2001), where a smooth outer was observed, leuntlrnal part of the
microsphere wall had larger pores visible. This atisbuted to the fact that firstly, the outer
surface makes contact with the aqueous phase amdfdhe solidifies more rapidly in
comparison to the internal part where solidificatie a longer process. The formation of the
skin layer then governs the subsequent solventvahrate and therefore the shell structure
(Crotts and Park, 1995). It is hypothesised thpbeus skin formation would form with a
high inner aqueous volume, therefore allowing fapid solvent evaporation to occur. In
comparison formulations with a low internal aquephgse would create a nonporous skin
layer and due to the low level of aqueous inclusiothe formulation, would lead to a slow
rate of polymer solidification, providing a denseacrosphere shell. The skin layer can
therefore be governed by both the amount of inteatpieous phase and its relative
homogeneity within the emulsion. The current mettogy produces hollow microspheres
that provide adequate aqueous space to encapsuigtdorm of liposomal formulation
(MLVs, LUVs etc.). From these images it would bswreed that the microspheres would be
able to protect its contents from bile salt attdkt would be observed in the small intestine,
in comparison to that observed for Eudragit S108tex liposomes (Figure 3.7). For the
Eudragit S100 microspheres a solid single struatfiean be observed whilst for the coated
liposomes an intermittent ‘crust’ could be observed

5.00kV3.0 800x SE 62 {" 5.00:kY 3.0. 3b0x
R 5 & b

Figure 4.8. Cryo-SEM images showing the internal mphology of Eudragit S100 microspheres. Eudragit

microspheres were produced using the standardised@tocol as outlined in section 4.3.2.
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4.4.5. Degradation of blank microspheres in simulad Gl tract conditions

It can be seen that Eudragit S100 microspheres tamaitheir structure and morphology
whilst in pH 1.4 0.1M HCI for 2 hours, which is regentative of the transit time found in the
stomach (Figure 4.9.). No differences can be oleskwer the 2 hour period with some
‘broken’ microspheres visible which are attributedthe processing conditions (3400 rpm)
used, as discussed previously in this chapter.ifip®rtant observation is that there is no
visible surface erosion and therefore no obviogsssiof microsphere degradation when in

contact with the simulated stomach conditions.

Similarly, the microspheres observed in Figure 4£a&0 be seen to withstand the increased
pH of 6.3 and the possibility of bile salt attackrnaintaining a smooth surface morphology
and spherical form. As no indication of polymer aetation can be observed this would
indicate that the microspheres would be able tdstéind any possible bile salt ingression,

and therefore protect a liposomal formulation witthe core.
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Figure 4.9. SEM images showing Eudragit S100 micrpberes in pH 1.4 HClI at (A) 1 hour and (B) 2
hours.
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Figure 4.10. SEM images showing Eudragit S100 micspheres in pH 6.3 Hanks' buffer containing the
model bile salt sodium taurocholate at (A) 1 hour(B) 2 hours and (C) 3 hours.
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The SEM analysis of Eudragit S100 microspheresHn/pt PBS are shown in Figure 4.11.
The onset of dissolution could be observed wittinn@nutes of exposure to pH 7.4, with
certain areas of pitting being observed on the ospnere surface. The rapid onset of
dissolution conforms to studies that have obsetheddissolution rates of Eudragit S100
films, which have shown that within a matter of oties dissolution has been observed (Lee
et al., 2001; Rawatkt al., 2007). The dissolution of the microspheres cw@s at these
inclusions exposing the microsphere wall and irdesurfaces, subsequently increasing the
surface area and therefore encouraging an increaseaf dissolution (Figure 4.11. B and
C). The final images at 4 hours show mainly polymamnants as opposed to any form of
microsphere which would collect during the centdtion stage. Samples were taken at 6
and 8 hours, but nothing was observed under SEMtaréfore it is assumed that complete

dissolution of the microspheres had taken plackiw® hours of exposure to pH 7.4 PBS.

As previously described in chapter 2, Eudragit Sd3olves at a pH above 7 due to the
ionization of the carboxylic acid groups within ggucture. The specific type of degradation
experienced has been evaluated in a number ofest8abot and Krause, 2002; Kraese
al., 1997; McNeilet al., 1995). These studies use either impedance sgeopy or quartz
crystal microbalance impedance measurements torntiee the specific dissolution
associated with Eudragit S100. In each of the esudtudragit S100 dissolution was
attributed to a complex pore formation mechanismthan surface of the polymer. Further
dissolution was then shown to be caused by theitygof the film and therefore lack of
tendency to swell. Further dissolution was sailawe taken place under the surface once the
polymer had been penetrated through pore formg8aot and Krause, 2002). The images
in Figure 4.11 give an indication that pore forraatiis occurring with Eudragit S100

microspheres, with large pores being visible aftdy 30 minutes.
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Figure 4.11. SEM images showing Eudragit S100 micspheres in pH 7.4 PBS at (A) 0.5 hours, (B) 1 hour,
(C) 2 hours and (D) 4 hours. Microsphere degradatio can be observed after just 30 minutes with only

small polymer complexes remaining after 4 hours.
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Looking at previous studies completed on the diggm of Eudragit S100 microspheres,
Leeet al. (2001) observed 90% drug release after 1 hoaxkpbsure to pH 7.4 for ketoprofen
loaded Eudragit S100 microspheres. Corresponding 8tcrographs of the formulations
showed a microsphere wall thickness in the regidd0qum, therefore supporting the current
formulation and its possible release profile. Samyl, Jainet al. (2005) achieved up to 74%
protein release (depending upon formulation pararsgtin 6 hours for Eudragit S100
microspheres in pH 7.4 PBS. It was also shownahating the processing variables (internal
and external aqueous volumes) could determine niyt thhe cumulative release but also
change the initial burst release observed. Thadtiguted to the altering the internal aqueous
volume where a large quantity is considered to peedlarge droplets which have high
amounts of surface associated protein in comparisorthose produced using smaller
volumes. Rawatt al. (2007) showed very little release of serratiopste (STP) in HCI
(6.56% in 2 hours) which was attributed to the agison of STP on the surface of Eudragit
S100 microspheres. It was then shown that apprdgign80% STP release was achieved in
pH 7.4 PBS, which although still within the requirgmes for colonic drug delivery is slower
than that observed by Let al. (2001) despite having an average microsphere etemof

56 pm.

4.5. Conclusions

Hollow Eudragit S100 microspheres have been pratiuseng a double emulsion — solvent
evaporation technique. Investigating a number oic@ssing conditions showed that
increasing the homogenisation speed and time led tore homogenous population of

microspheres.

Subsequent analysis in simulated Gl tract condstibave shown that the microspheres can
withstand in vitro environments representative of the stomach andl sntastine. The
smooth surface and spherical morphology was maietiihroughout the 2 hour exposure to
1 M HCI and 3 hour exposure to Hanks’ buffer. Theset of microsphere dissolution was
observed in pH 7.4 PBS after as little as 30 msuwgth continued polymer degradation
taking place up to 4 hours. The microspheres werneptetely dissolved within 6 hours of
exposure to pH 7.4 PBS which is well within theiraated transit time required for colonic
drug delivery (Rawadt al., 2007).
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The current chapter has addressed the problemsatbsé during chapter 3 where a single
Eudragit S100 liposomes coating could not withstémel attack of bile salts. The solid
Eudragit S100 microsphere has shown stability éngresence of bile salts and therefore the
formulation can evolve by encapsulating drug loalilgasomes within the microspheres to

produce an effective oral colonic drug delivery icéh
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ABSTRACT

A method for producing chitosan-coated liposomegpitotect them during encapsulation
within Eudragit microspheres was investigated. Té@hnique was required to protect the
liposomes from the organic solvents used when fogntihe primary emulsion of a proposed
double emulsion solvent evaporation technique. Bodutral and anionic LUVsS were

produced and subsequently coated with chitosan.chliesan coating layer was confirmed
through a number of techniques including zeta gatkanalysis, cryo-SEM and fluorescence

microscopy.

The coated liposomes were then investigated foir ghatability for colon targeted drug

delivery by completing drug release profiles sininig the stomach, small intestine and
colon. The small intestine conditions included thedel bile salt sodium taurocholate which
had previously been shown to cause drug releaséngufficiently coated liposomes

(chapter 3). The colonic conditions containgglucosidase to simulate the action of the
colonic microflora and subsequently show its effectthe chitosan coating. It was shown
that the chitosan coating slowed drug release girotne stomach and small intestine
compared to uncoated formulations with significaelease being shown in the colonic
conditions. A chitosan-coated liposomal formulatidras been created suitable of
withstanding the processing conditions of microsphm@oduction and capable of significant

release in the colon.
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5.1. Introduction

It has been previously shown that the direct cgabihliposomes with Eudragit S100 did not
prove successful at protecting the liposome bilayem bile salt attack. It is therefore
suggested that a liposome-in-microsphere (LIM) fadation could be produced
encapsulating liposomes within solid Eudragit Si0izrospheres. It was shown in the
previous chapter that Eudragit S100 microspheres tiee potential to remain intact through
the stomach and small intestine, to subsequenginlmkegradation in the ileo-caecal junction.
It is hypothesised the microspheres will begin ¢tease the liposomes at the ileo-caecal
junction, therefore allowing for sustained drugeesde at the site of the colon. The proposed
method to produce LIMs is an adapted double enmulsiolvent evaporation technique,
therefore exposing the liposomes to a solvent mexDCM, ethanol, propanol) which would
rapidly destroy the bilayer of the vesicles. Witistin mind it is essential that the liposomes
are protected through the microsphere producti@gest Furthermore not only do the
liposomes need to be protected during the produatfoLIMs but they must also show a
suitable release profile that would enable colaligy delivery. It is hypothesised that using a
polysaccharide to coat the liposomes that williati protect them from the organic solvent
and then be solubilised by the colonic microflorhew released by the Eudragit S100
microspheres. The overall aim of this chapter weaddvise a method of coating liposomal
formulations with chitosan that would protect thesicles during their exposure to the solvent
mix when encapsulating them into the microsphenespaiovide a suitable release profile for

colonic drug delivery.

A number of researchers have shown that liposoraesbe coated with the polysaccharide
chitosan, which would not only protect the liposenaleiring transition through to the colon,
but would also provide an enzyme controlled comporte the system, which would
therefore make the formulation with a two-trigggstem. It has been demonstrated that a
system with a two trigger formulation has a nunifesidvantages over single trigger systems
(Kaur and Kim, 2009), including site specificity cafiormulation stability. Kaur and Kim
(2009) showed that producing a double coated faxtiranl with a chitosan inner coat and
Eudragit outer coat enables the chitosan to cowlnoy release to the colon; the Eudragit
coating would provide an enteric protective layer the formulation, thus preventing

solubilisation in the stomach. The use of an enzgomdrolled release system is considered
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to provide improved site specificity, as varialyiléssociated with transit time and pH through
the Gl tract does not influence the colonic miayadl and the enzymes specifically found in
the large intestine (section 1.4.3.4). This usa dbuble trigger system would allow for more
flexibility in the Eudragit coating, as less empbkas required on the site specificity due to
the controlled release of the chitosan coatingifi.khe microspheres were to degrade in the
proximal small intestine the chitosan coating woefture that drug release is limited until
arrival into the colon. This would enable a varietly Eudragits to be used, or even a
combination of two different Eudragits (L100 and08}, in order to produce a solubility
profile suitable for possible patient variabilitg.i patients with a Gl tract pH profile lower
than ‘normal’ (Kharet al., 1999; 2000).

5.1.1. Chitosan

It has been proposed that liposomes can be coatedhe polysaccharide chitosan (Laste
al., 2008; Guoet al., 2003; Madyet al., 2009; Henrikseret al., 1994; 1997), which is
dissolved by bacteria present within the microflood the colon (section 1.4.3.4).
Investigations into chitosan and its suitability fesistance to solvents, and its ability to coat
liposomal formulations has been well documentedti@e 2.3.2). As chitosan has a number
of amine groups it also dissolves in weak acidiadittons and would therefore need an
enteric coating to remain intact through the acidomditions found within the stomach
(Shimonoet al., 2002).

A number of studies have successfully looked atiegaiposomes through electrostatic
interactions, by producing anionic liposomes antissquently coating with the cationic
polymer (Layeet al., 2008; Wei and Lu, 2003; Henriksehal., 1994; 1997). Layet al.,
(2008) investigated the ideal chitosan concentnatifor production of chitosan-coated
liposomes through the electrostatic deposition lifosan onto the surface of an anionic
liposome formulation. It was concluded that belomiaimum critical chitosan concentration
(Cmin) large aggregates formed that phase separatednutes which was attributed to the
formation of coacervates. In comparison a maximuitical chitosan concentration {&,)
was observed whereby concentrations above thigev@oduced large flocs that sedimented
within hours, which was attributed to depletionctialation. It was shown that the,f and
Cmax Were dependent upon the liposome concentratiorsened Wei and Lu (2003) showed

that negatively charged, positively charged andmaéliposomes could all be coated with
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chitosan. The resultant formulations, with an oetaieric coating, showed very little (< 7%)
release in simulated gastric and enteric fluid itd & hours respectively) whilst simulated
colonic fluid containing3-glucosidase showed considerable release with af t3.63 hours.

