EA

University of East Anglia

The Development of Novel Colon Targeted Drug

Delivery Systems

Zuzana Hgskows

Submitted for the degree of Doctor of Philosophy
University of East Anglia
School of Pharmacy

Submitted Septemb@021

This copy of the thesis hagen supplied on condition that anyone who consults it is understood to
recognise that its copyright rests with the author and that use of any information derived therefrom
must be in accordance with current UK Copyright Law. In addition, any quotatextract must

include full attribution.



ABSTRACT

Oral delivery of multidrug formulations to the colon offers many advantages to the patients
suffering from diseases such as inflammatory bowel disease, including impiovgd
bioavailabilityandp at i e nt s 6 The purppse of this pr@gect was to develop colon
targeted miti-drug delivery nanosystenfiar oral administrationising electrohydrodynamic
processesElectrospinnability of eteric polymer, hydroxypropylmethylcellulose acetate
succinate (HPMCAS)yas affected by the formulation and environmental facBesded
HPMCAS fibers were obtainedvhen relative humidity was controlle@hree model drugs
(5-aminosalicylic acid, hydrocortisone, paracetamol) were mixed with the HPMCAS
electrospinning feed solution to produce multidrug loadadcfibers. The drug release
behaviour of electrospumulti-drug formulation did not fulfil the enteric requirements, as
more than 10% of each drug was released within 2 houyastricpH, even thougthe
polymeic matricesdid not dissolve. The lack of enteric properties was also wbden
electrospursingledrug loaded formulationg.o deliver 5aminosalicylic acid5-ASA) into

the colon without any drug lossstomachspherical 8ASA loaded zein nanopatrticles (NPs)
were prepared by nanoprecipitationorder to incorporate themtmthe HPMCAS fibers.
Single-step particlein-fiber incorporation by cexial electrospinning was not feasible.
Therefore, a layered formulation (NPs in between two layers of HPMCAS fibers) was
prepared insteadHowever,the layers of HPMCAS fibers did nptotectthe 5ASA from
diffusion into the acidic bufferAs the rapid drug release was anticipated to be due to the
high surface areas of the electrospun fibgignificantly thicker extudats were employed

as an alternative to reduce the drug release Single-drug loaded extrudates containing
the same drugolymer ratios as th&ngledrug loadedibers were prepad at three different
diametersin-vitro dissolution datahowed the surface to volume ratimf the formulation

and the physicehemical properties of the drsigre key factos influencing the enteric

properties of theiPMCAS formulations.
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1 INTRODUCTION

The prevalence of inflammatory bowel disease (IBD) has been rising globally, with
6.8 million patients estimated to have been diagnosed in 20BD. patients often suffer
from adverse effds, since multiple drugs and/or high dosage of drug(s) are frequently
required and systemic absorption canoéddi. t h pati ent déds compli a
need to investigate colon targeted mdhig delivery systems that could béidered orally
and in a controlled manner, which woul d
bioavailability and decrease their adverse effects. Orally delivered drugs to colon need to be
protected from premature release in the stomach and its peigwhich can easily degrade
the drug? Once the drugs reach the colon intact, they need to either pertégamucus
barrier, which covers and protects the epithelium from pathogens and foreign particles, or
release immediately before the mucus is renewed (everyhdurs), to avoid their
entrapment and flushin this project, a pHesponsive polymer HPMCAS (grade H) is
investigated as a potential carrier for three model drugsniBosalicylic acid (5ASA),
hydrocortisone (HYD), and paracetamol (PAR), using electrospinning as a primary

preparation technique.

1.1 Colon Anatomy and Physology

Colon (alsocalled large intestine orrge bowel) is approximately 1rd long tube
following small intestine anterminating in the ams*° The small intestine and colare
separated byhe ileocecal valve which works on the same principle as a sphincter. The
ileocecal valve is created from intestinal mucosa and prevents faecal nfederigletting
back into the small intestine. The undigested food (mostly cellulose and wates} pass
through the ileocecal valve to the cecum, then it continues to the ascending colon, transvers
colon, descending colon, sigmoid colamd rectum, respectively. At thediening ofthe
colon, an appendix is attached to the cecum. This small-efehdube is formed
predominantly by lymphatic tissue and is believed to be a vestigial organ, meaning it used
to beabigger organ with a specific function. Nowadays, plaepose bthe appendix is not
known, although some theories about its immune function have appeBredransverse
and signoid colonare attached to the abdominal wall with the mesentery. The mesentery is
not common for ascending and descending colon, although it is present in 12% and 22% o
people, respectivelyThe structural layers of the colon are from outsidéaé lumen: serosa,
longitudinal muscle, circular muscle, submucosa, mucosal muscle, mucosa and eptthelium.

The longitudinal muscle is condensed into three bands, which is called taerftalbii.
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makes the rest of the colon to fisqueezec
called haustra. Haustra serve to enhancing the absorption surface. itiediaépayer
contains many Goblet cells and submucosal glands producing mucus, which is the only
secretion occurring in the colérThis viscoelastic mucus layer protectséipéthelial barrier

of the colon fromthe external environmentMucus is a gekontainingcrosslinked and
entangled mucifibers®’® Mucin fibersare formed by linkage of mucin monomers coated

by proteoglycans and are approximatekt®Bnm in diameter and roughly 15 nm long.
Mucuslayer contains approximate®g-98% water> However, mucus is not forrdeonly by

mucin. It consists of salts, lipids, proteins, different macromolecules, cells, bacteria and
cellular debri€® The ion, lipid and protein content together with waterqesrtage influence

the viscoelasticity of mucus. The mucus viscosity is usually 1,000,000 times higher

than water viscosit§® Colonic mucus layer thickness is 10® on average, but experiences
great variation§.Mucus is continuously renewed and discarded. Its lifetime in human colon
is predicted to be approximatelyédhours® This clearance mechanism serves as protection

of epithelial cellsrom the pathogens and foreign partigessentto which it was found to

be highly adhesivé.

The function of the colon is removing water from the ileal effluent. Together with
water (approx. 80% watefrom 1 litre of effluent per d&y, the sits, minerals and vitamins
are absorbet>1° The vitamins, such as vitamin K, riboflavin, thiamin, biotin, and folic acid,
are produced by colonic microflora (trillions of bactefilhe colonic activity is greatly

reduced by sleep and increased by mental stress.

1.2 Inflammatory Bowel Disease and its Treatment

Inflammatory bowel disease (IBD) can be divided into two groups based on
distribution, clinical behawiur and histological characteristits? The first group is
ulcerative colitis, which is distributed only in colonic mucosa. On the other hand, the second
group, Crohnodés disease, is spread¥%er
Ulcerative colitis characteristics vary dependently on the disease activity level. In mild
ulcerative colitis,often only the rectum is affected. But in severe stage, there is high
ulceration, most of the mucosa is lost and the colon dilatation is rapidly increased. Patients
in all stages suffer from diarrhoea and rectal bleethi@r ohnoés di sease pa
young women (15 35 years) suffering from abdominal pain, weight loss diadhoea!
Crohnoés dnosssasabased od thigkgned areas of GIT wall with inflammation,

ulceration and fissuring of the mucd$aNHS statistics pmictedthatin 2017,0ne person
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in every 250was affected by IBD in UK, while ulcerative colitisvas slightly more

frequent'® IBD increases the risk of colorectal canter.

The treatment is symptomatic and similar for both grddfysThe antiinflammatory
derivatives of Baminosalicylic acid (5ASA) are used mainly for active ulcerative colitis.
For severe ulceratie colitis but al so for acti v
(hydrocortisone, methylprednisolone, beclomethasone, budesonide, tixocortol) are often
prescribed. Patients suffering from chronic disease are often prescribed immunosuppressan
such as azatbprine or mercaptopurine. Nowadays, the severe forms of IBD are treated also
with biological therapies (infliximab, a
patients can be prescribed metronidazole or ciprofloxacin to avoid fistulising of perineum
Beside many other drugs (immunoglobulins, interleukins, interferons, heparirnckhort
fatty acids etc.), which can be tried as IBD treatment, nutritional and dietary therapy may be
beneficial. In ulcerative colitis patients, surgery (colectomy) isroferformed to avoid

long-term corticosteroid therapy and also to lower the risk of colorectal c&ncer.

A common symptom of all | BD patients,
Is a pain. Although, the pain should be thoroughly evaludiedjg¢termination of the source
(inflammation, secondary complications, functional pain, chronic pain) is often very
complicated. M. J. Docherty et Blsuggest starting the management of the pain of patients
with active IBD by paradamol if escalating of the existing therapy is not sufficient on its
own. Despite their higher effectivity, nasteroidal antinflammatory drugs (NSAIDs) and
opiates should be used with caution due to the higher risk of side éff@bis welkknown
gastrointestinal side effects of NSAMY are linked with a potential of NSAIDs to increase
the inflammation in the IBB2192021 Selective COX2 inhibitors are believed to lsafer due
to the reduced risk of their gastrointestinal toxiéft$? Nevertheless, they are assaed
with potential cardiovascular side effeét€> The opiates are frequently prescribed for
severe pain. However, their risks (side effects, abuse, and diversion to other patients) lead t
major concerns and patients need to be therefore closely neahvtdiile using the opiates.
Regular exercise, physical therapy, and psychotherapy (including antidepressants) are ofte

prescribed alongside the medicatién.

1.3 Multi -drug formulations
Thanks to a rapid development of medical sciertbeslength of human life has been

prolonging globally. In 2019, it was predicted the average length of life would be 69.9 and
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74.2 years for men and women, respectively. Although, there is a significant difference
between life expectancy at birth in lowcome countries (62.7 years) and high income
countries (80.8 yearsy. The World Health Organization (WHO) estimated that 63%
(36 million) of all deathghat occurred globally in 2008ere caused by noncommunicable
(chronic) disea e s . According to WHOG6s projection
conditions will increase to 55 million by 2030The World Economic Forum predictions
from 2011 suggest the noncommunicable diseases will cause a los$ di7 ti#lion by

2030, which is equal to 75% of global gross domestic product (GDP) calculated iff 2010.

Complex combination therapies, consisting of multiple drugs (often over five different
medicines) taken more than once daily, ammonly prescribed to treat chronic diseases.
This leads to low medication adherence, which can decrease to 30% only, depending ol
factors such as patientso &% &hisoftenreshlitsinl e v
further health complications, as the patient does not receive sufficient therapy, as well as
negative side effects. This vicious cydexacerbated witphysicians who tend to intensify
the already complex r e at ment pl an when they notice
To simplify the administration of the medicines, compliance aids such asyeeekbnthly
trays are frequently introduced. However, these aids come with several disadvantages. Th
preparation of the trays is time consuming, it is prone to etf@sgdonce removed from
the original packaging, t he manufacturer
example, the change of packaging caf**inc
Additionally, this can bring a professional risk to the pharmacists and clinicians since the
medicine is referred to as o6unlicensed?6
the actual contributondf hes e ai ds to the patientods cc
sufficient evidencé>3® Therefore, there is a pressing need for development of formulations
delivering multiple drugs at once, preferably in a controlled manner, so the medicine could

be administered only once a day.

Even thougltombined therapy has been used since the enzaf gvilisations (e.g.,
herbal teas and ointments) and frequently used in the form of a pill since the 1940s, wher
the first multivitamins reached the market, the development of multidrug formulations have
experienced a boom only over the last two desallevas thanks to Wald and Law, who
introduced the term PolyPill in 2003 and estimated that this type of formulation could
prolong the lives of one third of British people by up to 12 y&ars between 2013 and
2018, a total of 93 multidrug formulations was approved thg Food and Drug
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Administration (FDA) and European Medicines Agency (EMAhe improvement in
patientsd <compliance was 0 brdiavasaularddiseiases, c |
hypertensioff or HIV®treatments. However, multidrug formulatis are not beneficial only

to the patients. The pharmaceutical companies are motivated by the potential extension o
their patents as well as the reduction of costs related to the manufacturing (e.g., single
product pipeline, reduced packaging). Lastrmitleast, the cost reduction also projects into

the prescribing and dispensing of the medicifies.

1.3.1 Approaches to Multi-drug Formulations

Al t hough, the PolyPil!]l concept was ir
diseases, pharmaceutical indysend most research studies tend to focus on either
combination of drugs targeting one disease or combining drugs in order to decrease advers
effect of one of the drugs (e.g., combination of aspirin and omeprazole, when omeprazole
protects the stomach frothe adverse effects of aspirin by reducing the gastric acidity).
The different multidrug formulatiois and theirdevelopment arsummarisedn the two
following tables.Table 1.1lists and describes the molecular and supramolecular structures
used for multidrug delivery, including examples of either clinicalstudied formulations.
Preparation methods used to develop the rauliy formulations are described in thable

1.2, also including examples of relevant formulations
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Table 1.1. Summary of the molecular and supramolecular structures used for multidrug delivery, their
principl es, and examples of the clinical or studied formulation¥:*

Structure
Codrugs and
Molecular
Conjugates
(Molecular)

Macromolecules

(Molecuar)

lonic Conversion

(Supramolecular)

Principle

A covalent linkage between two
more synergistic pharmacophore
which is broken once a target
tissue is reached. Either linked
directly using e.g., ester, amide,
and azo bonds (a fixed molar rati
of the drugs, potential dosage
issues due to the diffarees in
drugs potency) or via a linker suc
as peptide (drugs activated
through enzymatic degradation ¢
the peptide).

Combination of natural
macromolecuds such as DNA,
RNA, and proteins or synthetic
molecules with limitless monome

choice.

lonic liquid drugs consisting of
drugs counteracting one another

anions and cations in a solution.

Example

f SalazopyrinkE,
sulfapyridine and mesalazine
(Crohnods di
approved in 1950j

S €

1 Benorilate (paracetamol

aspiriny?

1 Mongersen: a synthetic 2ter
antisense oligonucleotide
hybridizing with
complementary mRNA,
resulting in decrease of Smad
protein expression, which is
overexpressedilBD mucosal

tissuest

1 Examples of catiorfs:

morpholinium, phopshonium,

pyridinium, imidazolium

1 Examples of aniort&

inorganic halides and sulfates
organic acetates and

phosphates



Structure
Cocrystals

(Supramolecular)

Cyclodextrins

(Supramolecular)

Liposomes

(Supramolecular)

Principle

Cocrystals are formed by
hydrogen bonding between the
functional groups (e.qg.,
carboxylic, amide, and hydroxyl)
of the drugs. Solubility,
permealdity, stability, and
potency of the drugs can be
improved this way%*’
Cyclodextrins are cyclic
oligosaccharides consisting of a
ring created by glucose subunits
linked together by glycosidic
bonds- creating a potential to
encapsulate hydrophobic drugs i
their hydrophobic core (dependir
on steric effects) and link
hydrophlic drugs onto their
hydrophilic exterior.

Liposomes are vesicles created |
phospholipid bidyer around
agueous compartment, which ca
encapsulate lipophilic drugs
within the bilayer and hydrophilic

drugs inside the compartment.
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Example

1 EntrestoE, a c
sacubitril and valsartan for

heart failure treatmerit.

1 Hydroxypropytb-cyclodextrin
in formulation with
hydrocortisone (increase of th
hydrocortisone bioavailability
in the aqueous humor and

corneaj®

1 VyxeosE (daun:c
cytarabine) for acute myeloid

leukemia®®



Structure
Nanc and
Microparticulates

(Supramolecular)

MetalOrganic
Frameworks

(Supramolecular)

Polymeric
Strucures

(Supramolecular)

Principle

Using naneand micropatrticles as
a carrier which can eencapsulate
two or more drugs, usually
composed of biodegradable
materials. Recently, mesoporous
silica nanoparticles became of
interest dued their ability of
loading drugs into their pores
using a solvent free system. The
pores can be controlled by so
ed
pores in response of a specific

call 6gat ekece
stimulus, allowing for a
targeted/controlled drug release.
MetalOrganic Frameworks are
porous crystalline scaffolds
formed by the

inorganic ions or clusters
coordinated t@rganic ligands
The pores can entrap

drug molecules, allowing for
controlled releas#.

Polymeric structures can be
constructed to possess a numbe
domains that entrap different dru
molecules, enabling separation
and controlled release of multiple
APIs at a rate that is

suitable for the drugs'

pharmacokinetic charaetistics®®
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Example

 Abr ax anmoparticlea 1
formulation of paclitaxel and
albumin, increasing paclitaxel
delivery levels through
endogenous albumin

pathways!

9 studies of delivery of nitrous
oxide (preventiorof

coagulation)®>

1 PLGA as most commonly use
polymeric carier®s5’
9 contraceptive polymeric

implants$®
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Table 1.2. Summary of preparation methods used for multidrug delivery, their principles, and examples
of the formulations prepared by these method$#!

Method
Extemporaneous
preparation
Traditional
formulation
approaches
Extrusion

spheronisation

3D printing

Solid dispersion

Multilayer

formulations

Principle

Mixing products together.

Direct compression, dry
granulation, spray drying, and we
granulatiorr®®

Extrudates (filaments) are create
by extrusion of a blend of the
drug(s) and excipient(s) (which
can be bound together with
binders or waterjt
Spheronisation is a process to
create small spheres or pellets
from the extrudates. Each drug
can be extruded and spheroniset
separately to be combined into tf
formulation in a desired ratf3.

3D printingenables personalised
medicine, combining all of the
patientsd medic
allowing each drug to follow a
specific release profile.

Solid dispersion is molecular
dispersion of a drug in amorphot
excipient, impr

bioavailability

Multilayer formulations takes
advantage of layer by layer
construction of tablets, meshes,
oromucosal films, and thin layer
films adhered onto silica based

nanoparticles.

T

Examples

Prepared in clinical practice b
pharmacists
Over the counter remedi¢o

treat coughs and colds

Contraceptive formulations
ImplanorE (3-ketodesogestrel
in a corecoveredwith an
ethylene vinyl acetate
membran¥? and NuvaRing
(etonogestrel and ethinyl
estraliol in acoaxial fiber
consisting of two types of
polyethylene vinylacetate
copolymersy*

Currently, only approved
(FDA) formulation is
singledr ug Zi
technology branded SPRITAN

(antiepileptic levetiracetansy.

pDos

Ezetimibelovastatin sucrose
beads layered with a glass
solution ofthe drugsand
Soluplus(enterically coated
with Eudragit L100 and
Eudragit L10655)%”

Multilayer coatings created by
biomimetic calcium phosphate
and polyelectrolytes, releasing

biological growth factor’8
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1.3.2 Clinical Considerations for Use of Multi-drug Formulations

Although potential interaction of the drugs through synergy is one of the agganta
of multidrug formulations, it is important to study how the drugs in the particular
combination affects each other to avoid their potential interaction through dangerous synergy
(or antagonism). While a combination of e.g., bisoprolol (hypertensiorhead failure
treatment) and acyclovir (antiviral) improves bioavailability of both medicines, there is no
clinical use for such a combinati@ven thoughhe drugs are not antagonists and do not
contraindicate each other. The sought after synergy isn@ehat has a clinical use. For
example, a combination of @moxicillin (a broaespectrum antibiotic) and amoxicillin
(ab-lactam antibiotic) where clavulanic acid inramoxicillin protects the amoxicillin from
d e g r ad a-adctamasesprodubed by thacteria®!

The synergistic effect can often be confused with atadled additive effect.
Although, there is evidence that combination therapie® thetter outcomes than use of
individual drugs in cancer treatment, recent studies suggest this is not due to the synergy bt
rather due to the increased probability that one of the drugs will have the targeted therapeuti

effect®®

It is also important to keep on mind that each drug comes with potential adverse
sideeffects. Combining several medications into one tablet then leads to difficulties when a
cause of adverse effects need to be identified. There is also a risk that matmmlaf drugs
will cause new unencountered sigifects. This is especially dangerous as many of the
newly developed formulations have prolonged release, which makes reversing of the side

effects even more difficult.