Henriksenet al., (1994, 1997) closely investigated the interaxtidetween chitosan and
liposomes also taking into account the numerousifadnvolved including addition speed,

stirring speed and the specific molecular weighttofosan used.

In contrast a number of studies have shown thatraleliposomes can be coated with the
cationic polymer through hydrogen bonding betwdenpolysaccharide and the phospholipid
head groups (Madst al., 2009; Gucet al., 2003; Perugingt al., 2000; Henriksest al., 1994
and 1997). It was suggested that coating neupastimes provided a more stable system that
would be influenced less by any changes in pH arffébupon dilution (Gueat al., 2003). It
has been shown that the charge of the liposomesigaificantly alter the chitosan coating
process (Henrikseat al., 1994; 1997) and therefore this chapter will lookhe coating of
both neutral and negatively charged liposomes topase the resultant formulations. As
discussed in the introduction (section 1.7.5.1¢rehare advantages to colonic delivery of
both neutral and negatively charged liposomes, thedefore if both can be coated with
chitosan it would provide the opportunity to speeilly attach to inflamed or healthy

mucosa, depending upon the condition.
5.1.2. The advantages of using LUVs over MLVs

Previous experiments (chapter 3) attempted tosatiMLVs for drug delivery to the colon
due to their multilayer structure and thereforenglbrelease rates in comparison to LUVs
and SUVs. With a view to the liposomes being coated then subsequently encapsulated in
Eudragit S100 microspheres a prolonged releasasaiet required in comparison to MLVs
directly coated with Eudragit S100 where the captiould be solubilised at the distal small
intestine exposing the liposomes to drug releasés therefore proposed that LUVs are
encapsulated within the microspheres due to the gizMLVs being problematic for the
microspheres produced in the previous chapter. 0dee of LUVs will also lead to an
increased encapsulation efficiency in comparisoil /s which should balance out with the

losses associated with polymeric membrane extrusion
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The overall aims of the work described in the aotrdhapter were to:

» Investigate the extrusion of EPC MLVs with a viewproducing LUVs with a narrow
size distribution.

* Develop a coating strategy to coat either neutralegatively charged liposomes with
chitosan.

» Determine the size distribution and uniformity abating through a variety of
techniques.

* Investigate the mechanism of the coating and astesffects on the drug release
profile of liposomes in buffers representative lué pH range observed within the Gl
tract. The buffers will include a model bile saftdaenzyme for the small and large
intestine respectively. This will provide a moretalled indication of the
formulation’s propertiesn vivo and will ensure that the chitosan coat will witrst
the distal region of the small intestine and subeat]y release the active ingredient
in the colon.

5.2. Materials
5.2.1. Lipids

EPC was a gift from Lipoid GmbH, which had a puritly99.2%. Cholestero>09%) was
purchased from Sigma Aldrich (Dorset, UK). Dicetygsphate (DCP)>09% purity), a
negatively charged lipid, was used to produce aaiiposomes and was also purchased

from Sigma Aldrich. All lipids were stored at -20%X5 °C in sealed containers.
5.2.2. 5-Aminosalicylic acid (5-ASA)

The model drug used throughout the investigatioas %*ASA which is an anti-inflammatory
drug used in the treatment of ulcerative colitisl &rohn’s disease. The active dose of 5-
ASA is 400mg, the current formulation does notaétto deliver this but merely uses 5-ASA
as a model drug that is delivered to the colon esfexence for the possibility of delivering

specific peptides and proteins to the colon.
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5.2.3. Chitosan

Chitosan (Sigma Aldrich-medium molecular weight) dhaa molecular weight of
approximately 237,000 as measured by GPC (sect2)2 A medium molecular weight
chitosan was chosen as previous studies have stmtriow and high molecular weight
chitosan can promote extensive particle aggregdfitum et al., 2006). Chitosan solutions
(0.01, 0.25, 0.5, 1, 2 and 3%) for coating wereatae by dissolving the appropriate amount
of chitosan in 1% acetic acid through vortex mixargl sonication.

5.3. Apparatus and methodology
5.3.1. Production of neutral and anionic LUVs

MLVs were produced in the same way as outlined iptesly in section 3.3.1, using the
original method published by Banghatral. (1965). Neutral liposomes were produced using
a EPC:CH ratio of 7:2 with it being hypothesised kbwer CH concentration would lead to a
faster drug release rate due to the increasedebilapbility (Lemmichet al., 1996). Anionic
liposomes were produced by including DCP in a rafi@:2:1 (EPC:CH:DCP). Blank MLVs
were hydrated with PBS buffer whilst drug loaded \MLwere hydrated with a 1mg/ml 5-
ASA in PBS solution.

LUVs were produced by polymeric membrane extrugibRLVs through membranes with a
reducing pore size (1 um, 0.4 um and 0.2 pm) usiagMini-Extruder (Avanti Polar Lipids,

Inc., Alabaster). The mini extruder allows for sheamples sizes<(10ml) to be extruded

using a variety of polycarbonate membranes (0.03tui® pm). The materials used in the
production of the mini extruder are heat resistdmtrefore allowing for a variety of lipids

(with a phase transition temperature above roompéeaiure) to be extruded up to a
maximum of 80°C. Due to the low transition temperatof EPC (-5 to -15°C), there was no
requirement to heat the extrusion apparatus, therefll extrusions were performed at room
temperature. MLV samples were extruded throughntieenbrane a number of different
times (5, 11, 15 and 19) to investigate how mantyusions were required to achieve a
homogenous size distribution of LUVs. The manufeatsirecommend that a minimum of 11
passes are required, but sample requirements aexrmgal by the lipids being used. The

extrusion process relies on pressure being appiede syringe to force the sample through
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the membrane and therefore may be open to usexbiési (unless a peristaltic pump is
used). With this in mind a full study on the numbar passes required to obtain a
homogenous sample size was necessary, with a nimiofuthree individual samples to be

assessed.
5.3.2. Characterisation of LUVs

The size distribution using each membrane aftesgeeific number of passes was measured
by laser diffraction particle sizing as previoushutlined in section 3.3.3.4. Three

independent samples were produced with each sdmjylg measured a total of five times.

Liposomes were labelled with the lipophilic dye Nied. The use of a lipophilic stain means
the lipid will become fluorescent under a fluoregdgyht microscope therefore allowing the
liposomes to be viewed non — invasively in theitura state with no need for freeze drying
to view under SEM. The same thin film hydration hoet was adopted as before (section
5.3.1) with 2mg of the Nile red being dissolvedhnilhe other lipids in the solvent. Samples

were then imaged using a Leica microscope wittchéd fluorescence unit.

5.3.3. Production of chitosan-coated liposomes

The coating of liposomes was completed by adopdinigchnique used by Henriksenhal.

(1994; 1996). Liposomes were added drop-wise tmsan solution (0.01, 0.25, 0.5, 1, 2, 3%
w/w) in equal volumes whilst under magnetic stigri@00 rpm). The sample was then left
stirring for a further 2 minutes and allowed tobsliae at 4°C for 24 hours. The chitosan-
coated liposomes were then washed three timesriyifagation (26,000 rpm, 63,000 g) and

replacing the supernatant with fresh 1% acetic.acid
5.3.4. Characterisation of chitosan-coated liposorse
5.3.4.1. Zeta potential analysis for chitosan-coaldiposomes

A number of studies have used the change in zdengal to indicate the evolution of a
chitosan coating on both neutral and anionic lipos® (Madyet al., 2009; Layeet al., 2008;
Guo et al., 2003; Takeuchet al., 2005). 1 ml of washed chitosan-coated liposomas
added to 20 ml of distilled water. The sample weshtmeasured using the method described
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in section 3.3.3. The average of 10 measuremensscakulated with three independent

samples being measured overall.

5.3.4.2. Influence of chitosan concentration on ®z distribution of liposomal

formulations

Chitosan-coated liposomes were measured usingaser diffraction method outlined in
section 3.2.3. Both anionic and neutral liposomeseveoated with 1% chitosan solution with

the resultant formulations being dispersed in ltgstiwater.
5.3.4.3. Cryo-SEM analysis of chitosan-coated lipomes

Chitosan-coated liposomes were imaged using the-8BM method described in section
3.2.4. Initial images of chitosan-coated LUVs prbweconclusive due to the small particle
size (approximately 200nm) and the low acceleratmfage required to maintain cryo

chamber temperature throughout. With this in miméges of chitosan-coated MLVs were
also taken as it has been observed the initiabtipte diameter has little effect on the coating

properties (Layet al., 2008).
5.3.4.4. Fluorescence labelling of chitosan-coatédosomes

To visualise the chitosan coating layer on thedguoes a method used by Anaral. (2009)
was adopted. FITC-labelled chitosan was synthedigealdding 100ml dehydrated methanol
followed by 50 ml of FTIC in methanol (2.0 mg/mt £00 ml of chitosan (1% in 0.1 M
acetic acid) in the dark and at ambient temperatiter 3 hours, the labelled polymer was
precipitated in 0.2 M sodium hydroxide. The pretafg was pelleted at 40,000 x g (10 min)
and washed with methanol-water (70:30, v/v) untl fluorescence was observed in the
supernatant. The labelled chitosan was then rediesds in 20 ml of 0.1 M acetic acid and
suitable for coating as in section 5.3.2. Furth@&ld were completed using Nile red dyed
liposomes (section 5.3.2.2.) in combination witbelded chitosan to so that the lipid and
agueous regions of the liposomes could be obserk#dmages were taken using the

fluorescence method described in section 5.3.2.2.

130



Chapter 5 Chitosan-coated liposomes

5.3.5. Drug release properties of chitosan-coateghbbsomal formulations
5.3.5.1. UV spectral analysis and calibration cunsefor 5-ASA quantification

Initially, a UV spectrum was completed to determihe wavelength at which 5-ASA has a
suitable absorbance to analyse drug release medielease (Figure 5.1). All UV spectra
were completed on a Jasco V-530 UV/Vis spectropheter. A small amount of 5-ASA

was dissolved in water with the spectra being takeghe range 250-500 nm, at 5 nm/second.
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Figure 5.1. UV spectra of 5-ASA dissolved in distéd water.

Calibration curves were then constructed for 5-Adgsolved in each of the buffers to be
used during the release trials (outlined in secto®.4.3). For each calibration curve a
solution of 1 mg/ml of 5-ASA was made up in theuiegd buffer, and then a serial dilution
was completed to a point where the absorbance m@me negligible. All measurements
were completed in triplicate on independent sampletheinax = 330 nm. The resultant

calibration curves are shown in Figure 5.2.
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Figure 5.2. Calibration curves for 5-ASA dissolvedn (A) 0.1M HCI, (B) Hanks’ solution, (C) PBS and D) ethanol at 330nm.
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5.3.5.2. Quantification of encapsulated 5-ASA

The amount of drug present within the LUVs was difiad by lysing the liposomes after
extrusion to give a total encapsulation for uncoédtemulations. 0.1 ml of liposome sample
was added to 0.9 ml ethanol and vortex mixed toienall the liposomes had been destroyed.
The solution was then analysed spectrophotomdiricaith the concentration being
calculated by referring to the calibration curveethanol (Figure 5.2 D). For all calibration
curves and release experiments, initial trials wengormed to ensure none of the individual
components of the formulation would influence th¥ Ebsorbance when measuring for

specific drug concentrations.
5.3.5.3. Drug release studies in conditions repredative of the Gl tract

As outlined previously the Gl tract has a rang@ldé and transit times. The release media
used for the stomach and small intestine were dhgesas outlined in section 3.2.3. The use
of 10 mM sodium taurocholate in the Hanks’ solutweas continued as it not only provides

similar conditions to those observed in the Glttlaat was also shown to be a rigorous test

when used for trials of Eudragit S100 coated liposs (chapter 3).