Lack of flexibility in dosage adjustents is an enduring problem coming with
multidrug formulations. This is caused mainly by fixed molar ratios of the drugs in most of
the formulations. Additionally, there are combinations, in which a synergistic effect of the
drugs occurs only at specifinolar ratios (e.gV y x e ealifosomal cancer medicitf
For this reason, FDA and other organs recommend to prescribe multidrug formulations only
to patients who are already stabilised oultiple drugs (and specific dosages compatible

with the multidrug formulations}:
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1.4 Colon targetedoral drug delivery

Keepingin  mi nd p atane,nhe snést conveanipnt and also most common
administration is the oral rout®ral administration ofhe drug to the colon can experience
many drawbacks, such as dissolving in the stomach or intestinal fluid resulting in low doses
reaching the colon anth often observed side effects arising mainly from systemic
toxicity.2147071 Therefore, protecting the drug from abstion in the upper gastrointestinal
tract is required to keep the drug in its intact form until it reaches the,dotdading the

partin between the ceon and transverse coldril#

From the upper to the lower GIT, the enzymatic activity, motiktyd fluid content
continually decrease, while pH lewaeid viscosityncrease.These properties bring different
challenges to the colon delivery systems due to the effects they have on the dosage forms :
well as the pharmacokinetic and pharmacodynareltabiour of the drugs. The average
colonic fluid volume is approximately I8l, while the range was calculated to be
17 44ml.”2 The low fluid volume may affect the dissolution of the drugs and subsequently
the drugsd bioavailability. The solubilit
which can be altered by a diet. For example, a diet rich in carbohydrates reduces colonic pt
due to the high concentration of short chain fatty acids produced imerigation of the
polysaccharide& A similar effectcan be observed when polysaccharide based drugs are
delivered to the colon (e.g., laxative lactulose fermented into lactic ‘Acidte det also
affects the enzymatic activity since the undigested food components (carbohydrates,
proteins, fats) serve as substrate for these colonic enZyrfike. presence/absence of the
food affects the intestinaolonic transit time of the dosage form as well as the time of
administration andhe type of the dosage form itself. The healthy individuals showed
approximately 52 hours long transit time, while orB4 hours transit times were observed
for patients suffering from ulcerative coliti$The transit is generally delayed during sleep
and by use of smaller delivery systems such as particles (compared to capsules which ar

transited fastery’

The influence of upper GIT could be also m@ne by rectahdministration, bt this
route brings challenges with respect to reaching the proximal colon, spreading capacity of

the formulation and its retention tinfé’*
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1.4.1 Conventional drug delivery approaches

Nowadays, either the immediate release or controlled release (extended release
delayed release and timed release) drug delivery systems such asdelaéte capsules,
oral suspensions or oral powders are on the mé&ri8xveral strategies of colon targeting
are used and studied nowadays. These methods, their principles, and examples c

corresponding studied or marketed systems and materials are summarizethinl¢fies.

Table 1.3. Colon targeting strategies for drug deliverif 78 7

Method Principle Studied/Marketed systems and materials
Prodrug Prodrug is an inactive derivativ 1 Azo bond conjugates
formation of an active drug (parental drug 1 Cyclodextrin conjugates

formed by covalent linkage of 1 Glycoside conjugates

the drug and a carrier. The 1 Glucuronate conjugates

release of pareal drug is  Dextran conjugates

obtained either spontaneously 1 Polypeptide conjugates

by enzymatic activity of colon 1 Polymer conjugates

microflora.

Coating with  The drug formulation is coated f EudragitE (L300

pH-sensitive | with polymer, which dissolves, FS 30D; L 10655)
polymers disintegrates, or swells in 1 Polyvinyl acetate phthalate
alkaline pH. f  Hydroxypropyl methylcellulose

phthalate (50; 55)

Cellulose acetate phthalate

HPMCAS
Coating with  The coating of formulation is 1 Azo-polymers
biodegradable degraded by colonic microflora
polymers (enzymes).
Embedding in  The drug is released from the 1 Amylose
polysaccharide matrices via matrix swelling or f Chitosan
matrices degradation due to the action c { Chondroitin sulfate
colonic microflora 1 Cyclodextrin
(polysaccharidases). 9 Dextran
1 Guar gum
I Pectin
1 Xylan

12



Method
Embedding in
pH-sensitive

matrices

Bioadhesive

systems

Time released
systems

Pressure
controlled
systems
Osmotic
controlled

systems

Redox
sensitive
polymeric
systems
Coating with

microparticles

Combination

of above

Principle

Drug is released from the
matrices via matrix swelling or
degradatin due to the change ¢
pH towards alkaline values.
Drug formulation is coated with
a polymer, which adheres to
colonic mucosa.

Multicoated drug formulation
passes the stomach and after
that, the drug is released after
lag time equivalent to the small

intestine transit time.

The release of drug is triggerec
by pressure arising from
peristaltic movements.

The drugformulation is
encapsulated into the
semipermeable membrane
system, from which it is release
due to the osmotic pressure
generated by the solvent entry.
The drug release is triggered d
to the system response to the

colonic redox potential.

The drug formulation is coated
with or encapsulated into the
microparticles.
Complexsystems utilising more
than one method of targeting ir

one.

INTRODUCTION |

Studied/Marketed systems and materials

1

=

=A = = =

EudragitE S

N- (2-hydroxy propyl)
methacrylamide (HPMA)
copolymers
EudragitE (RL;
Hydroxypropylcellulose
Hydroxypropylmethylcellulose
acetate succinate

Ethyl cellulose

Ti me ClockE
Ethyl cellulose

EudragitE S

OROSCT system (Alza

corporation)

Azo compounds

Disulphide compounds

Silica microparticles

Pulsincap" (pH-sensitive
properties and timed release)
CODESM (pH-sensitive properties

and polysaccharides)

13



INTRODUCTION |

The principle ofpH dependent targetingis based on gradually increasing pH in
gastointestinal tract (from stomach to colon). Polymers or other materials, which
disintegrate, swell or dissolve analkaline environment, protect the drug from release in
theacidic environment ahestomach and preferably theneutral environment dhe small
intestine as wef.”® Many of the pH based systems curreratiailable on the market are
taking advantage of enteric coating, which protects the drug from acidic environment and is
often made of methacrylic acid based polymers which are known as EEdfgft°8* The
shelfed products are usually gelatine capsules coated with this EEdeatgtic layer (e.g.
5-ASA in AsacoE, Salofak&, ClaversdE , )esince.enterically coated gelatine capsules
are manufactured easier than complex syst@rirs.one of tlesse complex systesn the
enteric coating is accgmanied with a timedelease layer usually made of hydroxypropyl
cellulose Figure 1.1).%71 After the enteric coating dissolution, the timeease layer of
swellable hydrophobic polymer slowly erodes. Once the erosion reaches the core tablet, th

drug is rapidly eleased®®!

Hydroxypropyleelluloze laver
(timed-release funcition) Rapid drug release

Enteric coating laver
(acid resistance function)

L= = | (=] .
s o @ 59

o< S, o

Core tablet {rapid release function)

absorption

Figure 1.1. Enterically coated timedelease tablet with rapid release functibn.

Second complex system combining pH sensitivity and time release is called PUifi¢ép

This system holds the drug in a water insoluble body which is plugged with a hydrogel
sealing the opened end. The plugged end is then covered with a water soluble cap and tf
capsule is then enterically coated. This means, the enteric coating protects the capsule in tt
stomach and then quickly dissolves following the gastric emptying which enables the water
soluble cap to dissolve in the intestinal fluid. Then the hydrogel gtarts to swell untit

is ejected which results in the drug reledsehe Pulsincap’ system and its prciple can

be seen irrigurel.2.
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Water soluble
cap

Hydrogel plug

Water insoluble

°

bod: ® ®
y ° o°° o Ve o

: O e es
Drug formulation $c2 0 0
o) o o

Acid insoluble
coating

The cap and the
~— Coating dissolves in

\‘ the intestinal fluids

‘|
o © ® o o v 1
g ® SN § ’ }(_\ Hydr}ogel plug
o o°° * ® | ejected
° Y ®© o © o ° 4
) L (<} ° 4
e ©° o J

\ Drug released in colon

Figure 1.2. Pulsincap™ system and its principle of the drug rele&se.

CODESM system combines enteric coating together with polysaccharide lactulose, which
is enzymatically degraded by colonic microflora. The tablet containing drug and lactulose is
coated with acid soluble material (Eudragit E) and then overcoated with entenic laye
(Eudragit L). When the enteric coating is dissolved, the-smidble layer protects the tablet
from dissolution inthe alkaline environment ahe small intestine. Once the tablet reaches
the colon, the colonic microflora starts to degrade the lactidtsehortchain fatty acids,

which acidifies the environment around the tablet and dissolves the acid soluble material
enabling the drug releag¥®8! The lactulose could be potentially replaced wibmalt,

which performed similarlyn vitro andin vivo.#2 The CODESM system and its mechanism

of drug release can be seerFigurel.3.
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Acid=soluble
cuating material

Drug
Lactulose
Lactulose
Lactulose

Drug release
Lactulose

Figure 1.3. CODESM system and its mechanism of drug rele¥se.

Enteric coating material

Stomach

Small
Intestine

organic acids

_ |m|croﬂora |

Colon

However, pH sensitive drug delivery systems can suffer from colonic pbtieasamong
healthy individuals and also between healthy and diseased people. The pH values in differer
parts of GIT are listed iTable 1.4, comparing the healthy individuéland IBD patients,
where in UC patients, the pH values depend on disease activity and on the other hand, in CI

patients, the pH reaebapproximately the same vahierespective of the disease activity

Table 1.4. Comparison of pH values through GIT in healthy individuals and IBD patiéhts.

GIT part pH (healthy individuals) pH (IBD patients)

Stomach 1-2 (4 during digestion) = without major changes
Small intestine 6-7 without major changes
Colon 7-8 2.35.5 (UC); 5.3 (CD)

Time Clocke is atime-dependentdrug delivery system. A tablet or a capsule is
coated with a hydrophob#urfactant layer. This layer is applied as an aqueous dispersion.
Therefore, the water soluble polymer is added, which helps the coating to adhere to the cor
tablet or capsule. Thaating then rehydrates and redisperses in an aqueous environment of
the GIT for the time which is proportional to the layer thickness. Once the coating is
dispersed, the drug is releagé@he Time ClocE sy st ems can be %l so
However, the transit times can vary among individuals as well as pH levels. In some subjects
the drug can release already in the small intestine, while in other individuals thefonset

drug releasenever occus, since the drug stays intact for the whole transit titn&lso
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variations among healthy and diseased individuals can be observed. For example, more rap
transit times are observed in IBD (UC) patié)tl3S patient® or in patients suffering from

diarrhoea and carcinoid syndrofhe

Alza corporation trademarked the ORBDSystem working on thesmotic pressure
principle®® The pushkpull unit meastes 4 mm in diameter and can be used as a single unit
or up to 6 units can be encapsulated into a gelatine shell. Theplisimit consists of drug
layer and push layer, both covered with a semipermeable membrane and overcoated with a
enteric layer. Omhe drug layer end, the orifice is drilled which enables controlled release of
the drug once the enteric coating is dissolved and water is able to enter the unit causing th
push layer to force the drug layer otit?888° The OROE system is described iRigure
1.4.