The method for the large intestine release medsmadapted from previous experiments. The
inclusion of a specific enzyme that is presentha tolon is necessary to solubilise the
chitosan as would be expectedvivo (described in section 2.3.3). A number of studiageh
evaluated the solubilisation of the chitosan captayer of liposomes by assessing drug
release within buffers containing either rat or lamnfiaecal slurries (McConnedt al., 2008;
Zhang and Neau, 2002). Due to the number of safetysiderations and complications
associated with using faecal samples, a numbeudfes have investigated vitro methods
that utilise commercially available enzymes thdt solubilise chitosan in a similar way to
vivo, whilst maintaining human relevance. Fat@l. (2009) showed thd-glucosidase (4%
w/w) gave comparable results to rat cecal conté#fis w/w) for theophylline release of
chitosan-coated tablets. Furthermore, Orientl. (2002) showed that in the presence-of
glucosidase (1 mg/ml) an increased drug releasesiv@sn from a variety of chitosan salts in
comparison to a standard pH 7.0 PBS to simulatexhmofluid. Wei and Lu (2003) observed
that chitosan-coated liposomes released very littEmulated gastric and enteric fluids, but
showed that there was a significant increase ingmdéage released and release rate when the

liposomes were subjected to simulated colonic mealaining3-glucosidase (concentration
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unknown). It was decided to use a 4% (w/w) coneiain of B-glucosidase in PBS with a
pH of 7.4 which represents the average pH founthatileo-caecal junction (outlined in
section 1.4.3.4).

5.3.5.4. Drug release profiles for uncoated and dbsan-coated LUVs

Drug release trials with uncoated and 1% chitosmatied neutral LUVs were conducted in
the release media described in section 5.3.4.3e&cn experiment 1 ml of liposome sample
was injected into a 20,000 molecular weight cut(dfVCO) Slide-A-Lyzer dialysis cassette
(Piercenet, Rockford). The cassette had been prelyioassessed that it maintained its
integrity within the simulated media to be usedisTdssessment was completed by injecting
a sample of 5-ASA in PBS and assessing the releaska over a number of time points. It
was shown that the dialysis cassette maintainechtégrity over the required time periods
with the indication of very little or no releaseiige observed (<2%). The cassette had been
previously hydrated in 0.1 M HCI (maintained at@yfor 2 minutes. The dialysis cassettes
were then attached to the rotating shaft of a U8peTI dissolution apparatus (Varian DS
705, Agilent Technologies, England) dissolutionaapus and lowered into a 400 ml beaker
containing 250 ml HCI. The beaker was held in aewatth within the 1 litre vessels of the
apparatus which was maintained at 37°C throughiha. stirring speed of the apparatus was
maintained at 100 rpm in accordance with the BritBharmacopoeia’s guidance on
dissolution testing (Appendix Xl B). Aliquots of il were removed from the buffer at pre-
determined time intervals and replaced with 1 ml pk-heated fresh buffer. The
concentration of released 5-ASA was determinedguélV spectrophotometry against a
standard curve obtained at330 nm. All measurements were taken against nefere
samples of the appropriate dissolution medium. rAfiteo hours the cassettes were moved
from the HCI to beakers containing Hanks’ buffeth/iOmM sodium taurocholate and the
trial was continued with samples being taken atdatermined time intervals for the next
three hours. Finally the samples were moved frorkées containing Hanks’ buffer into
beakers containing PBS afidjlucosidase. As the dialysis cassettes are cefiulb@ased it was
hypothesised that the inclusion pfglucosidase in the release media would lead to the
degradation of the membrane over time. A trial expent was conducted whereby a blank
cassette was placed into the release media. Samptesaken at pre-determined time points
to observe if any alteration in the UV absorpti@twred. It was shown that the absorption
increased at approximately 7-8 hours and theretosas decided every 5 hours the sample
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was removed from the cassette and placed in a asgette into the same buffer. The 5 hour
time frame ensured membrane degradation would mibdence the absorption readings

obtained for the specific drug release of the lgoss.

5.4. Results and Discussion
5.4.1. Investigation into size distribution of extuded MLVs
5.4.1.1. Investigation into the number of extrusios required for a homogenous sample

Size distribution results for liposomes exposedlifterent numbers of passes through the
extruder are shown in Figure 5.3. The results shakerfor the three membrane sizes; 1, 0.4
and 0.2 um, for 5, 11, 15, and 19 passes. Thedshagbutions are similar to those observed
in previous studies (Macdonadtlal., 1991; Subbaraet al., 1991) for this apparatus whereby

a bimodal size distribution is observed initialtiien as the number of passes increases and
the membrane size decreases a unimodal, normaibdigin is observed. The unimodal
distribution is not observed until the 0.2 um meamar is used which is also in accordance
with the manufacturer’s literature whereby it iggasted a membrane pore siz6.2 um is
required for the production of LUVs. The membranerep sizes above 0.2 pm are
recommended to produce a polydisperse suspensidh\ss.

The size distribution statistics 1(l dso, tho) also offer an insight into the change in size
distribution with increasing passes through the tmame (Table 5.1.). The majority of
difference can be seen between the samples produsied 5 passes and the samples
produced using the recommended minimum numberssggsaof 11.
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Figure 5.3. Size distributions for liposomes extrued using (A) 1 pm, (B) 0.4 pm and (C) 0.2 um
polycarbonate membrane. Samples were extruded thragy the membrane 5 &), 11 @), 15 () and 19 (x)
times.

136



Chapter 5 Chitosan-coated liposomes

Table 5.1. Table showing size distribution stats{ido, dso, o) Of extruded liposomes using

various membrane pore size filters and varying nemalb extrusions.

le d50 d90
Membrane size Membrane size Membrane size

Number

of lpm O04pym O02pum 1pm O4pum O02pm 1pm 0.4 un2 pn
Passes

5 0.0903 0.0927 0.109 0.338 0.361 0.230 1.611 0.783.407
11 0.0990 0.097 0.0937 0.376 0.360 0.197 1.450 60.700.367
15 0.0927 0.101 0.0890 0.339 0.382 0.197 1.396 20.740.378
19 0.0907 0.103 0.0873 0.286 0.347 0.187 1.338 90.690.365

5.4.1.2. Results showing effect of reducing membrarsize at 15 extrusions

From the initial size distributions it was deciddé8 passes through the polycarbonate
membrane produced a suitably homogenous sampleharefore it was decided to use this
number of passes throughout the future studiesz@ distribution comparing the change in
liposomal size from MLVs to LUVs at 15 passes iswh in Figure 5.4. The transition from
an MLV formulation into a low polydisperse LUV salapsing the 0.2 um can be observed.
Further extrusions at lower membrane pore size&ddoave been completed to produce a
sample with a more narrow size distribution, bu¢ doi the drug losses associated with the
extrusion process it was decided LUVs in the regibf.2 pum would be suitable for coating
and therefore maintain a high enough concentratfote original drug content (Berget

al., 2001; Bhardwaj and Burgess, 2010).
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Figure 5.4. Size distribution for MLVs (A) and liposomes extruded 15 times using 1 pura), 0.4 um @),
and 0.2 pm (%) polycarbonate membranes.

Fluorescence imaging was undertaken on Nile rethestaliposomes and the subsequent
stages of extrusion through the various membrafigsie 5.5). This method highlighted the
phospholipid bilayers due to the staining and tleeecoffers a clear indication of liposome
size and homogeneity. The stained bilayers are elegr for the MLVs, with the use of ever
decreasing pore sized membranes being used shamwimdferation in the vesicle size, thus
reinforcing Figure 5.4. The vesicle size decreasganificantly with the 1 pm membrane
appearing to show a homogenous sample, but sthl wdividual vesicles being visible. The
0.4 pum membrane shows less definition of vesicléschvis a limitation of the current
method using a light microscope. Finally, the 0@ ppembrane shows no evidence of single
vesicles, which is due to the resolution of theroscope and the subsequent small size of the
LUVs. The lack of definition of vesicle observed tbe 0.2 and 0.4 um membrane is due to
both the limitation of the microscope but also tieure of the fluorescent dye for small
vesicles can cause excessive excitation which doedlow for definition between the
unstained internal core to be observed in compatisdhe stained bilayer.
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©) (D)

Figure 5.5. Fluorescence microscope images of Nikd stained (A) MLVs, and extruded liposomes usin
the (B) 1 um, (C) 0.4 um and (D) 0.2 um polycarbot@ membrane

5.4.2. Investigation intochitosar-coated liposomes
5.4.2.1. Change in zeta potential fcchitosan-coated liposomes

It has been widely documented that the evolutioa ohitosan coating on liposomal surfa
can be monitored through analysis of zeta potehitdy et al., 200; Layeet al., 2008;
Guoet al., 2003; Takeuchét al., 2005). Zeta potential values can be compareasaanos
studies as the final coated liposomes should hasendar zeta potential regardless of
lipid used in the production of the liposomes would be difficult to compare specif
concentrations used for chitosan coating as eadly stses different ratios of chitosan
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liposomes, coupled with the variation in speciffd and its concentration. The change in
zeta potential observed for neutral and negatigebbrged LUVs is shown in Figure 5.6. For
anionic liposomes an initial zeta potential in tegion of -40 mV can be seen with neutral
liposomes having a marginally negative charge o2 +hV, which is in accordance with
previous studies (Madst al., 2009; Makincet al., 1991). An increase in zeta potential can be
observed for both liposomal formulations as théadan concentration increases. This would
be expected as the cationic chitosan is absorbtxdtba liposomal surface causing a change
in overall surface charge. At 1% chitosan coathyzeta potential appears to plateau with no
further increase observed for 2 and 3% coatingoih bposome formulations. This is similar
to that observed by Henriksehal. (1997) where it was shown for washed liposomes th
plateau occurred at similar zeta potentials fohbwutral and negatively charged liposomes.
A much higher zeta potential (~ +85 mV) was obseéree unwashed due to excess chitosan
polymer chains being loosely associated with thetemb liposomes and therefore increasing
the electrophoretic mobility. Henriksehal. (1997) observed changes in zeta potential of -25
to +32 mV and -1.8 to +29 mV for negatively chargedl neutral liposomes respectively
when coating with chitosan, which are similar togé seen in Figure 5.6. Similarly, Geio

al. (2003) and Madyt al. (2009) observed a plateau in zeta potential ptaegimately 40
mV for liposomes produced using EPC and DPPC réispécwhen coated with chitosan.
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Figure 5.6. Influence of chitosan concentration ometa potential of neutral ©) and negatively charged )
chitosan-coated LUVs. Each point represents the maaf three independent trials, with the mean of 10

measurements completed for each trial.
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Due to the plateau observed during the zeta paleinials it was decided that a sufficient
chitosan coating would be achieved through thetetdof 1% chitosan. This was not only to
reduce the excess quantities of chitosan beingvedduring the washing process but also to
attempt to reduce the possibility of aggregatiod sambsequent phase separation observed by
Laye et al. (2008) when going below or above the saturatimmcentration. The saturation
concentration was shown to have a linear relatipnsfith liposomal concentration as an
increase in liposomes leads to an increase in exbsgrface area and therefore an increased
amount of chitosan is required for coating.

5.4.2.2. Influence of chitosan concentration on saistribution of LUVs

Size distribution analysis was completed on unabated 1% chitosan-coated samples to
observe the influence the chitosan coating had tipemarticle diameter (Figure 5.7). It can

be seen that for both coated formulations the isizeeases marginally compared to that of
the uncoated formulations. This size increase, alibe saturation concentration as defined
by Layeet al. (2008), is expected for chitosan-coated formareti Interestingly, there is a

small volume of the anionic coated formulation wathmuch larger particle diameter above
10 um which is indicative of possible aggregatiomtigh interactions between uncoated and

coated sections of liposomes.
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Figure 5.7. Size distribution of uncoated anionicH) and neutral (o) LUVs, with 1% chitosan-coated
anionic (m) and neutral (o) LUVS.
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The coating mechanism for anionic liposomes combingth chitosan is predominantly
attributed to electrostatic interactions which bagn extensively investigated (Henrikstn
al., 1994; 1997; Layest al., 2008; Guoet al., 2003). The coating of liposomes through
electrostatic interactions is often interpretedtiyh the charge mosaic theory or adsorption
coagulation (Gregory, 1973; Mabiet al., 1983). A diagram published by Mabiet al.,
(1983) suggesting the possible interactions dutimg coating of anionic particles with
cationic macromolecules is shown in Figure 5.8. @egram indicates that the uncoated
formulation (interactions b) would not flocculateedto the repulsive forces between the two
anionic particles. Similarly for two coated parisl(interactions a) it can be seen that the two
positive charges would also repel each other, tberenaintaining a homogenous dispersion
of coated particles. The situation whereby floctalacould be observed is when a partially
coated formulation is attracted to an uncoatedgarfinteractions c), therefore resulting in
the aggregation of particles, which further suppdine size distributions observed in Figure
5.7. This further supports Henriksehal.'s (1994) strategy of adding liposomes to excess
chitosan as this allows for particles to become metely coated and thus reducing the
possibility of flocculation compared to if the absan solution was added to the liposomes.