Crriflice

Semipermeable membrane

Osmithe drog compartment

Osmotic push compartment

=4
— Enteric impermeable membrane

Figure 1.4. OROS (Alza corporation) osmotic drug delivery systém.

1.4.2 Micro- and nanao-systems under investigation

The colon targted drug delivery efficacy can be enhanced by use of naincbnane
systems. The smaller carrier size improves drug bioavailability at diseased tissues, reduce
systemic adverse effect and also lower drug concentsatgonbe used to achieve the same
result as with the conventional systems. In inflamed tissue, thesymtems were observed
to overcome the physiological changes, such as different transit time, pH level, intestinal

volume and mucosal integrity, better than conventional syst&th$able1.5 summarises
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current strategies in colon targeted mia@ond nanedrug delivery, explains their principles

and shows some examples of materials and preparation methods used in particular studies

Table 1.5. Approaches to colon targeted micemd nanedrug delivery systems:%!

Approach
Size
dependent

systems

Principle

Reduced size improves the
colonic residence time and
enhances the efficacy of drug
delivery to the colon. An
epithelial enhanced permeabilit;
and retention effect (eEPRY*
can be observed. Reduced size
can also help to avoid the rapid
elimination in case of diarrhoea
because of the effective uptake
of carrier by inflamed tissue anc

cells 9293

Material; Size Range; Preparation

1

Polystyrene; Om
from Polysciences Ltd.
(Eppenhén, Germany*

Ethyl cellulose; nm; emulsification
solvent evaporation technique usi
different surfactants

PLGA; nm; adl/water
emulsificationsolvent evaporation
method®

18



Approach
Surface
charge
dependent

systems

PEGylation
dependent

systems

pH dependent

systems

Principle

INTRODUCTION |

Material; Size Range; Preparation

Carriers with positive or negativ Positively charged carriers (adhere via

chargeelectrostatically interact

interaction letween carrier and negatively

with inflamed tissue. Since this charged mucosa):

type of interaction can occur
with different components of
GIT (bile acids, mucins, etc.),
additional targeting mechanism

is usually required.

Using of PEG hydrophilic
surface and neutral charge to
hinder interactions with mucus
and other intestinal/colon

componentd?41053

Works on the principle of

continuous increasing of pH

level in the GIT (enteric coating

1

Eudragit RL; nm; modified solvent
displacement methdd
Chitosanfunctionalised PLGA;
nm; solvent evaporation
techniqué®

Trimethylchitosan; nm; ionic
complexation/gelatin metho&®
Chitosan coated liposomes; nm; ¢

film rehydration methof®

Negatively charged carriers (adhere via

interaction between carrier and positively

charged proteins in inflamed tissue):

1

DSPG liposomes; nm;
lyophilisation ad rehydratiotf*
Nanostructured lipid carriers; nm;
high-pressure homogenizatitn
PLGA; nm; solvent evaporation
techniqué®

PLGA; nm:; oil/water
emuskification metho#f>103

PLGA; nm;nanoprecipitatiof®
Nitroxide radicalcontaining
nanoparticle; nm; assembly of an
amphiphilic block copolymer that
contains stable nitroxide radicals i
an ethetlinked hydrophobic side
chaint®’

Eudragit E S 1if-6i:

innwat er o met h
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Approach Principle Material; Size Range; Preparation
Biodegradable Using of materials which are 1 PLGA; nm; oil/water
systems enzymatically degraded in color emulsification metho®

1 Silica nanoparticles (SINPs); nm;
covalent binding of BASA to the
SiNPs surfacé®

1 gelatinenanoparticles in PCL
microparticles oral delivery systen
( Ni MOS) ; nm and
precipitation method under
controlled conditions of
temperature and pH followed by
optimized protocol to form
NiMoleQ.llO

1 PLA Nanosystems embedded in
hydrogel s; nm a
emulsion/solvent evaporatith

Redox Using of materials which 1 Thioketal nanoparticles; nm;
systems degrade in presence of reactive oil-in-water singleemulsion
oxygen species (ROS). The hig proceduré'?
ROS level iscaused by
inflammation.
Active Using of ligands coupled to the 1 Polystyrene nanoparticles coated
targeting surface of drug delivery carriers with antibodies; nm; antibodies
dependent Specific ligands react to diseast were absorbed onto the surface o
systems induced changes, such a nanoparticles by incubation in a
receptor expressioffl3 buffert4

1.5 Fabrication of micro- and nanosystems via electrohydrodynamic and
nanoprecipitation methods
In this project, electrospray, electrospinning, and nanoprecipitation are used as the
main preparation techniqueklectrospraying and electrospinnirage both also called
ElectroHydroDynamic Processes (EHPRvhich aretechniqus of liquid atomisatiorand

spinningby means of electrical forcé®'® Nanoprecipitation is a technique, in which phase
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separation occurs after a material dissolved in appropriate solvent iswwiikezisacalled

antisolventl’

1.5.1 EHDP: Electrospray and Electrospinning

The predominantly used mode BHDP (bothelectrosprayand electrospinnings
aconejet mode. The conductive liquid flows out from a capillary nozideyhich high
potential is appliedf the applied potential is sufficient, the electrical stress caused by free
charges at the surface of the exiting liquid leads to formati@cohical shaped meniscus
called Taylor cone. The Taylor cone is further elongated into a highly chargedieh, w
either disrupts into primary droplets at some pdglectrospray) or elongates and whips
towards the collector resulting fibers (electrospinning).115116

In theelectrospraydroplet formation, the electrostatic repulsion, the kinetic energy
of the liquid and the surface tension on the liggas interface play the main roles. The
primary droplets shrink du solvent evaporation. Since the shagkcauses increased
charge concentration, the droplets often experience Rayleigh disintegration or Coulomb
fission after the solvent evaporation. This means the already shrunk droplets are broken u
into even smalledroplets to balance the charge concentration. These disruptions lead to
polydisperse particles, which is the reason why they should be avoided. This can be achieve
by discharging of the produced droplets using @&aprona neutralizer consisting of
discharging stainless steel ring or needle, which is connecteddpaasated high potential
source and is placed opposite to or around the ndZknally, the droplets are solidified
and particles are deposited on a collettdhe scheme of particle formation can be seen
in Figurel.5.

electrospraying

evaporation fission solidification deposition

o o
© 0o o

o 0o ©

Figure 1.5. Steps of electrospray particle formatig#.
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In the electrospinning process polymers of higher molecular weights are used to
achieve sufficiently high axial tension in the j€t**Theelectrospun fibersan range from
nance to micrometres in diameter, can be up to three metres long, and are collected as

nonwoven fibrous mat.

Both electrospray and electrospinning apparatus are almost the same, as both requir
a high voltage electric supply, one eledie connected to a conductive nozzle and another
one connected to a conductive collector. In the case of processing material solution, whict
is the type of EHDP used in this project, a solution reservoir such as a syringe and a pumy
for a liquid feed (e.g.syringe pump, pressure pump) are also required. A representative
scheme of an electrospray setup is showrrigure 1.6. This setup would be equally
functional forelectrospinning if sufficient axial tension in the jet was reached. In that case
the liquid jet would not disrupt into dropleas shown in the diagram bwbuld elongate
and whip towards the collectdpifferent types of EHDP setups are discussed in eta!
in Chapter 2.

syringe nozzle (potential applied)

| Taylor cone

I | I grounded collector
-

jet

syringe pump

Figure 1.6. A representativecheme of electrospray settig.

1.5.2 EHDP: Formulation and Process related parameters

There are a number of liquid properties influencing the electrosprayd
elecrospinningutcome. These are mainly conductivity, viscqstyd surface tensiatthe
liquid-gas interface. When usirgectrohydrodynamic process@spharmaceutics, mainly
polymers but also different carrieysre used to enable controlled drug release or targeted
local drug delivery. The carrier type, molesueight andtheirconcentration influence the

proces<ritically as well as the solvent physicochemical properties. Becaus® Bld€urs

22



INTRODUCTION |

only if the electric stress overcomes surface tension, organic solvents with low surface
tension arecommonlyusedalongside water, which is frequently used in electrospinning
The solvent properties influence the surface morphology of the paradésfibers
significantly. Finally, adding the API into the solution may change the liquid properties

substantially-5119

In electrospinning, increased conductivity of the solution (by the use of solvent with
higher conductivity or by adding salts) shows im@wwuality of the fibers and lower
beading of the fibers, since the increased conductivity stretches and accelerates the jet. O
the other hand, lower dielectric constant leads to longer stable process due to the reductio
of bending instability (becausé lower charge density). The viscosity is another important
parameter in electrospinning. The fiber diameter increases with increasing concentration of
the solution. No fibers are formed when the viscosity is too low due to insufficient polymer
chain entaglement but also when the viscosity is too high since the electrical charges are

insufficient to stretch the solution.