Henriksenet al. (1997) indicated that a number of mechanismslaxfctilation would be
present (polymer bridging, double layer coagulagbn), but identified that there were two
main reactions taking place between chitosan gu$dimes during the coating process. The
two reactions, where C indicates chitosan and dskgmes, are;

C+L—->CL (3)
CL+ L« LCL (4)

Where (3) represents the irreversible coating eflifosome with chitosan and (4) represents
a partly coated liposome interacting with a paraonfuncoated liposome causing an increase
in the measured particle size. If chitosan is prese excess then (3) should be able to
proceed until a stable positive charge is formeudtore preventing (4) from occurring. This
supports the need to maintain consistency in tleelymtion of chitosan-coated liposomes
through both the stirring rate used and the ratdipgisome addition as indicated by
Henrikseret al. (1997).
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Figure 5.8. Diagram representing the possible int@ctions through the addition of chitosan to anionic
liposomes. Interactions a and b are repulsive whilg is attractive. (Mabire et al., 1983).

In comparison to the electrostatic interactionseolsd for the coating of anionic liposomes,
the mechanism of coating neutral liposomes hasbeen as well documented. It has been
hypothesised that hydrophobic interactions domirtage coating process (Perugieti al.,
2000; Gucet al., 2003), through hydrogen bonding taking placeveeh the chitosan and the
phospholipid head groups. Gapal. (2003) compared the same lipid of two differemtifees

to compare the possible interactions involved; BEmk 170 and 200. A lipid of low purity
was used, which produced anionic liposomes, tosiiyate the electrostatic interactions
whilst a high purity lipid was used, which producethrginally positive liposomes, to
investigate the possibility of hydrophobic interans. An increase in zeta potential, size and
stability upon dilution was observed for both bashof liposomes, but a number of
differences were observed. The lipid of low pur{Blectrostatic interactions dominate)
produced a coated liposomal formulation four tinies size compared to that of the high
purity lipid. Furthermore, Guat al. (2003) observed a significant difference for tletaz
potential measurements where the low purity ligdched a plateau at approximately 40 mV
whilst the high purity lipid at approximately 20 mVhis does however contradict the work
of Henriksenet al. (1994) where similar zeta potentials were obskifee both neutral and
negatively charged liposomes. Gua al. (2003) hypothesised that the addition of
electrostatic interactions provided the increadédity for the liposomes to the chitosan and

therefore produced a thicker coating. It was cahetlu that chitosan coating through
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hydrophobic interactions would be more favouralsetas considered more stable and was
affected negligibly by the changes in pH and butfeon dilution. It was also hypothesised
that the thickness of coating could be problemasiat may restrict the release of the active

ingredient at the target site.

5.4.2.3. Imaging techniques used to investigate thehitosan coating of neutral and

negatively charged liposomes dispersed in water.
Cryo-SEM

Initially uncoated and chitosan-coated anionic LUWere investigated using cryo-SEM
(Figure 5.9). The images of uncoated LUVs showrgelgopulation of small vesicles with a
wide size range, which could not be seen duringf ligicroscopy (Figure 5.5). This variation
is more representative of the size distributioneobsd during the extrusion process, which is
indicative of using the largest membrane pore sugable for the production of LUVs
(0.2 um). The subsequently coated LUVs showed rafgignt increase in size, with a much
lower population of liposomes being observed (Fegbil9 B). It can be assumed that due to
the size change and significant reduction in limesoquantity that a number of chitosan-
liposome complexes were produced, therefore natymiog a single liposome with a defined
coating layer. If this is the case it can be assuthat some sort of flocculation may be
occurring during the production of chitosan-coatipdsomes, as outlined by the mosaic

charge theory.
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Figure 5.9. Cryo SEM images showing (A) uncoated an(B) chitosan-coated anionic LUVs.

Due to having to work at a lower accelerated vatayring cryo-SEM to maintain the
temperature, the resolution possible did not giveear indication of the coating layer and
therefore chitosan-coated MLVs were observed. Akag been shown that there is little
difference between the chitosan coating of vargilzg vesicles it was assumed that the same
coating would take place for MLVs as LUVs (Lagkeal., 2008). As mentioned previously,
Layeet al. (2008) observed a linear relationship betweerigieé concentration and required
amount of chitosan to reach saturation, but asémee lipid concentrations were maintained
throughout it was decided no change in chitosarceatnation would be required to coat
MLVs. Figure 5.10 shows the resultant cryo-SEM iem@f uncoated and chitosan-coated
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anionic MLVs. The uncoated MLVs display an unevarface representing the phospholipid
outer layer of the vesicle. The individual bilayeen also be observed in one of the images
where the actual liposome has been fractured. tmpaoison the coated formulation show a
smooth outer shell which would indicate the presesican outer chitosan shell having been
formed. The first image shows the presence of fpmsbmes in what appears to be a single
chitosan complex, which further indicates that ldlation occurs during the processing. The
second image of chitosan-coated MLVs shows whateappgo be individually coated
liposomes that have agglomerated into a single mmhis may be partially due to some
electrostatic interactions still being prominentween uncoated sections of a liposome with
coated sections of liposomes, similar to that olesbrby Layeet al. (2008). Layeet al.
(2008) observed small aggregates forming when mgdiposomes, which were visible as
flocculations to the naked eye, but did not sedintenform a separate layer. It can be
assumed that when measuring the size distributiahitosan-coated anionic liposomes that
the stirring speed (1750 rpm) was sufficient torujs these agglomerations and produce a

homogenous formulation throughout.
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Figure 5.10. Cryo-SEM images showing (A) uncoatedhd (B) 1% chitosan-coated anionic MLVSs.
Samples are dispersed in distilled water.

Cryo-SEM images for uncoated and chitosan-coatetraeMLVs are shown in Figure 5.11.

Uncoated neutral MLVs show a similar uneven, ‘glabusurface morphology as seen for

uncoated anionic MLVs. Chitosan-coated neutral Mistiew the same smooth outer shell as

seen for anionic coated MLVs with the main differerbeing the neutral MLVs appear to

remain as individual vesicles. The first image shavcomplete liposome with a smooth

outer shell whilst the second image shows a nurnobdractured vesicles. The fractured

liposomes show a solid outer shell (circled on diag which indicates the presence of a

solid chitosan coating. The appearance of thisimgatiffers significantly to that observed
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for Eudragit S100 coated liposomes where the palyappeared to agglomerate on the

liposome surface. This solid layer observed isdative of a permanent coating that has a

number of interactions including electrostatic &ydrogen bonding.
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Figure 5.11. Cryo-SEM images showing (A) uncoatechd (B) 1% chitosan-coated neutral MLVs.
Samples are dispersed in distilled water.
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Fluorescence Imaging

Cryo-SEM indicated the presence of a chitosan asdhe surface morphology changes from
an uneven to smooth surface, with an outer shatigbasible. As the Eudragit S100 coated
liposomes also showed a form of coating but cowdd withstand bile salt attack, it was
necessary to further investigate the nature ofcthed and therefore its suitability to prevent
liposome lysis when exposed to the solvent mixtdweing microsphere production. By
labelling the chitosan with FITC it was assumedt ttiee nature of the coat could be
investigated by observing whether a single layer ltesen produced or if an agglomeration on
the surface of the liposomes had occurred as obdefor the Eudragit S100 coating.
Figure 5.12 shows the effect of FITC labelling bftosan prior to the coating of both anionic
and neutral liposomes. The anionic liposomes (feigud2 A) can be clearly seen with a
black inner core indicating the internal structofethe liposomes and therefore where the
FITC does not penetrate. The coating layer itggbears to be a uniform single layer around
each liposome. There is also a clear indicatioagglomeration in the sample with an excess
of chitosan surrounding the liposomes. The imagdagure 5.12 provide a more conclusive
indication of the chitosan coating thickness in panson to the previous FITC labelled
chitosan coating study by Amiet al. (2009). The images obtained are very similarhi t
cryo-electron micrographs presented by Henrikseral. (1994) which show what he
describes as a liposome double membrane havingetbnmth the coating of LUVs. The
neutral liposomes (Figure 5.12 B) show examplesimgle chitosan-coated liposomes with
no chitosan agglomerations around the liposomakttire, which is in accordance with the
cryo-SEM images. This further reinforces the useth@f charge mosaic theory whereby
chitosan agglomerations can be observed for anifgpnsomes but not for neutral, which
also supports the hypothesis that different coatieghanisms are involved.
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Figure 5.12. Fluorescence microscope images showiRJ C labelled 1% chitosan-coated (A) anionic
MLVs and (B) neutral MLVs dispersed in water. Eachscale bar represents 10.0 um.

5.4.2.4. Cryo-SEM investigation into chitosan-coatkliposomes stability when exposed

to microsphere processing conditions.

Previous images of chitosan-coated liposomes (geét4.2.2.) have shown what appears to
be a solid layer around the liposomes. The presehtiee coating layer has been confirmed
through a number of techniques (zeta, size andimgadout the initial reason for coating the
liposomes was to protect them during microspheodymstion and therefore it still remains to
be seen whether the liposomes remain intact wheposed to the solvent mixture.
Figure 5.13 shows cryo-SEM images of both aniomd aeutral chitosan-coated MLVs

150



Chapter 5 Chitosan-coated liposomes

homogenised for 4 minutes at 7,400 rpm in the salvaixture used for microsphere

production. From both sets of images it can be se&nthe chitosan coating and the internal
liposomal bilayers have remained intact throughbat processing. No major differences in
chitosan-coated structure or morphology can bergbdebetween those dispersed in water
and those dispersed in the solvent mix. This indg#hat the liposomes would therefore be

able to be successfully encapsulated within the&giiS100 microsphere.

AfeV §pb 'Magn _. De Tl o
500kV 5086817 SE 65

7

AccV Spot Magn  Det ‘WD |—|‘ b im

3.00kv b0 12831x SE 6.1 _—

(B)

Figure 5.13. Cryo-SEM images showing chitosan-coat€A) anionic MLVs and (B) neutral MLVs
dispersed in solvent mixture of DCM:ethanol:propand (5:6:4).
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To provide further evidence of the protection pdad by the chitosan coat in the solvent
mix, Nile red stained liposomes were coated witiG-llabelled chitosan. The resultant
images of the sample homogenised in the solventam@shown in Figure 5.14. A number of
liposomes can be observed with a definite chitaszting surrounding them. If the coating
had not protected the liposomes then the Nile sedvdould not be visible as it would have
leaked into the background. These images furth@pat the conclusion that chitosan

coating offers significant protection for both amio and neutral liposomes to enable their
encapsulation into Eudragit S100 microspheres usanglouble emulsion — solvent

evaporation method.

Figure 5.14. Fluorescence microscope images of naltNile red stained MLVs, coated with 1 % FITC
labelled chitosan and subsequently homogenised inlgent mix (DCM:ethanol:propanol).

5.4.3. Drug release profiles for uncoated and chisan-coated LUVs

A number of studies have investigated the drugasseprofiles of chitosan-coated liposomes
and shown it is necessary for an enteric coatingetaised as the coat is soluble within the
acidic conditions of the stomach. Therefore, theesu drug release profiles are to assess the
release rates of the liposomes and their suitalidit the application of colonic drug delivery
whilst encapsulated within Eudragit S100 microspkeiThe drug release profiles produced
are shown in Figure 5.15. It was shown that thegdrelease curves were not statistically
different (Mann Whitney U test), and therefore oades that the presence of a chitosan
coating layer would not sufficiently protect lipases through the upper Gl tract. The release

data has been split into the three sections whockespond to the average transit time in the
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Gl tract and therefore the point where the dialgsissettes were moved to the next release
media. The uncoated liposomes show a continuatigtedease which leads to over 50% of
drug release occurring in the first 10 hours. Télease appears to slow considerably in the
PBS with a plateau occurring at approximately 4@rbo Although continued release is
observed for the uncoated formulation the actuainigs of release may be subject to a short
lag time whereby the drug has to diffuse throughdtalysis membrane of the cassette. With
this in mind though, both formulations will be setj to the same lag time and therefore

allows for a comparison to be made.

The chitosan-coated liposomes follow a similar ldhgurve to that of the uncoated
formulation, the main difference being, the initddug release in HCI and Hanks’ buffer
appearing to be considerably slower. After exposuiteoth HCIl and Hanks’ buffer only 15%
of 5-ASA had been released, whereas 5 hours ifatige intestine condition increased the
cumulative release to 50%. The delayed drug releaskl be due to the slow solubilisation
of the chitosan coating in the HCI and thereforevpnting the diffusion of 5-ASA across the
liposomal membrane. The results for chitosan-coéifexbomes are comparable to that of
Wei and Bin (2003) who observed that chitosan-abapmsomes released 13.1% of the drug
when exposed to 4 hours in pH 1.2 and 8 hours in6@; with the majority of release
(approximately 80%) taking place when exposed to7p#containing-glucosidase for 12
hours. This further indicates the suitability ofngsp-glucosidasen vitro due to its specific
ability to solubilise the 1-4 glycosidic bonds witlchitosan (as described in section 2.3.2).
The release of drug from chitosan-coated liposoimé$Cl has been observed by Getaal.
(2003), where it was shown that over a two hourogechitosan-coated liposomes showed
significant leakage of leuprolide when diluted otlbHCI (pH 1.2) and PBS (pH 6.9).

The release profiles comparing uncoated and chtosated liposomes indicate that the
presence of the chitosan does slow the drug releasgderably through the simulated Gl
tract conditions. Despite these findings the leaktwt has been observed during thiese
vitro conditions further indicate the need for an enteoating to protect the chitosan layer
and therefore prevent premature drug release ingper Gl tract (Kaur and Kim, 2009).
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Figure 5.15. Drug release profiles for uncoatedo] and 1% chitosan-coated ¢) neutral liposomes in 0.1 M HCI, Hanks’ buffer cortaining sodium taurocholate and

pH 7.4 PBS containingp-glucosidase.
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5.5. Conclusions

Both anionic and neutral liposomal LUVs were pragiichrough membrane extrusion. It
was shown that 15 extrusions produced a homogesample size, which would then be
suitable for coating. The effect of chitosan coriion on zeta potential was investigated
when coating LUVs, with a 1% concentration provatgquate to coat the LUVs and reach a
plateau therefore being at the saturation poirthefliposomes. The presence of a chitosan
coating layer in both liposomal formulations wasifooned through size distribution, cryo-
SEM and fluorescence microscopy. The coating aggeas solid single coating which
contrasts that of Eudragit S100 coated liposomegmkd in chapter 3. The stability of the
coat was subsequently investigated by exposindiplosomes to the solvent mixture and
processing conditions involved in the productiorEofdragit S100 microspheres. Both cryo-
SEM and fluorescence microscopy confirmed that lipesomes still remained in the
dispersion, therefore indicating that the chitosaating had protected them during solvent
exposure. 5-ASA release from uncoated and chitosated neutral LUVs was investigated
in simulated Gl tract conditions. The coated foratioh showed an improved drug retention
in comparison to that of the uncoated formulation the stomach and small intestine
conditions, with both showing significant releaseHBS containing the model enzyrfe
glucosidase. Despite the improved drug retentiors ievident that an enteric coating is
required to protect the chitosan coating in thergjracidic conditions found within the
stomach and therefore their incorporation into BgdrS100 microspheres is essential for

colonic drug delivery.
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formulation

ABSTRACT

A liposome in microsphere (LIM) formulation has hezreated. Eudragit S100 microspheres
were successfully used to encapsulate liposometaioorgy the model drug 5-ASA. The
liposomes were coated with the natural polysacdearhitosan, to protect the vesicles during
the production stages of the LIM formulation. Cluaeaisation of the LIMs was completed
by laser diffraction particle sizing, cryo-SEM adrug release studies. Drug release studies
were carried out in three media simulating the stam small intestine and large intestine.
The simulated small intestinal fluid contained adelobile salt and the simulated large
intestinal fluid contained a model enzyme produeédin the human colon. The drug release
trials showed that LIMs prevented drug release iwitthe simulated stomach and small
intestine conditions with subsequent drug releaseiming in the large intestine conditions.
The microspheres were solubilised by the pH 7.4 RMB&h then exposed the chitosan-
coated liposomes. The chitosan coating was tharbsiged by the presence of the colonic
enzyme B-glucosidase therefore releasing the LUVs and afigwdrug release. It was
concluded that Eudragit S100 microspheres encapsylahitosan-coated LUVs was a

successful formulation and has the potential fagated colonic drug delivery.
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6.1. Introduction

It has been previously shown that Eudragit S10Q@ecbposomes did not provide suitable
protection to prevent bile salt ingress and subsegexposure ton vitro small intestine
conditions (chapter 3). It was then shown thatds&udragit S100 microspheres produced
using a double emulsion-solvent evaporation teaimigere stable through both the stomach
and small intestine simulated conditions, with bdisation taking place in conditions
representative of the ileo-caecal region (chap}eitdvas then shown that liposomes could
be coated with the natural polysaccharide chitoganprotect the lipid vesicles during
microsphere production (chapter 5). The next steggto encapsulate chitosan-coated LUVs
into the Eudragit S100 microspheres and therefasdyze a formulation controlled by two
separate factors within the Gl tract. The dosagen fwould consist of the pH controlled
Eudragit S100 microspheres followed by the enzyemeddant chitosan coating. The use of
a microflora-activated system is seen as the mshiging current trigger as the increase in
bacteria population and enzyme activity represennam-continuous event which is
independent of Gl transit time and therefore eméE any problems associated with patient
transit time variability (Yangt al., 2002).

A number of LIM systems have been reported (Stemetkal., 2001; Fengt al., 2004; Park

et al., 2006), all of which comprise encapsulated liposs within microspheres produced
from biodegradable polymers. With this in mind ea€lthese formulations are susceptible to
variations in patient transit times and therefopecific targeted release of the active
ingredient could not be guaranteed. The use of agghonsive polymer (i.e. Eudragit S100)
as the microsphere material not only provides tablé enteric coating that will protect the
liposomal formulation through the acidic conditianghe stomach but will also provide a pH
trigger that will begin to solubilise within thee-caecal junction. This will then enable the
chitosan-coated liposomes to continue to the calbere enzyme triggered drug release will

occur.

Fenget al. (2004) encapsulated both chitosan-coated LUVsNids into PLA/PLA-PEG-

PLA microspheres. The initial release of liposorfiesn PLA microspheres was shown to be
significantly slower than Gl transit times (50%e&$e in 30 days) but the inclusion of PEG
into the polymer matrix increased the liposomeasterate showing approximately a 20%

increase in the same time-frame. This releasewatdd not be suitable for the targeting
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within the Gl tract due to the mis-match with trianisnes but changes in polymer molecular
weight and PEG concentration could further incredmeerate at which the liposomes are
released. The size of encapsulated liposome wassalswn to significantly influence the
release rate from the microspheres with the uskeWfs (<200 nm) showing the highest
percentage release in comparison to larger liposoihés hypothesised the use of chitosan-
coated LUVs in a pH responsive microsphere shoutdiyce a more specifically targeted

system for the use in colonic drug delivery.
The main aims of the work described in this chaptere to:

» Successfully encapsulate chitosan-coated LUVs kiidragit S100 microspheres and
confirm their presence through a number of charesetigon techniques.

» Perform a degradation study observing the LIMs twedt response in different simulated
Gl tract conditions.

» Perform a drug release investigation into the @bdf the LIM system to remain intact
through simulated stomach and small intestine b@iddutions, and subsequently release

the active ingredient (5-ASA) in simulated colonanditions.

6.2. Materials

6.2.1. Lipids

Neutral liposomes were produced using a 7:2 maiao of EPC:CH. EPC was a gift from
Lipoid (Ludwigshafen, Germany) and CH was purchdsah Sigma Aldrich (Dorset, UK).

6.2.2. Polymers

Chitosan-coated liposomes were produced using mrediolecular weight chitosan (Sigma
Aldrich) as investigated in chapter 2 (approximai@ecular weight 236,000). Microspheres
used to encapsulate liposomes were created usidga@tiS100 (Evonik Industries, Essen)

as investigated in chapter 2 and used for the mtamuof blank microspheres in chapter 4.
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6.3. Methods
6.3.1. Production of chitosan-coated LUVs

MLVs were initially produced using the Banghatval. (1965) thin film hydration method. A
detailed method for liposomal production can bentbun chapter 3. Briefly, the lipid
components were dissolved in 5ml chloroform and teaporated to leave a thin film on the
bottom of a round bottomed flask. The film was tihedrated with a 1mg/ml 5-ASA in PBS
solution and vortex mixed to create MLVs. The sgpemt MLVS were then membrane
extruded through to a pore size of 0.2 um as inyasd in section 5.4.1. The subsequent
LUVs were then washed three times through centiiog at 26,000 rpm (63,000 g) for 10
minutes with the supernatant being replaced wisHrbuffer. The LUVs were then coated
with chitosan by adding LUVs dropwise to a 1% céého solution whilst under magnetic
stirring as outlined in section 5.3.3.

6.3.2. Production of LIMs

LIMs were produced by using 5-ASA loaded chitosaated LUVs in the internal aqueous
phase (IAP) during microsphere production. 0.8 intlutosan-coated LUVs were vortex
mixed with 0.2 ml 3% (w/w) polysorbate 20 solutitm form the internal aqueous phase
(IAP). The primary emulsion (WO) was then formed by homogenising (7,400 rpm, 2
minutes) the IAP with 5 ml 6% w/w Eudragit S100 stilved in a solvent mixture of
DCM:ethanol:propanol (5:6:4). The primary emulswas then poured into 100 ml 1% PVA
whilst under magnetic stirring at 125 rpm. Stirriwgs continued for three hours to ensure
complete microsphere hardening and solvent evadparafhe microspheres were then
washed using vacuum filtration with a filter memigawith a pore size of 1.6 um. The
microspheres were then subsequently harvested amargy used in their ‘wet’ state for

release trials.
6.3.3. Characterisation of LIMs
6.3.3.1. Size distribution analysis

Particle size distribution was measured using teéhod outlined in section 3.3.3.4. Samples
were measured in their ‘wet’ state immediately rafiieration as this was the state in which

the LIMs would be used for drug release trials. $amples were added to the dispersion unit
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until the obscuration level was in the range ofl83 (Mastersizer 2000 handbook, Malvern

Instruments). The sample was dispersed in pH iilldd water.
6.3.3.2. SEM imaging of microsphere morphology

The surface morphology of dried LIMs could be asaly using SEM. It not only gave an

indication of the size of the LIMs but also supglieformation regarding the homogeneity of
the sample and if there is any excess polymer faronred microspheres. LIMs were allowed

to dry out in an oven at 37°C for 48 hours and tkahsequently mounted, coated and
imaged according to the method used for blank rsineres outlined in section 4.3.2.

6.3.3.3. Cryo-SEM

Cryo-SEM imaging was undertaken to establish thermal structure of the microspheres and
confirm the presence of encapsulated chitosan-dogiesomes. The microspheres were
suspended in a highly viscous 5M sucrose solubaeduce mobility within the sample well
and therefore ensure the sample remained suspdnddtie duration of the sectioning.

Sectioning and imaging was then completed as pusiyalescribed in section 4.3.5.
6.3.3.4. Degradation study of LIMs in Gl tract simdated conditions

An SEM study was designed to observe the effestaofing conditions on the morphology
and structure of LIMs. 10 mg of LIMs were place®id ml (concentrations representative of
drug release trials) of each of the release megtieesenting the three sections of the Gl tract
(outlined in section 6.3.4.2) including both thedwabbile salt state and colonic enzyme state.
The vessels were then maintained at 37°C and edi&t100 rpm in a New Brunswick G25
incubator-shaker. 1 ml samples were removed atigi@mined time intervals: stomach (0.5,
1, and 2 hours), small intestine (1, 2, and 3 Hoarsl large intestine (1, 2, 4, 6, and 40
hours). In each case, the maximum time in eachebgiffstem was representative of average
normal transit time. 1 ml of fresh pre-heated buffas added after each sample was taken to
maintain sink conditions throughout. The sampleseveentrifuged at 26,000 (63,000 g) for
10 minutes, with the supernatant being removed. réh&ining microspheres could then be
completely dried in an oven at 37°C for 48 houesdy for subsequent analysis as described
in section 4.3.2.
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6.3.4. Investigation into drug loading and releasprofiles for LIMs
6.3.4.1. Establishing drug loading of LIMs

The specific drug loading of the LIMs was investagh by ‘stripping’ off each layer (as
would be experienced during drug release trialsjquting the liposomes, followed by lysing
the liposomes in solvent. Initially 10 mg of LIMseve placed in 2 ml of the solvent mixture
(DCM: ethanol: propanol) used in microsphere proidac The solution was vortexed for 5
minutes to ensure that the Eudragit S100 microgshlkead been completely dissolved. The
solution was then centrifuged at 26,000 rpm (63g)d0r 10 minutes to form a pellet of
chitosan-coated LUVs at the bottom of the Eppendobfe. The supernatant was then
removed, with 2 ml of 1% acetic acid being addeth&liposomes to solubilise the chitosan
coating. 5 minutes of further vortex mixing ensutied chitosan coating was solubilised and
therefore exposing the LUVs. The LUVs were therlgbetl through centrifugation (26,000
rpm, 10 minutes). The liposomes were then lysedutin the addition of 2 ml of ethanol,
releasing the encapsulated 5-ASA. The resultantutisol was then measured
spectrophotometrically at a wavelength of 330 nrd eglated to the calibration curve in
Figure 5.2D to calculate the total 5-ASA encapsdan the LIMs. This technique would
also indicate whether the liposomes were intatchémicrospheres as each supernatant was
analysed when ‘stripping off’ the layers. The levelf drug within the supernatant would
indicate whether the liposomes were intact witime microspheres or whether considerable

leaking had taken place during production.
6.3.4.2.In vitro conditions to simulate Gl tract pH, bile salt andenzyme activity