The electrospray coret mode is feasible when conductivity of solution is in the
range of 13! to 10 S m?,29 but commonly the range of £@o 10* S m' is used.The
conejet mode forms in a certain range of flow rate and potential. The most important factor
influencing the diameter of the jet and consequemidydize of particles is the flow rate.
Both potential and geometry of the nozzle affect the jet diameter and the current, which is
transported by the jet, negligiblyo achieve near monodisperse droplet sizes in a stable
conejet mode, operation neaithe minimum flow rate is required. For low vissity
solutions, the minimum flow rate depends directly on permittivity and surface tension of the
solution and indirectly on the density and conductivity of the soldfibii.the solution is
highly viscous, the equation may look different. It is suggested that in such a case, the
minimum flow rate directly depends on solution permittivity and squared diameter of the
nozzle and indirectly depends on the viscosity of the solutithHowever, the liquid
viscosity influences only the jet breakup. But it does not affect the current within the jet or
the jet diameter. High liquid viscosity delays the jet breakup resultitige elongated jet of
electrospinning. Since the jet carries the net charge, the jet can experience nonsymmetri
perturbations resulting in moving the small portion of the jet slightly off axis. This leads to
whipping, because the charge along the restejet pushes that small portion even farther
away from the axis. Due to the whipping, high tensile stresses arise and this results in je

thinning 12!
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Usingpolymer solutions, the solidification process and the paffilzée morphology
depend on the correct balance of solvent evaporation rate, polymer diffusion and polymer
chain entanglement>1°If the solvent, for example DCM, posseskigh vapour pressure,
its boiling point is low and therefore the solvent evaporation is fast. Using this type of solvent
may lead tdormationof highly poraus or even hollow structures, since the timepfadymer
chain entanglement is short. On the other hand, by choasiblgent with low evaporation
rate (low vapour pressure, high boiling point) smooth particles of smaller size can be
achieved. However, #re is a risk of a weaker chain entanglement causing two different
maxima in size distribution. Using water as a solvent may lead to coronal discharge in the
air, therefore aqueous solutions are electrosprayed either in vacuum or inert gas

environment!®

1.5.3 EHDP: Advantagesand Disadvantages

EHDP methods aneowadaysisedacross different fieldsecause atheirnumerous
advantagesThe main advantages of the EHDP products (fibers and particles) are seen in
high surface to volume ratio, high porosity, and in the case of pharmaceutical use, high drug
loading efficiencyand its molecular dispersion due to the fast evaporation of the solvent.
The experimental setup is relatively cheap and can be very flexible. Differereteeéups
then enable preparation of customised mioronanesystems with tailored propertiesh@d
setup can be modified in different steps, e.g. by using of different types of nozzle (single,
co-axial, or tri-axial), different collectors (dry collector or solution) or working in different

environments (atmospheric pressure vs vacutith)®

Electrospinning is often considered as a green technology as there is a potential tc
avoid harmful organic solvents. Elem$praycan produce particles smaller thardh of
various materials. The size distribution of the particles is usually narrow if a stablgtone
mode is obtained. Since the droplets are highly charged, thedisgdrsing properties lead
to almost naagglomeration and coagulation. Using of electric field allows easy control of

the dropletémotion.

Among the disadvantages of electrospray genhemethod isthe rather narrow
operating window, meaning the number of factors influencing the stability ofjebrmede
is high and the factors are very complex and interdepehtfehother disadvantagef
EHDPIs possible degradation of the drug encapsulated into the padidiesded into the

fibersdue to different factors such as high electrical potential, temperature or shear stress ir
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the nozzlé 23 Finally, the upscaling of the methods for industrial usage is still challenging

due to the low production rate of both techniques.

1.5.4 Nanoprecipitation Method
Nanoprecipitation is a bottomp technique, in which the particles are formed via
nucleation, growth, and precipitation. This is achieved by mixing the drug and/or the carrier
material dissolved in appropriate solvent (dissolved parent phase) withrcalled
antisolvent. Amongst others, change of the solubility, pH, or temperature are the most

common factors inducing the phase separafibn.

Thenucleationi s acti vated thr ough briue, caudedhyg e
either supersaturation (exceeded solubility equilibrium) or supercooling (system temperature
dropping below the phase transformation point). In order to reduce high Gibbs free energy
caused by either supersaturation or supercooling, ammmiolecular clusters are formég.
Depending on the size of the clustessbcritical and supercriticauclei are formed. The
supecritical nuclei arelarger thanthe critical size that allows further growth, while the
subcriticalnuclei are smaller than the critical size awlissociated back into the dissolved
parent phase. In pharmaceutical nanoparticle preparation, homogenous nucleation
happening spontaneously and forming nuclei uniformly throughout the system, prevails over
heterogeneousucleation, occurring in the presence of foreign entities serving as a
nucleating surface (e.g., impurities, dust, and rough surface of the cont&itiédne of
the most important factors influencing the pragsr of the nanoparticles is the rate of
nucleation (number of nuclei formed in a unit volume of a solution per unit time). Small,
monodisperse nanoparticles are achieved by rapid and uniform nucleation, when formatior
of a high number of nuclei causesapid drop in the supersaturation level, followed by
termination of the nucleation and beginning of the growth process. Bigger and polydisperse
nanoparticles are formed via slower nucleation rates since the supersaturation level decreas
over a longer peod of time, allowing formation of nuclei of various and larger sizes. The
mixing technique highly affects the uniformity and rate of nucleation in the antisolvent

nanoprecipitatio}?812°

The nucleation occurs simultaneously with t@wth process. The growth is
described as growth in size caused by adsorption-oéked growth species (formed and
diffused reactants) on the surface of the nuclei. Alongside the kinetics afdleaton and

growth, both diffusion and surface mechanisms are significant factors affecting the
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continuous growth and the final size distribution of the nanoparfitddhe timerequired

to complete homogenous mixing of the solutions divided by the time required for the critical
nucleation concentration to be reached gives the dimensionless’Blamkumber (Da)

which determines whether the growth is controlled by diffusion (Daoxlthe surface
(Da>>1) or both (Da- 1).}?8 Monodisperse particles can be obtained by controlling the
growth with the diffusion of the monomers from the bulk solutionéastirface of the nuclei.

Such diffusion controlled growth can be achieved by increasing the viscosity of the bulk
solution or by c¢creating a | ayer whi ch g
diffusion 1?8130 Syrface controlled growth occurs when the diffusion of the monomers from
the bulk solution to the surface of nuclei is very rapid and can have two mecha@nisms
mononuclear and polynucle®f. The mononuclear growth occurs layer by layer and leads
to polydisperse particles since the growth rate is dependent on the surface area of the nucle
On the other hand, the polynucleapgth is relatively uniform, affected by temperature
only and leads to monodisperse particles, as the concentration of the growth species i

sufficiently high to start growing a second layer before the first is fully finiskéeP,

1.6 Aims and Objectives of the Project

The generalaim of this project was development of a colon targeted multidrug
nanofamulation for oral administration, prepared predominantly by electrospinning and
electrospray techniques. For this purpose, the enteric HPMCAS polymer and zein protein
were selected as excipients to carry three model drugs used in IBD treatment:
5-aminosakylic acid (5ASA), hydrocortisone (HYD), and paracetamol (PAR). Three
main objectivesof the project are summarised belancluding a brief description of tasks

which were performed to achieve these aims

1 Preparation of blank HPMCAS electrospun fibes

Electrospinning of blank HPMCAS fibers has not been described in the literature prior
this project. Therefordprmulation, process, and environment related factors affecting
electrospinnability of the enteric HPMCAS polymeere studiedto obtain blank
HPMCAS electrospun fiber®hysicoechemical properties of théamk HPMCAS fibers

were characterised and compared with the raw mat@Ciahpter 3)
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1 Preparation of colon targeted multi-drug loaded HPMCAS electrospun

formulation

HPMCAS fibers containinghtee model drugs {BSA, HYD, PAR) were electrospun
based on the process knowledg®ained through preparation of the blank HPMCAS
fibers. Fhysicochemical propertiesf the drug loaded formulations were characterised

as well. (Chapter 3)

Drug release profiles from the muttrug loaded HPMCAS electrospun formulation did
not fulfil the enteric requirements of the coltargeted formulation as the drugs were
released prematurely (Chapter 3) and therefore encapsulation of the drugs into zeir

nanoparticles incorporated into the HPMCAS fibers was explored.

o Electrospray and nanoprecipitation were compared as preparation techniques
of zein nanoparticles (blank and loaded withkASA) followed by
physicachemical and drug release profile charactios of the particles.
(Chapter 4)

o Feasibility of incorporation of ‘ASA loaded zein nanoparticles into
HPMCAS electrospun fibers in a single step was studied, followed by
physicachemical characterisation. (Chapter 5)

1 Study of drug release profiles from the multi-drug loaded HPMCAS

electrospun formulation

Since incorporation of the drug loaded nanopatrticles into the HPMCAS fibers proved to
be unsuccessfubrug release profikeof individual model drugs from the electrospun
HPMCAS fibers were studied mordosely. For this purpose, singlérug loaded
HPMCAS fibers were electrospamd characterised Chapters)

o As none of the singldrug loaded electrospun formulations fulfilled the
enteric requirements, the potential effect of fiber diameter on theelease
was further studiedTo obtain different diameters of thigers, filaments
containing the same drygplymer ratios as the electrospun fibers were

prepared byot melt extrusion (Chapter 5)
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2 MATERIALS & METHODS

In this chapter, physiecohemical properties of the used materials and experimental
considerations of the formulation processes are descritedil®of equipment, materials
and procedureperformed in this projeare given in the tevant chaptersliscussing the

experimental results.

2.1 Model Drugs

Three model drugs {&8minosalicylic acid, hydrocortisone, and paracetamol) commonly
used in the treatment of inflammatory bowel disease (IBD) were selected to be delivered
simultaneously infte nanofibrous formulation. The model drugs are further described below.

Their structures and physiatemical properties are then summarised inTddde?2.1.

2.1.1 5-Aminosalicylic Acid (5-ASA)

5-Aminosalicylic acid (5ASA), also called mesamine or mesalazine, is an
antrinflammatory drug. Even though;ASA mode of action is uncertain, it is considered

to act locally on intestinal tisspas its systemic absorption is I0%!32133|t is believed, the

drug supresses the metabolism of arachidonic acid there, leading to inhibition of mucosal
inflammation mediated by cyclooxygenases and lipoxygertdskiesalamine is an active
moiety ofvarious prodrugsuch as sulfasalazirfeulfapyridine linked to BASA by an azo
bond)!*213* The dse of 5ASA range between 2.4 and 4.8 g per thy.

5-ASA, a smé#l hydrophilic organic moleculé& is obtained in a form of tan to pink
crystalline powder (needle like crystals) which can darken when exposed'i Hie
powder is norhygroscopic and slightly soluble in veait(0.84 mg/ml at 2€C). It is readily
soluble in dilute hydrochloric acid and in dilute alkali hydroxidestyMow solulility was
observedn dehydrated alcail, acetone, and methyl alcohBlASA is practically insoluble

in chloroform, ether, butyl atihol, ethyl acetate,-hexane, methylene chlde, and propyl
alcohol*®® Computed partition coefficient logP0.46N0.34 (ACD/logP program;
Advanced Chemistry development, Toronto, Canada) suggests an equivalent preference fc
hydrophilic and hydrophobic environmeérit.Dissociation constant (pKa) was determined
for each of three BAASA functional groups: 2.09 (carboxylate group), 5.26 (amino group),
and 13.64 (hydroxyl grougf*13°
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2.1.2 Hydrocortisone (HYD)

Hydrocortisone (HYD), also known as cortisol, is a corticosteroid used asctasy
antrinflammatory medicine du® its glucocorticoid and mineralocorticoid activity (lesser
extent)!%¢In the IBD treatment, HYD is prescribed for a short period of time(@ecks)

to induce remission, followed by a gradual decrease of dosage before being replaced b
another medication serving as maintenance thérdpytydrocortisone is obtained as a
white, odorlesspowder, which is poorly soluble in water (0.2@/ml at 25A C) . Thr
polymorphic forms of hydrocortisone are known: orthorhombic forms I (most stable) and Ili

(metastable), and monoclinic form Il (metastabfé).