Thein vitro conditions were the same as those described tirose3.4.3. 0.1 M HCI was
used to simulate the stomach condition. pH 6.3 Wabkffer containing 10 mM sodium
taurocholate was used to simulate the small imestnd finally pH 7.4 PBS containing 4%

w/w B-glucosidase was used for large intestine simuiatio
6.3.4.2. Drug release profiles for LIMs in simulatd Gl tract conditions

In order to accommodate the large particle sizénefLIMs, it was not possible to use the
20,000 MWCO dialysis cassettes used in chaptertBegswere too large to be injected into

the syringe ports at each corner of the cassets&mfar drug release method was adopted by
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using 14,000 MWCO dialysis membrane (BioDesign, Néwk) that would allow suitable
LIM insertion due to the wider end opening. 50 nig-liis were placed inside the hydrated
dialysis membrane and sealed. The membranes wamepthced in 100 ml of release media
in a 250 ml conical flask. The flasks were thencpthin a New Brunswick G25 incubator
maintained at 37°C. The flasks were agitated atrp@®with 1 ml samples being removed at
pre-determined time intervals. 1 ml of fresh pratkd buffer was then added to the flask to
maintain  sink conditions throughout. The removed mga was analysed
spectrophotometrically at a wavelength of 330 nmi eatated back to the calibration curves
in Figure 5.2 to determine the amount of 5-ASA thas been released. The release curve
was calculated by taking into account the drug bizat been released at each time point and
the effect of the dilution through the additiontloé fresh buffer.

6.4. Results and Discussion
6.4.1. LIM characterisation
6.4.1.1. Size distribution analysis

The average volumetric mean size of the LIMs wamdbto be 86 um (£ 6.36 pm) which is
approximately 30 um larger than the blank Eudr&d®0 microspheres (Figure 6.1). Despite
the apparent large size difference there are a aumbsimilarities between the two size
distributions. Both distributions have a similarapk, with the LIMs showing a broader
distribution in comparison to the narrow peak owedrfor the blank microspheres. A small
‘shoulder’ can be seen for both formulations tovgatee larger particle size, which may be an
indication of agglomeration or coalescence of t#hB.IThe ‘shoulder’ is more pronounced
for the LIMs which may be an indication of the ieased electrostatic and hydrophobic
forces present when the liposome/chitosan complerese into contact with the solvent
mixture. In comparison Feng al. (2004) showed very little change between blani& PL
microspheres and LIMs with the general particle $iging 60-70 pum for both formulations.
The difference observed between the current firelargd those of Fengy al. (2004) can be

attributed to a number of factors most importattky materials used. Feregal. (2004) used

ethyl acetate for the organic solvent and theretan@ld produce a more stable;MV and

subsequently maintain that stability when the d@tecoated liposomes were introduced.

The use of a three solvent system may also haeasiderable impact when chitosan-coated
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liposomes are introduced due to the specific milsgilof the solvent mix in comparison to
the single solvent used by Feetgal. (2004).
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Figure 6.1. Size distribution comparison between Bhk Eudragit S100 microspheres¢) and drug loaded
LIMs (m). Each point is the mean of three independent meaements + the standard deviation. Particle
size statistics (gy, dsp and dyo) are displayed with their standard deviations.

6.4.1.2. SEM imaging of LIMs
SEM imaging

SEM images of air dried LIMs are shown in Figur2.8n comparison to the blank Eudragit
S100 microspheres (Figure 4.2 B) the LIMs are simih sphericity and surface morphology
having a smooth appearance with very few of thgmel strands visible that were seen for
less successful formulations (higher polymer cotregions and lower homogenisation
speeds). This indicates that although the size h@ae altered with the incorporation of
chitosan-coated liposomes that the general emul®omation and subsequent polymer
hardening takes a similar form to that of the blamkrospheres.
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Figure 6.2. SEM images of air dried LIMs. 5-ASA loded chitosan-coated LUVs were encapsulated within

Eudragit S100 microspheres using a double emulsiosslvent evaporation technique.

Cryo-SEM

A comparison of the microsphere internal structéioedlank microspheres and LIMs show a
stark difference (Figure 6.3). From the blank mégioeres an empty shell can be seen, which
would be expected due to the use of distilled watene for the IAP. The blank Eudragit
S100 microspheres shown in Figure 6.3A differ inddly to the PLA microspheres produced
by Fenget al. (2004) in that the internal structure of the PhAcrospheres comprised a
porous polymer matrix throughout, whereas the Egitli&100 microspheres show a definite
shell with an empty core. The observed shell theslsnappears to be variable between
microspheres, with only a thin shell seen in thst fimage whilst the second shows a shell

wall with a thickness of over 2 microns in places.

In contrast, the LIMs show a solid internal struetwith the presence of chitosan-coated
liposomes throughout. Some larger particles are watsble within the microspheres which
are thought to be liposome/chitosan complexes wham when the chitosan-coated
liposomes are exposed to the solvent mixture, tberecausing agglomeration. The images
of LIMs are very similar to those observed by Fengl. (2004) where individual liposomes

could also be seen within the porous polymer matfiRLA microspheres.
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Figure 6.3. Cryo-SEM images comparing (A) blank Eudagit S100 microspheres and (B) chitosan-coated
LIMs. The liposomes are visible in the internal stucture of the LIMs compared to the blank interior of

the microspheres.
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6.4.1.3. Degradation of LIMs in simulated Gl tractconditions

It has been previously shown that blank Eudragi®(Sinicrospheres can maintain their
stability when subjected to the vitro conditions of the stomach and small intestinet{sec
4.4.5.). It is therefore essential that the incoagion of chitosan-coated liposomes does not
influence the stability of the microspheres andssgjoiently protect the liposomal contents
through to the proposed site of microsphere saatibn at the ileo-caecal junction. SEM
images of LIMs subjected tm vitro conditions representative of the stomach are shawn
Figure 6.4. The images show exposure up to 2 hobrsh is the widely regarded average
transit time within the stomach (Wilding, 2001)oRr the three time points it can be seen that
the LIMs maintain their stability and have a cotesis surface morphology throughout. The
stability of the LIMs during exposure to the aciditvironment of the stomach is essential as
the chitosan coating is soluble in acidic condsi@and therefore any exposure to the HCI

would lead to drug release as seen in section.5.4.3
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Figure 6.4. SEM images showing LIMs suspended inOM HCI for (A) 0.5, (B) 1 and (C) 2 hours.
Samples show very little change in surface morphody through the time periods.
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SEM images for LIMs exposed to pH 6.3 Hanks’ buffentaining sodium taurocholate are
shown in Figure 6.5. The exposure is up to 3 hadmeh is widely accepted as the average
transit time observed in the small intestine (Witli2001). Once again the LIMs appear to
maintain their stability as observed for blank Eagir S100 microspheres which would

indicate the protection of the chitosan-coateddgues and therefore drug retention through

both the stomach and small intestine.
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Figure 6.5. SEM images showing LIMs suspended in pB.3 Hanks’ buffer containing sodium
taurocholate (10 mM) for (A) 1, (B) 2 and (C) 3 hots.
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Figure 6.6 shows SEM images from the LIM formulatisuspended in large intestine
conditions of pH 7.4 PBS containifigglucosidase. Due to the solubility profile of Eadit
S100 it would be expected that the microsphereddwmlubilise within this media similar to
that of the blank microspheres. The images showdiop to 6 hours, a sample was taken
after 8 hours but after centrifugation only a snaatlount of ‘sticky’ residue could be seen at
the bottom of the eppendorf which was thought tdignd from the released liposomes. The
solubilisation of the microspheres can be seeninvithe hour of exposure to the PBS, with
pore formation being observed due to the mechadsseribed in chapter 4. The continued
solubilisation of the microspheres can be seem afteours with the microsphere shape still
being identifiable but the internal area is becaygneater and therefore providing a larger
contact area for further solubilisation. The imagésr 1 and 2 hours show a number of small
particles exposed at the surface where solubihisasi occurring. These vesicles are assumed
to be chitosan-coated liposomes that are beingsetefrom the internal aqueous core of the
microsphere upon solubilisation of the solid Eudr&gd.00 shell. Each stage of solubilisation
can be seen through the different time points wely little spherical form being observed
after 4 hours. At 6 hours only remnants of micr@ésph can be seen with no distinctive
spherical shape remaining or smooth surface mooglyothat was observed initially in

Figure 6.2.

In comparison to the blank Eudragit S100 microsghehe LIMs remain intact for a longer
period of time, with blank microspheres completdigrading after 6 hours while LIMs
degraded after 8. It is thought that the stabildly the internal aqueous phase of
chitosan-coated liposomes offers increased staliditthe microspheres upon solubilisation

in comparison to the aqueous core of distilled wat¢he blank microspheres.
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Figure 6.6. SEM images showing LIMs suspended in pfA.4 PBS containing-glucosidase (4% w/w) for
(A) 1, (B) 2, (C) 4, and (D) 6 hours. Significant mrosphere solubilisation can be observed from thfirst

time point with further solubilisation taking place throughout the experiment.
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6.4.2. Drug release profiles for LIMs in simulatedGl tract conditions

When establishing the drug loading of the LIMssittdé be noted that when each individual
layer was sequentially ‘stripped off' by exposingck to an appropriate solvent, the
supernatant was analysed for drug. Very little duag found in the microsphere layer (<2%)
and the vast majority was observed in the intesedliliposomes. The drug release profiles
for both chitosan-coated LUVs and LIMs are showrigure 6.7. The drug release profile
for chitosan-coated LUVs differs considerably conegato that investigated using the
dialysis cassettes in chapter 5. For overall delgase across all three media it was shown
that there is a statistical difference betweenoslaib coated LUVs and LIMs (Mann-Whitney
U test (chosen level of significanees0.02). Drug release within the dialysis membrage i
thought to be much quicker due to a number of fadtwluding the increased surface area in
comparison to the dialysis cassettes and the preseh the release media within the
membrane therefore facilitating drug release witltba need to pass through the membrane
pores. Drug release from chitosan-coated LUVs aamlserved in all three release media
similar to that in chapter 5 with the 2 hours in |[Hi@tributing to the solubilisation of the
chitosan coating and therefore allowing the susthitrug release associated with liposomal
formulations to continue throughout. The mechanisnwlved in chitosan solubilisation
have been discussed in chapter 2, therefore imadgcdélhe necessity of the Eudragit S100
micropshere to protect the chitosan coating antetbee prevent any drug release until the

target site of the colon.

The drug release profile for the LIMs shows higbels of drug retention in both the stomach
and small intestine (0-5 hours). This is due to Euelragit S100 microsphere staying intact
which has been previously shown in Figures 6.4 @Bd The stability of Eudragit S100 in
release media less than pH 7 reflects that theasptreres maintain their stability until they
reach the distal small intestine where the pH resesve pH 7. The nature of the release
observed for LIMs in the PBS reflects that obsertredugh SEM where after only 2 hours
large channels had formed which would lead to estenliposome release and therefore
subsequent drug release. Furthermore, after 6 howss shown that very little of the
microsphere structure remained, therefore indigatiat the liposomes would be completely
released and susceptible to solubilisation thrdbglcolonic enzyme. The release mechanism
for LIMs is defined through both the diffusion apdsomes and the dissolution of the

polymer matrix (Fengt al., 2004), therefore in the case of Eudragit S10€&r@spheres the

170



Chapter 6 Liposomes in microspheres

speed at which the polymer dissolh would therefore allow for the rapid diffusion of t
liposomes into the bulk media. When producing LINMsNng biodegradable polymers i
formation of water channels to allow the liposonesliffuse out has been seen as the
limiting step, but once agaidue to the nature of Eudragit S100 the polyrrissolves

indicates that liposomes can diffuse out much maypelly.
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Figure 6.7.Drug release profiles comparing chitosa-coated LUVs (©) and LIMs (m). Each point
represents the mean of three independent measurentsit the standard deviation. Release profiles wer
conduded in HCI for 2 hours, Hanks’ buffer with sodium taurocholate fa 3 hours and finally PBS with

B-glucosidase for 10 hours.

Due to the novel nature of LIM formulations there &ery few similar studies to comps
the drug release profiles to, especially studiest thse pH responsive polymers for
microsphere prodiion. Fenget al. (2004) used PLA and PLA-PEBLA block copolyme!
and therefore the biodegradation rate is much sitivan that observed for the pH respon:
Eudragit S100. To further support the ‘water ch&intleeory of liposomal diffusior
Fenget al. (2004) showed that LUs of a smaller size showed increc release rates

compared to larger LUVdue to the ability of the smaller liposomes to uk# through th
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channels of the microspheres. Furthermore, it t8bkdays to see any notable liposome
release when MLVs were encapsulated within the aspneres, which is due to the time

taken for suitably sized water channels to forneréasing the percentage of PEG also led to
an increased rate of liposomal release which pesvalsimilar effect to the pores developing

as the Eudragit was solubilised in the PBS as shaviaigure 6.6. The specific drug release

of PLA-PEG-PLA is not described in Fergal.’s (2004) study but it can be presumed that
as the liposomes are said to be released intatcthéga would undergo the normal sustained

drug release profile associated with chitosan-acblp®somes.

A similar system to the PLA-PEG-PLA microspheresduced by Fengt al. (2004) is that
of the liposome loaded dextran microspheres pratiume Stenekest al. (2000). These
microspheres had a similar liposome release pruofilk it taking approximately 20 days to
see any notable liposome release. In contrast & tho delayed liposomal release
formulations Parket al. (2006) produced LIMs using alginate microsphdmegrotect the
liposomes through the stomach conditions and tbexebegin drug release at the small
intestine. The drug release showed an initial breldase within the first 15 hours then a
sustained release for the following 35 hours telative plateau.

6.5. Conclusions

Chitosan-coated LUVs were successfully incorporatéd Eudragit S100 microspheres.
Characterisation techniques including laser drglileg experiments, SEM and cryo-SEM
all indicated the presence of liposomes within térospheres. Through simulated
solubilisation experiments it was shown that theM&lremained intact through both
simulated stomach and small intestine conditiorth witbsequent microsphere solubilisation
taking place in ileo-caecal junction conditionsthwehitosan solubilisation taking place in the
simulated colonic conditions containifegglucosidase. Drug release studies were undertaken
to investigate the LIMs for the application of coio drug delivery. Drug retention levels in
the simulated stomach and small intestine were \Jegh (approximately 95%), with
liposome and subsequent drug release occurringHin7@ PBS containing the colonic
enzymep-glucosidase. Drug release was completed withilmdi@s of exposure to the PBS
and enzyme which would therefore indicate that ¢heent formulation of LIMs has the

potential as a colonic targeted drug delivery syste

172



7.0 Concluding remarks and suggestions for furthework

Liposomal formulations for targeted drug deliveoythe colon have been investigated. The
techniques used in targeted delivery were resedrehith a view to producing a novel
liposomal formulation capable of delivery to thelozo Various polymer systems were
analysed in relation to the complexities of theti@ctt. It was decided that the current studies
would utilise the pH responsive polymer EudragiD®hand the enzyme triggered chitosan
throughout. Both polymers were introduced throudieirt specific chemical structure,
molecular weight, FTIR trace and SEM images. Thkkslisation mechanism for each
polymer was described with Eudragit S100 solulniisdue to the ionisation of carboxylic
acid side groups as the pH is increased and chitbgahe breaking of the 1-4 glycosidic
bonds by the enzymes present in colonic microflora.

Initial trials producing Eudragit S100-coated liposes proved promising with improved
drug retention being observed in simulated stonaaxchsmall intestine conditions. The use of
more complex simulated conditions proved unsucuaésdfpreventing bile salt ingress and
subsequent bilayer solubilisation despite the alwviprecipitation of the anionic polymer on
the surface of the cationic liposomes. Investigetiinto the production of solid Eudragit
S100 microspheres produced formulations capablwithfstanding bile salts and showed
suitable rates of solubilisation in the simulati=icaecal region of the Gl tract to allow for

colonic drug delivery.

Chitosan-coated liposomes were investigated tolerthbir encapsulation into the Eudragit
S100 microspheres and protect the liposomes dexpgsure to the solvent mixture required
during microsphere production. It was shown thathboeutral and negatively charged
liposomes could be coated with chitosan which waitdr an enzyme controlled component
to the system only found in the microflora of thedorn.

The use of chitosan-coated liposomes within a Egid&100 microsphere offers the stability
to navigate the stomach and small intestine forgdrelease to occur within the large
intestine. Characterisation techniques have coefirnthe presence of chitosan-coated
liposomes within the microsphere core. Drug reléaabs have shown the relative stability of
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the LIMs through the simulated stomach and smadisiime with release being observed in

the large intestine where the greater enzyme ptpuales present.

Based on the results from the current investigatibe following areas of research are
considered to have the most promise;

(1) To ensure a clinically relevant drug loading isgbke and to ensure the optimum
release is achieved. This may involve optimisinthkibe liposomes and microspheres
to ensure maximum drug encapsulation into the dpeess and subsequent maximum
liposome encapsulation within the microspheres.

(2) Investigate a range of drugs that may be encajeslilato the liposomes whether it
be in the aqueous core or the lipid bilayers.

(3) A long term stability study would be required ti&dahe formulation further to ensure
leakage does not occur over time. Further scopl@srarea would involve
understanding the possibility of drying the formida and subsequent rehydration
and the effects this may have. This is an impoffactor as the effect of having the
‘wet’ liposome dispersion interacting with the hamed microsphere is not fully
understood.

(4) Asinvitro testing on the LIM formulation has been completahtinued
development of the product would be completed thinaiesting in cell cultures and

thenin vivo studies within animals.
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Abstract

Liposomes have been coated with the pH responsive polymer, Eudragit S100, and the
formulation’s potential for lower Gl targeting following oral administration assessed.
Cationic liposomes were coated with the anionic polymer through simple mixing. The
evolution of a polymer coat was studied using zeta potential measurements and laser
diffraction size analysis. Further evidence of an association between polymer and liposome
was obtained using light and cryo electron microscopy. Drug release studies were carried out
at pH 1.4, pH 6.3 and pH 7.8, representing the pH conditions of the stomach, small intestine
and ileocaecal junction, respectively.

The polymer significantly reduced liposomal drug release at pH 1.4 and pH 6.3 but drug
release was equivalent to the uncoated control at pH 7.8, indicating that the formulation
displayed appropriate pH responsive release characteristics. While the coating layer was not
able to withstand the additional challenge of bile salts this reinforces the importance of

evaluating these types of formulations in more complex media.
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1.0 Introduction

Liposomes have been widely explored as drug delivery vehicles for several decades, offering
temporal control of drug release and/or site specific drug delivery for a wide range of drugs
with different physiochemical properties. To date they have found clinical utility primarily
for the treatment of severe systemic infections and cancer (Cattel et al., 2004), for which their
parenteral delivery is necessary and appropriate. To further exploit the advantages associated
with liposomes (e.g. their ability to interact with cells (Voskuhl and Ravoo, 2008), the
relative ease in which they can be produced in a wide range of structural and compositional
configurations (Lasic, 1998), their potential in gene transfection (Montier et al., 2008) and
capacity to carry a vast array of chemical and biopharmaceutical drugs (Lasic, 1998) it is
beneficial to explore formulations with potential for non-parenteral delivery. Indeed, a
formulation suitable for oral drug delivery (widely accepted as the most practical, efficient
and cost effective route for drug administration) could broaden the portfolio of applications

for liposomes and open up several new avenues for treatment.

Of growing interest generally in the world of oral drug delivery is colon-targeted delivery for
treatment of both local and systemic conditions. It is recognised that this region of the
gastrointestinal (Gl) tract offers advantages over the stomach and small intestine, e.g. milder
pH, lower enzymatic activity, lower bile salt concentrations, longer residence time and slower
turnover of the mucus layer. For biopharmaceutical delivery, it also appears to offer the
benefit of allowing greater functioning of absorption enhancers, thus allowing reasonable
bioavailability of drugs such as peptides which would normally be poorly absorbed from the

Gl tract (Haupt and Rubinstein, 2002; Sinha et al., 2007).



Several researchers have already recognised the potential of combining the advantages of
liposomes and colonic drug delivery. Rubenstein’s group (Tirosh et al., 2009 and Jubeh et al.,
2004) have investigated liposomal adhesion to healthy and inflamed colonic mucosa in vitro.
Their work lays important foundations for understanding how liposomes may interact with
colonic tissue. D’Argenio et al. (2006) have considered liposomes as vehicles for delivery of
carnitine for the reversal of colitis. Kesisoglou et al. (2005) used liposomes for encapsulating
5-aminosalicylate and 6-mercaptupurine against inflammatory bowel disease. Although for
colonic action, administration of the liposomes in all of these studies was either intraluminal

or in vitro to excised tissue; delivery via oral administration was not considered.

One study that has considered liposomes in the context of oral administration to the colon is
that of Xing et al. (2003) who describe a multicomponent drug delivery vehicle comprising
drug loaded liposomes within Eudragit-coated alginate beads. Although both in vitro and in
vivo results were promising, drug release was controlled by the alginate and not the
liposomes and it was not clear whether the liposomes were released to allow them to undergo
the advantageous interactions with colonic mucosa that are described above. A further
potential drawback of the formulation was the complexity of its preparation (particularly the

multiple process steps), potentially limiting economically viable commercial manufacture.

In the present study the emphasis is therefore on simplicity of preparation, with the liposomes
retaining dominance as the drug delivery vehicle. Taking the lead from the successful
development of commercially available tablet formulations for colonic drug delivery
(Baumgart and Sandborn, 2007), the methacrylic acid copolymer Eudragit S100 ® has been
used as the coating material. This polymer, with its anionic carboxylic acid side groups, has a

solubility threshold of pH 7, remaining insoluble at lower pH values. On the journey through



the gastrointestinal tract, it is generally accepted that pH 7 is not normally reached until at
least the distal small bowel/ileocaecal region; thus drug release from formulations coated
with Eudragit S100 is likely to commence at the junction between the small intestine and

colon, continuing into the colon.

2.0 Materials and methods

2.1 Materials

Liposomal membrane components included egg phosphatidylcholine (EPC) (a gift from
Lipoid, Ludwigshafen, Germany, minimum 98 % purity), cholesterol (CH) (Sigma Aldrich,
Dorset, UK, and stearylamine (SA) (Sigma Aldrich). SA was incorporated to give the
liposomes a positive charge, facilitating electrostatic interaction with the anionic polymer.
Vitamin By, (Sigma Aldrich) was chosen as a model drug due to its high solubility in all of
the release media used (thus ensuring drug release would not be limited by solubility).
Eudragit S100, the pH responsive polymer used for the coating of the liposomes, was a gift
from Evonik (Essen, Germany). For the drug release studies 0.1 M hydrochloric acid (HCI),
Hanks’ balanced salt solution (99.015 mol % water, 0.95 % Hanks’ balanced salt and
0.035 % sodium bicarbonate adjusted to pH 6.3 using 0.1 M HCI) and phosphate buffered
saline (PBS, increased to pH 7.8 using tribasic sodium phosphate) were used to simulate the
pH conditions of the stomach (Sinha and Kumaria, 2003 and Ibekwe et al., 2006), small
intestine (Ibekwe et al., 2006) and ileocaecal junction (Khan et al., 1999), respectively. All
components for the release media were purchased from Sigma Aldrich (Dorset, UK). All

other chemicals and solvents used were of an analytical grade and used as received.



2.2 Preparation of liposomes and their formulation with Eudragit S100

Liposomes were prepared using EPC and CH in the molar ratio 1:1, with SA comprising 5%
of the total lipid. This level of SA (5 mol%) was chosen after an initial screening study
showed that it increased the zeta potential of liposomes at pH 7.4 from -12 mV (without SA)
to +63 mV. Higher levels of SA were not found to significantly increase zeta potential. The
conventional thin film hydration method (Bangham et al., 1965) was used to produce
multilamellar vesicles (MLVs) for the study. Briefly, the lipids were dissolved in 5 ml
chloroform in a 50 ml round bottom flask. The chloroform was then removed using a rotary
evaporator, leaving a thin lipid film on the side of the flask which was then dried under
nitrogen for 2 hours to remove trace chloroform. The film was then hydrated with an aqueous
solution containing 10 mg/ml of vitamin B, in PBS (pH 7.4). During hydration the flask was
agitated using a vortex mixer. Excess drug was removed through three cycles of
centrifugation and replacement of supernatant with PBS. The final pellet was then re-

suspended in 10 ml of PBS.

To prepare the coated liposomes equal volumes of liposomal suspension and aqueous
solution of Eudragit S100 of various concentrations (0.0125, 0.025, 0.05 and 0.1 % wi/v in

PBS) were combined and hand-shaken for 2 minutes.