2.1.3 Paracetamol (PAR)

Paracetamol (PAR), also known as acetaminophen, is a comusedyovethe-counter
analgesic and antipyretic with weak aimtilammatory properties. It is also an analgesic of
first choice when it comes to the management of pain caused by th& FBBBacetamol is

also a widely used componeot various multidrug formulations used for cold and flu
treatment. The usual oral dose of paracetamol is @.§ every 4 to 6 hours, with maximum

of 4 g per day3®* Compared to opioids, there are no problems with dependence and tolerance
with paracetamol. However, PAR shows acatled ceiling of efficacy, when increasing the
dose above this threshold does not improve the therapeutic'éffleatacetamol is obtained

as crystalline white powder. Three polymorphs of paracetamol are known: monoclinic form
| (stable), orthorhombic form Il (metastable), dadn 11l (unstable):4°
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Table 2.1. Structures and physiechemical propertiesf the model drugs: olecular weight (M), dissociation constant (pKa), partition coefficient (logBbility in water,
Biopharmaceutical Classificatiddystemclass,melting point (T), glass transition (g, and polymorphic form&5141142

M Solubility in BCS i i Polymorphic
Model Drug Structure pKa | logP Tm (AC) | Tq(AC)
(g/mol) water clasg forms
OH O
_ o 2.09; . Degrades
5-Aminosalicylic OH 0.46N | 0.84g/L at
_ 153.14 | 5.26; i v before - -
acid 0.34 20AC _
13.64 melting
NH-
H
N 14g/L
Paracetamol 151.16 | 9.5 0.46 i 11 169 26 [ 1, 1
at 20A C
O
HO
_ 0.28¢/L at
Hydrocortisone 362.5 | 12.6 1.6 i Il 224 86 [ 1, 1
25A C

* Class I- high permeability, high solubilityClass II- high permeability, low solubility; Class IHlow permeability, high solubility; Class IMow permeability, low solubility
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2.2 Excipients

Three different excipients were used in this project. Enteric hydroxypropylmethylcellulose
acetate succinate (HPMCAS) wased to electrospin the multidrug loaded fibrous
formulations. Zein nanoparticles were prepared by electrospray and nanoprecipitation,
where the feasibility of loading -ASA into these particles was studied. Finally,
polyvinylopyrrolidone (PVP)Wwas used aan auxiliary excipient to produce a formulation
combining the BASA loaded zein nanoparticles and the HPMCAS fibres.

2.2.1 Hydroxypropylmethylcellulose acetate succinate (HPMCAS)
Hydroxypropylmethylcellulose acetate succinate (HPMCAS) is a synthetic polyneer als
known as hypromellose acetate succinate in pharmaceutical industry. This whitevhat@ff
powder is a mixture of acetic acid and monosuccinic acid esters of hydroxypropylmethyl
cellulose. HPMCAS is an approved pharmaceutical excipient for oral foiondatt is
commonly used as an enteric coating agent for tablets, capsules, and granules as well as
solid-dispersion carrier to improve drug bioavailability. The polymer is physiologically inert
and its solubility is controlled by pH of the solventidtpractically insoluble in water,
ethanol, and hexane. HPMCAS is tasteless and may have a faint odour of acetic acid. Th
polymer is produced in three different grades: L, M, and H. Different content of acetyl and
succinoyl groups in these three gradesiteto a solubility of each grade in different pH (see
Table2.2).143

Table 2.2. HPMCAS grades and their solubility in different pH, depending on the various acetyl, succinoyl,
methoxyl, and xydroxypropoxy content in each gride.

Grade Acetyl Succinoyl Methoxyl Hydroxypropoxy Soluble
Content Content Content Content in pH
L 57 9% 147 18% 2071 24% 57 9% >55
M 77 11% 107 14% 2171 25% 51 9% >6
H 107 14% 47 8% 2271 26% 67 10% >6.8

HPMCAS is hygroscopic and hydrolyses to acetic acid and succinic acid at sustained levels
of elevated humidity. Therefore, the polymer must be stored in aclesktd container in a

cool, dry place. Due to its high molecular weight {1800 kDa) and insolubility in water
causing low oral bioavailability, the daily intake limit is set to 560 mg (Inactive Ingredient
Database)*? In this project, granulated AquaSolVeHPMCAS of grade H was used as a

enteric carrier for colon targeted oral formulation.
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2.2.2 Zein

Zein is aprotein with molecular weight aboR® - 27 kDa andis found in the endosperm of
corn kernelg** This protein with amphiphilic propertiesontains high concentration of
glutamic acid (21 26%), leucine (20%), proline (10%), and alanine (10%), but shows a low
nutritional value due to the deficiency of basic and acidic amino acids (tryptophan, §3ine)
The high content of nonpolar amino acid residues in the core of the protein covered with
hydrophilic glutamine turns defines the solubility behaviour of the protein (see the structure
in Table 2.3). Zein is insoluble in water butan be dissolved in aqueous ethanol (e.g.
70%vV/v), where it can form small globules with diameters between 150 and 55 hm.

can also be dissolved in the presence of high concentrations of urea, high cannsrufat
alkali (pH ©11), or anionic detergent®Z e i nds @ br i cledalloksearyirgt r u
other molecules inside and sustained drug reféd&mmmercial zein is a mixture of several
pept i de-sb ajnldzein), which possess different molecular weight, solubility and
amino acid sequencé’ U-Zein creates approximately 80% of the total prolamin present in
corn and is soluble in 95% ethanol. Its peptide composition is venasimithe whole zein.
Starch gel electrophoresis showed two major bands at 22 and28 b el o+#zani ng
b-Zein is richer in histidine, ar gi nzeim e,
This relatively unstable zein is soluble in 60% ethamal insoluble in 95% ethanol. Three
bands wer e-zefndnutmedgel Electrophbresis: 14, 22, anckR4al*® Zein is
biodegradble and FDA approved as a fegrhde ingredient.

2.2.3 Polyvinylopyrrolidone (PVP)

Polyvinylopyrrolidone (PVP)s an amorphous polymer obtained as a hygroscopic white
powder. PVP is a linear naonic polymer, which is pH stable. The polymer is hydrophilic
and highly polar, and therefore soluble in water and organic solvents. PVP can be plasticises
by addition of water or the organic plasticisers. It is known for its adhesive and cohesive
properties 18 In pharmaceutical industry, PVP is widely used for solid dispersions and has
been reported to form complexes with BCS class Il drugs, improving their aqueous
dissolution propertie¥?® PVP is physiologically inert and it is manufactured in several
molecular weights. In this project, PVP k90 was used, which has molecular weight in the
range of 1,000,000 1,700,000 D&?8
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Table 2.3. Structures and physiechemical propertiesf the excipients: wlecular weight (M), glass transitiond)Tand solubility in watet*3145148

n

Excipient Structure M (g/mol) Ty (AC) | Solubility in water
,/0\?7\ RO N Insoluble (pH
HPMCAS RO OR 10,0001 500,000 123
dependent)
L Jn
R= -H, -CHj, -C(O)CHs, -C(O)CHCHCO;H, -[CH,CH(CHs)O]mR*
R= -H, -CHs, -C(O)CH, -C(O)CH.CH,CO:H
glutamine turns
Zein Ohelix % 22,0001 27,000 161 Insoluble
glutamine turns
PVP k90 N O 1,000,000 1,700,000 177 Highly soluble
y H
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2.3 Formulation Processes

2.3.1 Electrospinning

The electrospinning setup can be either vertical or horizontal, resulting in no difference in
the fiber morphology®® While traditional setup uses one high voltage source,
R. Jaegeetal >t introduced an additional high voltage source in a form of a ring electrode
into thesystem to reduce the electrostatic field at the tip of the nozzl€igee2.1).

Pressure

pressure gauge

Pump

5-20kV

HV]
5-20kV

Figure 2.1. Experimental layout of the (A) orgectrode and (B) twelectrodes setup®dapted from
R. Jaegeetal. (1998)15¢

The fibes can be collected on various collectors. Over 10 different types of collectors are
described in detail by W. E. Teo et'3.in their review on electrospinning design and
nanofiber assemblies. Fibers consisting of several layers, typically calledhadkecan be
produced by introduction of eaxial (two layers) or traxial nozzle (three layers) and
corresponding number of extra feed solution pumps. In #axi@ electrospinning, the core
feed solution is pumped through the inner nozzle and tek f&ed solution is pumped
through the outer nozzle. In the case of thextral electrospinning, a middle layer separating
the core and shell is introduced. In principle, the core feed solution does not need to be
electrospinnable as the process is mgoaffected by the outer shell solutiét#®* In
pharmaceutical application, the cegieell fibers has a great potential in multidrug delivery,
when each fiber layer consists of different drug(s) in a corresponding polymeric carrier. This
way, drugs with different physiechemical properties shcas logP and subsequently
different release profile can be delivered in a single formulation. Equally, a multiphasic drug
release can be obtained from the eshell fibers, when an immediate drug release from the

34



MATERIALS & METHODS |

shell is followed by a controlled releag®m the core> A biphasic drug release is
commonly used in delivery of nesteroidal antinflammatory drugs (NSAIDs),

antihypertensive, antihistaminic, and aaltergic agents.

2.3.2 Electrospray

The electrospray setup is the same as the electrospinning setup. However, a closed chamk
with air/nitrogen flow is often introduced to reduce the evaporation of solvents and to form
smaller particles with smoother surfdé@.Although the stable conget is the most
commonly used spraying mode, different modes such as dripping, microdripping,-simple
jet, and multiple cone spraying have been studied. The spraying mode is determined by th
competing electric stress and surface tension ofighiel-gas interface, together with the
kinetic energy of the feed solution leaving the nozZlé.is not uncommon that the particles

are not deposited on the collector only but also different parts of the setup such as inside
walls of the chamber or the ground needle. This is due to incomplete discharge of the
particles during the process. To reduce the charge of the particles and to increase the partic
deposition efficiency, the ring electrode is often introduced together with the gas flow, as
the trajectory of the particles can be easily controlled wherpdhtcles are completely
discharged®” A. Rezvanpour et df® reported that the particle collection efficiency was
determined by solution flow rate, nitrogen flow rate, ring voltage, and nozzle voltage. They
also observed thdifference between the electric potential on the nozzle and the ring played
a key role in the particle collection efficiency. Other contributing factors included durations
of the process, polymeric materials, and electrical conductivities of solutiandy &t

A. Rezvanpour and C. Wat®j shows the maximum collection efficiency at 80% on the
grounded aluminium flat plate, which was increased to 90% after introduction of an auxiliary
electric field created by additional flat plate connected to a high voltage supply and placed

a few centimetres above the original flat collector.

2.3.3 Nanoprecipitation

Nanoprecipitation process is controlled by several interdependent parameters. Most commo!
driving force of the nanapcipitation is supersaturatidff. The supersaturation degresea

ratio of the solute concentration in the binary sohaamtisolvent mixture after mixing and

the equilibrium solubility of the solute in the solvamtisolvent mixture. Increasing the
degree of the supersaturation leads to increased nucleationdateagase of the particle
size!®® However, high degree of supersaturation shortens the time required to start the

precipitation process. Unless a highly efficient mixing is involved in the process,
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precipitation will occur before homogenous mixing of solvent and antisolvent is reached,
resulting in large polydisperse particfé$Mixing process is therefore considered to be the
most crucial step in production of monodisperse nanoparticles. Uniform mixing leads to
uniform supersaturation throughout the binary mixture, reducing the Ostwald ripening
effect%2 The mixing process is also affected by the solvent and antisolvent miscibility, as
this affects he homogeneity of the nucleation step and consequently the particle size
distribution. Cheng et &P studied the effect of the solvent on the PLGA piatisize,
observing that use of the solvents with high miscibility with the antisolvent leads to smaller

particle size.

Beside the solute concentration in the solvent phase and the solute solubility in the bulk
solvent, which can be also regulated by smwvnental factors such as temperature, the
volume ratio between the solvent and the antisolvent is anotheakayeter regulating the
supersaturatiott* In principle, decreasing the solvesmtisolvent ratio lads to decrease of

the solute equilibrium solubility in the binary mixture and reduction of the Ostwald
ripening641%> Selection of the solvent with a good solute dissolving capacity is therefore
important to minimize its volume and also to simplify its removal after the precipitation step.
However, experimental results in the literature suggest that changing the saitisotvent

ratio by either reducing the solvent volume or by increasing the antisolvent volume can have
opposite effects on the size of the particles as well as their drug doefficiency. For
example, Budhian et &f° observed that particle size decreased and drug loading efficiency
increased when the solvent volume was decreased. However, Limayem Blaiz¥ et
studied the effect of increasing the antisolvent volume. In this case, the size of the
nanoparticles increased, while the drug encapsulatiariezflly decreased.

To increase the nanosuspensions stability and decrease the aggregation of the particles, wi
range of stabilisers have been used in nanoprecipitation. The stabilisers can be e.g., polyme
or surfactants and staisi the particles either sterically or staticafThe stabilisers should

be selected based on their ability to adsorb onto the surface of the particles. The higher th
adsorption affinity of the surfactant towards the solute is, the faster the adsorption process
will be, resulting in smaller particlsize®® The concentration of the stabiliser is a key
parameter in the stabilisation but also nanoprecipitation process. Aggregation is promotec
when the critical concentration of the stabiliser is exceeded. In case of the polymeric
stabilisers, th@olymeric chains will get entangled due to their flocculation. The surfactants

on the other hand, will create micelles, increasing the Ostwald ripening*éffect.
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3 ELECTROSPUN FIBERS

3.1 Introduction

The overall objective of this chapter was to develop and study colon targetedtugulti
delivery systems produced by electrospinning technique. For this purpose, HPMCAS
polymer was selected as the excipient to provide the enteric properties. Three drugs
commonly used in IBD treatment;aninosalicylic acid (ASA), paracetamol (PAR), and
hydrocortisone (HYD), were selected as model drugs. This chapter describes a method o
electrospinning of HPMCAS (grade H) without any additives to obtain beaded &ers,
thoughonly unsuccessful attempts to electrospin the pure HPMCAS polygraide(F)
were described in the literatdf@prior to this project. It was observed that relative humidity
played a significant role in the electrospinning of the polymer. Therefore, the effect of
relative humidity on the electrospinning ofibk and drug loaded fibers was studied more
closely in this chapter. The SEM scans of the beaded fibers were further analysed to observ
fiber diameter and its distribution as well as the size and distribution of the beads. To
understand the morphology tife fibers better, the effect of solution properties (viscosity,
conductivity, surface tension) on the fiber structure was examined. The fibers were further
assayed by TGA to determine whether all solvent was successfully evaporated during the
electrospining process. To assess the crystallinity of the formulations, the drug distribution
within the electrospun fibers, and the potential im@iecular interactions in between the
polymer and the drugs, all samples were characterised by (M)DSCGFATRR andPXRD.
Finally, the drug release was evaluated byMS8 in case of the multidrug and by LS

spectrophotometry in case of the sindteg loaded formulations.

3.2 Materials and Methods

3.2.1 Materials
5-aminosalicylic acid (ASA) and Hydrocortisone (HYD) were pivased from Acros
Organics, USParacetamol (PR) waspurchased from Sigma Aldrich, UBPMCASwas
kindly gifted by AshlandUS. Acetoneand ethanoivere purchased from VWR, France.
DMSO was purchased frorRisher Scientific, UK Hydrochloric acidand PBS tablets
(pH = 7.4)werepurchased fromdigma Aldrich, USMIlliQ (MQ) water was produced using
a Purelab ultra (ELGA LabWater, UK).
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3.2.2 Enteric fibrous film fabrication
Clear solutionsof different concentrations of HPMCA#B pure aetone,ethanol,and a
binary solvent system of acetone and DMi8@arious ratiosvere prepared and tested for
its electrospinning abilities, using ndib@r electrospinning unit (Tong Li Tech, China), a
syringe pump (ColParmer, US)22G emitter (AvectaSpraybase, Ireland) and flat or

rotating drum collectors. Humidity ithe system was controlled withy Now.

3.2.3 Imaging of the electrospun samples
SEM analysiswas performed tovisualise the surface of the fibrous formulatiofi$ie
electrospun samplégither peeled or including the aluminium foil substrate) wrectly
attached onto SEM specimen stubs by doshded tape and coated with gold using a
Polaran SC7640 sputter gold coater (Quorum Technologies) prior to imagaplank and
the multidrug loaded fibers were imaged4siss EVO HD1%canningelectronmicroscope
and the singla@rug loaded formulations were scanned Ggmini 300 seriesscanning
electronmicroscopdgZeiss,Germany) The Image J software was used teasure théber
diameterand thesizeof the beadsyhen100values were averagédr each

3.2.4 Physicochemical characterisation of the fibrous films
Viscosity of the electrospinning solutions was measured by Digcovery Hybrid
Rheometer (TA Instrumentd)elaware, United States) aqpped wi t h a
coneandplate geometrgand a solvent trag he method was set to be a floamp procedure
from 0.1 to 406 at 21 eC for 120 seconds. The measurement was done in triplicate to
calcuate the average vissoi t y . TRhe ri@dlogical profiles were analysed RIDS (TA
Instruments, Newcastle, USAdftware. The viscosity values were read at the value of shear
rate whichsimulated the flow of the electrospun solution through 22G nozzle, considering
the flow rde used in electrospinning process. The calculation of the shedr)ratas(based

on the HagetPoiseuille equatiah’™

T

“OY D

WhereV is the volume of the solution,s the time of the flow, an® is the radius of the

nozzle.

Conductivity was measured with conductivity probddttler Toledo, U$ in triplicates,

when temperature was monitored at the same time.
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Surface tensionwas measured by a pendant drop technique using 22G nozzle. The data
were analysed by thEAMAS software,and the temperature was monitored during the

measurements.

Thermal analysesof raw materialsphysical mixes, and all formulatiomgere performed

with TGA and (M)DSC. TGA analysis was performed usii@A 5500 discovery series

(TA Instruments, UK), when samglen an open aluminium panefeanalysed in different
temperature ranges wi t(MD8C dnayais wasipgrformadwieh 1 C
aTA Universal Q2500 Discovery seridffferential scanning calorimst(TA Instruments,
Newcastle, USA). Sample$0.57 3 mg were analysed in standard crimped aluminium pans
(TA Instruments, Newcastle, USA¥hich were pierced to reduce the moisture effect on the
analysis The dry nitrogen gas purged through the DSC cell at a flow rate of 50 ml/min. The
mass of edat empty standard pan was matched witmass of an empty reference pan.
Different temperature ranges were used for individual matemadormulations depending

on their decomposition temperatures obtained from the TGA analysis. In the DSC analysis,
theheati ng and cool i Tihgheatiagtrate intadADSCL ethdtMZas mi n
2 &C/min and the amplitude w@s31€C for 60 seonds The glass transitions were found in

the normalised reversing heat flow, while the melting points were searched in the
nonreversing (normalised) heat flowo treatboththe TGA and (MPDSC datalRIOS(TA
Instruments, Newcastle, USAdftware was used. All the thermal analyses were performed

in triplicates.

ATR-FTIR experiments were performed usingvartex 70spectrometer (Biker Optics

Ltd.,, Coventry, U.K.) fitted with @& internal reflection diamond Attenuated Total
Reflectance (ATR)accessory (Specaktd., Orpington, U.K.) equipped with diamond
internal reflection element. All ATRTIR spectra were measured fr680 to 400Gcm?, in
absorbance mode using a scanning resolutigincaf * with 32 repeated scans. To treat the
data, OPUS software (Bruker Optics Ltd., Coventry, U.K.) was used. The samples were

measured in three repeats.