2.3 Characterisation of liposomes

2.3.1 Zeta potential

Changes in dispersion zeta potential as a function of Eudragit S100 concentration were
determined through electrophoretic mobility measurements (Zetamaster, Malvern
Instruments, UK) at pH conditions in which the polymer was insoluble. Briefly, 500 pl of the

liposome/polymer suspensions (from section 2.2.) were diluted with 20 ml of distilled water



(pH<7) before introducing to the electrophoresis cell. Ten measurements were taken at 25°C

on three independent samples of each preparation.

2.3.2 Light Microscopy

Light microscopy was conducted using an Olympus BX50 light microscope interfaced with a
Leica Q5001W computer, with images taken using Ph 3 (phase plate) under the phase contrast
setting. A small drop of liposome sample was placed on a pre-cleaned microscope slide

before covering with a cover slip. Images were taken at 1000x magnification.

2.3.3. Cryo-electron microscopy (cryo-EM)

Drops of liposomal samples were dispersed into sample wells. The sample holder was then
quenched in liquid nitrogen under vacuum conditions. Fracturing of the samples was
conducted within the preparation chamber through the use of a fine blade. Samples were
fractured using a Polaron Polar Preparation 2000 attached to a Phillips XL 30 Environmental
Scanning Electron Microscope (ESEM). The samples were then coated with gold to increase
conductivity and transferred into the SEM chamber. Images were taken at a maximum
voltage of 3.0 kV to reduce temperature fluctuations associated with higher voltages, with the
instrument maintained at -180°C by the periodic addition of liquid nitrogen to the cooling

chamber.

2.3.3 Size distribution
Vesicle size and size distribution, as a function of Eudragit S100 concentration, were
measured using wet laser diffraction particle sizing (Mastersizer 2000 connected to a Hydro

SM small volume sample dispersion unit, Malvern Instruments, UK). Measurements were



carried out in distilled water in which the polymer was not soluble. Three independent

formulations of each preparation were each measured 5 times.

2.4 Drug release studies

Drug release studies with uncoated liposomes and liposomes + polymer were conducted in
each of the different pH media described in section 2.1. For each release experiment, 1 ml of
liposomal suspension was added to 40 ml of preheated (37°C) release medium and well-
agitated in an incubator maintained at 37°C. Sink conditions were maintained throughout
each experiment. Aliquots of 1ml were removed at 0, 0.5, 1, 2, 4, 6, 10, 20, 30, 45, 70 and
120 hours and centrifuged to precipitate the liposomes. The concentration of released vitamin
B1 in the supernatant was determined using UV spectrophotometry against a standard curve
obtained at A=361 nm. All measurements were taken against reference samples of the
appropriate dissolution medium. For each formulation, the initial amount of drug (mg drug/
mg phospholipid) prior to release was determined by lysing the liposomes with ethanol and
measuring the resulting drug concentration using UV spectroscopy, allowing drug release to

be reported as a percentage of the total encapsulated.

Further drug release trials with uncoated and coated liposomes were completed in the
presence of bile salts at a concentration representative of that found in the small intestine
(10 mM sodium taurocholate in pH 6.3 Hanks’ solution). These trials aimed to test the
liposomal formulations beyond response to pH alone. Over a period of 4 hours
(representative of small intestine transit time) samples were removed and analysed

spectrophotometrically at A=361nm against a reference sample of the release medium.



3.0 Results

The results presented in this section are discussed in section 4.

Table 1 shows the vesicle zeta potential as a function of polymer concentration, where the
polymer concentration shown is that of original solution that was mixed with the liposomes.
As no further decrease in zeta potential was seen by increasing the polymer concentration
beyond 0.05 % this was assumed to be the concentration necessary to cover the surface of the
liposomes and was that used in all further studies. Vesicle size (Table 1) was seen to increase
with increasing polymer concentration until 0.05 % at which point there was a plateau similar

to that seen for the zeta potential results.

Evidence of an association between the polymer and liposomes was also seen using light
microscopy. Figure 1A shows the uncoated liposomes at pH 6.3. Typically for MLVs, the
size of the vesicles was originally around 5 - 10 um. On addition of polymer to a system at
pH 7.8 no increase in size was observed (Figure 1B), consistent with the fact that the polymer
was in solution at these conditions. At pH 6.3 the polymer was seen to precipitate around the
vesicles forming larger agglomerates (Figure 1C). A control experiment (results not shown)
in which liposomes were excluded showed that polymer ‘particles’ resulting from
precipitation at pH 6.3 were considerably smaller (approximately 200 nm) than the liposomes
used in this study. In this way, the agglomerates seen in Figure 1C were assumed to be

liposomes + polymer and not precipitated polymer alone.

In Figure 2 typical images from cryo-EM are shown. In Figure 2A the lamellae and central

aqueous core of liposomes are clearly visible. In the presence of polymer a crust was



observed around and across the liposomes and the lamellae were no longer visible

(Figure 2B).

In Figure 3 drug release profiles for liposomes with and without polymer are shown in the
different release media. At pH 1.4 and 6.3 (Figures 4A and B) the amount of drug released
was significantly lower at all time points on addition of polymer (Mann Whitney U Test
(chosen level of significance a=0.05). For example at pH 1.4, over a 20 hour period, only
10 % of the drug was released, which is in contrast to the 40 % release over the same time
period for the uncoated formulation. Over a time period more representative of gastric
residence time (boxed graph in Figure 4A) only 2.5 % was released from the coated
formulation compared to 10 % for the uncoated. However it can clearly be seen that although

drug release was significantly reduced it was not abolished.

Addition of bile salts to the release media significantly increased the drug release rate for
both uncoated and coated liposomes. Interestingly there was no statistically significant
difference between coated and uncoated formulations in the presence of bile salts indicating
that both the structural integrity of the vesicles and the polymer barrier were affected by the

bile salts.

4.0 Discussion

The formulation of liposomes into a preparation suitable for colon-targeted oral drug delivery
could open up a range of new applications and indications extending the utility of liposomes.
However, production and quality control of liposomal preparations can be difficult, hence the
need to keep additional process steps and production methods as simple possible. Here we
have therefore evaluated a conceptually simple idea of bringing together cationic liposomes

and anionic polymer with the intention of creating a pH responsive coat around the liposomes



which would protect the vesicles en route through the stomach and the small intestine. This
general route to coating has been previously explored when anionic liposomes were coated
with the cationic polymer chitosan (Guo et al., 2003; Takeuchi et al., 1996, 2005), but no
similar work has been completed using a pH responsive polymer for coating. The polymer
Eudragit S100 was chosen as the coating material as it is widely used in both commercially
available and experimental formulations for colonic targeting e.g. tablets (Khan et al., 1999

and 2000), microspheres (Paharia et al., 2007) and capsules (Kraeling and Ritschel, 1992).

The use of pH responsive materials for targeted oral delivery is not a perfect science and is
not without its drawbacks. For example, substantial inter-patient differences in pH can lead to
unpredictable targeting and release (Ibekwe et al., 2008). In the case of Eudragit S100, the
likelihood of inappropriately early release upstream of the colon can also be increased when
partial neutralisation of the polymer’s acidic function groups is carried out to facilitate
creation of an ‘aqueous dispersion’ for coating purposes (lbekwe et al., 2006b). Hence
although the coating method explored here was one involving only aqueous solutions,
unmodified Eudragit S100, albeit at low concentration, has been used to reduce the risk of

drug release in the small intestine.

Zeta potential measurements were used to monitor the evolution of the coat. This strategy has
previously been used in the development of polymer-coated cationic and anionic liposomal
formulations, where the point at which the zeta potential plateaus is taken to indicate
saturation of the vesicle surface with polymer (Guo et al., 2003; Davidsen et al., 2001;
Takeuchi et al., 2005). Results from our other studies (sizing, cryo-EM and drug release)
indicate that such an assumption should be made with caution or that certainly further

experimentation should always be carried out to provide information on the physical
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characteristics and functionality of the coat. In Table 1, the plateau of the size increase
beyond 0.05% indicates that the coat was not building up evenly — instead perhaps
developing preferentially on some vesicles before others. Light microscopy images in
Figure 1 point to a heterogeneous distribution of polymer and in Figure 2 a discontinuous

‘crust’ around the liposomes rather than a homogenous coat is observed.

Despite these observations, the polymer was able to substantially slow down drug release at
pH 1.4 and 6.3, presumably acting as a diffusional barrier. However, it was unable to protect
against bile salts which indicates that premature drug release and liposomal degradation could
be expected in vivo. This is an interesting finding as it reinforces the importance of going
beyond evaluation of liposomal formulations for site specific delivery in the Gl tract on the
basis of pH shifts alone. The addition of bile salts, while adopted by some researchers in
examining in vitro liposomal release for oral delivery (e.g. Lee et al., 2005) has not been

pursued by others (e.g. Guo et al., 2003; Filipovi¢-Gr¢i¢ et al., 2001).

Drug release results in Figure 4 indicated that both the liposomes and the coat were disrupted
by the bile salts. It was hypothesised that damage to the coat could be due to either the bile
salts interacting directly with the polymer, facilitating its dispersion, or a secondary effect of
liposomal degradation i.e. once the liposomes were ‘digested’ the coat dispersed due to the
lack of a vesicle core holding it in place. To explore which of these was more likely, we
carried out an additional experiment in which Eudragit S100 powder (as received from the
manufacturer) was dispersed in either Hanks’ solution or Hanks’ solution + sodium
taurocholate and analysed using wet laser diffraction particle sizing over 2 hours. All material
concentrations were equivalent to those of the drug release studies. The resulting polymer

particle size distributions were identical in both dispersion media, indicating that the bile salts
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did not facilitate polymer dispersion or dissolution. Additionally, infra red spectra of aqueous
pastes containing polymer, bile salt and their mixture were recorded using a Fourier
transform infra red (FT-IR) spectrometer (FT-IR-6300, Jasco, Great Dunmow, UK) with an
attenuated total reflection (ATR) infrared optical unit (golden gate™, part number 10586,
Specac Ltd., Orpington, UK). The purpose of this analysis was to test for the presence of any
chemical interaction between the paste components. Any interactions between the Eudragit
and the bile salt would result in a shift in the peak positions (e.g. ester vibrations at 1150 cm™
and 1250 cm™, and C=0 vibrations of the carboxylic acid groups at 1705 cm™) associated
with the functional groups involved in the interaction. Examination of the spectra revealed
no variation in peak position; in fact, the spectra could be superimposed. It therefore seems
likely that disruption to the coat was due to the loss of liposome structure. While liposomes
can be designed to increase their resistance to bile salts (Andrieux et al., 2009), it would also
be necessary to improve the integrity of the coat to prevent bile salt ingress and strategies for

encapsulating liposomes within microparticles are therefore being explored.

5.0 Conclusion

Eudragit S100 can be associated with cationic liposomes through a simple mixing strategy
creating a barrier that significantly reduces liposomal drug release at pH conditions
representative of the stomach and small intestine. The importance of evaluating coated
liposomes for oral drug delivery beyond pH shift studies has been demonstrated with the

addition of bile salts.
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Table 1. The effect of Eudragit S100 addition upon the particle size (dsp), size distribution

(span*) and zeta potential of liposomes. Each value represents the overall mean of three

independent experiments + the standard error of the mean. *Span = ':"5":'_;:1':'

Concentration of

polymer coating

solution (%w/v) dso) (UM) Span Zeta potential (mV)
0 7.7x0.1 1.2+0.1 63+24

0.01 13.1+£2.1 23+0.2 45+2.4
0.025 22.0%+238 1.9+£04 28+19

0.05 220+ 34 24+0.3 -28+1.3

0.1 200+ 1.7 20+0.2 -30+0.5
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Figure captions

Figure 1. Light microscopy images showing liposomes: (A) without polymer, and in the

presence of Eudragit S100 at (B) pH 7.8 and (C) pH 6.3.

Figure 2. Cryo-SEM images of (A) uncoated liposomes in pH 6.3 and (B) liposomes in the

presence of Eudragit S100.

Figure 3. Drug release profiles for liposome formulations with (m) and without (¢) Eudragit
S100 at (A) pH 1.4, (B) pH 6.3 and (C) pH 7.8. In Figure 4 (A) drug release over 2 hours is
additionally highlighted, corresponding to the typical residence time in the stomach. Each
data point represents the overall mean of three independent experiments + the standard error

of the mean.

Figure 4. Drug release profiles for liposome formulations with (®) and without (A ) Eudragit
S100 at pH 6.3 in the presence of 10mM sodium taurocholate. Release data from Figure 4 (B)
(no bile salts) are shown for comparison with (m) and without (¢) Eudragit S100. Each value
represents the overall mean of three independent experiments + the standard error of the

mean.
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