PXRD analyses were performed at ambient conditions usiigeamo ARL Xtra Xray

diffractometer (Thermo Seitific, Switzerland)The Xr ay Cu KU1l sour ce
i) with a voltage of 45 kV and a current
over an angul ar s c a .02 Aepwidh afil Acarkspediobistep.s 0 A
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3.2.5 Invitro drug releasefrom multidrug loaded fibers
Drug release profiles from multidrug loaded samples were obtained from experiments using
dissolution bath and dissolution baskets. The sink volume wasnb@8d 5ml samples
were withdrawn at each time point. The batls\wept at 37&C and the rotation of the baskets
was 70 rpm. The fibers were fitted into HPMC capsule for easier manipulation. The filled
capsules were placed into the baskets and the baskets were immerdegtiiatiloric
solution (pH = 1.2Jor two hours After that, the baskets were removed and transferred into
PBS buffer(pH = 7.4) where the temperature and the rotation speed were kept the same. In
both buffers, the sink volume was kept constant by addimbds fresh corresponding buffer
after each @solution sample was withdrawn. The weight of each fibrous sample was
calculated, so the sink conditions wérkowed, and the drug was detectable by t&-MS
assay developed by Lionel Hill, a plattorm manager at John Innes Centre (Norwich, UK).
The drgs were separated on thed T 2 . 1 mkinetgx. X8 €18 columr(Phenomenex,
USA), using an Acquity UHPLC system (Waters). The following gradient of acetonitrile
versus 0.1% formic aclasddi B5@Lter, run at

time (minutes) = % acetonitrile

0 0
1.3 30
1.8 100
2.3 100
2.4 0
3.8 0
The samples were keptat20C pri or t o injection. The st

with 0.01% formic acid and the weak needle wash was watd64 PAR, and HYD
retention times were 0.33 min, 0.8#n, and 1.70min, respectivelyWaters Xevo TQS
tandem mass speometry systemwas used to quantify the drug content. Spray chamber
was kept at 508C desolvation temperature, the flow rate of the desolvation gas was

900L.hr?, and the flow rate of the cone gas was L3507,
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The nebulisepressure was Far. The MS detector collected the following mass transitions:

fragment mass collision energy

5-ASA 53.1546 28
Cone voltage 36V 80.1754 22
Precursom/z154.1319 92.1581 16
Paracetamol 65 24
Cone voltage 24V 93 20
Precursom/z152.2 110.1 14
Hydrocortisone 105.1 40
Cone voltage 26V 121.1 24
Precursom/z363.2 309.2 16

327.2 16

3.2.6 Invitro drug releasefrom single-drug loaded fibers
Drug release from singlérug loaded formulations was performed in shaking water bath
(100rpm) at 37¢C, using beakers and closed dissolution baskets, assuring simple
manipulation of the fibers during the transfer froyadrochloric solution (pH = 1.2hto PBS
buffer (pH = 7.4)after two hours. The dissolution was performed under sinkitons,
when the sink volume was 50l and the samples taken at each time point werenD.5he
sink volume was kept constant with the corresponding buffer. The concentrations were
measured byV-VIS spectrophotometry, using aCL AR| Os t anicieplafleadsr
(BMG Labtech, Germar)yand quartz 96 well platend a MARS Data Analysis Software
(BMG Labtech,Germany. The standard curves were produced for each drug in both
hydrochloric solution (pH = 1.29nd PBS buffe(pH = 7.4) The absorbance maxima were
found at 302 nm and 332 nm fo®SA in hydrochloric solution (pH = 1.23nd PBS buffer
(pH = 7.4) respectively. Absorbance maximum did not shift for PAR and HYD, showing
absorbance maximum at 2dm and 248 m in both buffers, respectively. Concentrasion
of the drugs were calculated at each time point following fBeenbert law and further
corrected, considering the addition of the fresh buffer after withdragany sample.

3.3 Results and Discussion

3.3.1 Feasibility of electrospinningof HPMCAS
The processability and fiber forming ability of the carrier polymer, HPMCAS, was tested in
the first instanceFirst, blank formulation was optimised in terms of spinnabilithie
preliminary screening was performed on a flat collector and fibers wessadseith optical
microscope. After unsuccessful trials to electrospin HPMCAS in pure ethanol or acetone due

to rapid solvent evaporationcetone:DMSO binary mixture was selected as a common
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solvent forHPMCAS and all threemodeldrugs in sufficient conegrations.Concentration
of the polymer as well as the ratio of the solvents in the binary mixture were sc(eeaed

Table3.1).

Table 3.1. Electrospinmability screening of the HPMCAS solutida find optimalpolymer concentratiomatio
of acetone and DMSO in the binary solvent mixture, needle size (G), flovaratdjstance in between the
nozzle and collectdp achievdibers with minimal beading anmtb moistureuptakeafter electrospinning (wet).

_ Flow ,
HOPMCAS Acetonc_e.DMSO G Rate Distance Product Wet
Yo(W/V) (v:v) (nlis) (cm)
12 7:3 18 278 14 Partlcles/D_ropIets with few v
fibers
, Particles/Droplets with few
12 7:3 18 100 14 fibers Y
16 7:3 18 200 14 Heavily beaded fibers Y
, Heavily beaded fibers
18 3:2 18 100 14 (large beads) Y
18 3:2 18 300 14 Heavily beaded fibers Y
18 11 18 300 o4 Heavily beaded fibers v
(large beads)
18 39 22 100 14 Heavily beaded fibers v
(small beads)
, Heavily beaded fibers
18 3:2 22 200 14 (small beads)
20 3:2 18 200 14 Beaded fibers (small bead Y
20 32 22 200 20 Beaded fibers (small

elongated beads)

Based on the findings ihable3.1, 20% (w/v)HPMCASin acetone:DMS3:2; v:v) was
selected as an optimal candidate. The flow rate was set to 0.7200Inl/s) the distance

in between collector and emitter was 20 cm, and 22G emitter was used in all following
experimentslt was observed that humidity level significintaffects the electrospinning
process and final structure of tfieers Centres of the fibrous mats collected on a flat
collector dissolved due to the moisture absorption from air within one hour of
electrospinning even at RH as low asNi®%. This suggsts that hygroscopic properties of
HPMCAS are increased with increased surface to volume ratio of the fibers, since the
powder form is reported to absorb less than 3% of water content @R (at 254 CH° .
Thereforeacombination of aotating drumas a collector (60 rpm) and a scamnimozzle

(50 mm/s) was introduced to achieve even thickness of the fibrous mat within the samples
The effect of relative humidity on the structure of the HPMCAS fibers was further tested by
producing electrospun samples at room temperature at four difféRél values:

RH =50N2%,RH = 40 N 2%, RH= 30N 2%, and RH= 23N 2%.In all four cases, beaded
polydisperse fibers were observed in SEM scans with mean fiber diameter of
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511.3N221.1nm, 400.7N'179.0nm, 495.5217.2nm, and 177.81100.7nm, respetively
(seeFigure3.1). However, the fibers produced at RH23 N2% are not continuous and the
beads are more spherical than in the samples electrospun at highsudidsting the
decrease of relative humidity could lead to the switch between electrospinning and

electrosprayeven thouglihe concentration of the polymer remains unchanged.

RH=40%:2% T=24.5°C;V=10.13kV

/ ) AN RN/ D

RH=50+2%

A

T=24.3°C;V=10.61kV

A DS

RH=30x2% T=24.5°C;V=9.62kV RH=23%2% T=24.5°C;V=9.98kV

PN Kl a

Figure 3.1. RepresentativBEM scans of electrospun blaHPMCASformulation showing different structure
of fibersat various relative humidity.

The distribution of the fiber diameter and the bead length/width ratio is compared for the
four blank HPMCAS samples Figure3.2. The histograms were produced from 100 manual
ImageJ measurements of each fiber diameter, bead length (along the fiber dximadn
width (perpendicular to the fiber axis). The broadest peak of fiber diameter distribution can
be found in the sample electrospun at REON2%, where the most abundant fiber
diameter is in 300 600 nm range (histogram Al). In this sample, twokpezf the bead
length/width ratio can be seen in histogram B1, one for the ratio in the range3o&2d
another for the ratio >5. This suggests the beads are mostly elongated and irregular. Fibel
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with diameter of 200 300nm and 40G 500nm were foud to be the most abundant in the
sample electrospun at RHA0N2% (histogram A2). The bead length/width ratio of this
sample shows laroad peak over all ranges, beside the rarig& (histogranB2). The blank
HPMCAS sample electrospun at RF0N2% stows a distinct peak for fiber diameter in

the range of 400 600 nm (histogram A3) and for the bead length/width ratio Bf32
(histogram B3). The last set of histograms, belonging to the sample electrospun at
RH =23N2%, shows significantly thinner féss with the most abundant diameter in the
range of O 200nm (histogram A4) and more spherical beads with most abundant bead
length/width ratio of @ 2 (histogram B4), compared to the samples produced at higher RH.
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Figure 3.2. Histograms describing different (A) distribution of fiber diameter and (B) length/width ratio of
beads formedn electrospun blank HPMCAS samples various relative humidity(1) RH=50N2%;
(2)RH=40N2%;(3) RH=30N 2(#:;RH=23N 2 %

From the evidence in the literature, the humidity effect on the dilaeneter and the
beads formation seems to be material specific, since the fiber diameter as well as the bea
formation can both increase and decrease with decreasing humidity, depending on the

physicachemical properties of the polymer.
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Polymers rapidlyprecipitating at the presence of water such as polystyrene or
polyetherimide showed increase in fiber diameter when relative humidity is incré&<éd.
This might be due to the precipitation occurring on the surfaceeoélgrtrospinning jet
further preventing its elongation. On the other hand, water soluble polymers such as
polyvinyl alcohol or cellulose acetate manifested decreased fiber diameter when the
humidity was increased, due to the thinning of the solution éuretion and viscosity) by
the water from the a4’ The fiber diameter can be increased in the lower humidity as
well due to thefaster solvent evaporation. This was demonstrated by Golin (2014) on
coreshell fibers, where the poly(ethylene glycol) core was covered with poly(caprolactone)
shell}’®These findings in the literaturegest the water sensitive polymers are significantly
affected by the relative humidity and need to be electrospun at the optimal relative humidity.
The HPMCAS is hygroscopic and swells before disintegration in pH ahtVall obtained
blank HPMCAS fibers were polydisperse, while a sigaifity higher frequency of the
lower fiber diameter was observed in the lowest RHN286). This suggests the swelling
property could be one of the factors influencing fiber diameter of electrospun HPMCAS in

various relative humidity.

The humidity affectsthe beading of the fibers as well. Even in this case, the
properties of the polymer affect the way how humidity influences the beading formation.
For example, the water soluble polyethylene oxide showed higher degree of beading anc
fusing when the relatey humidity was increaséd”'’® This might be explained by water
droplet formation on the jet accelerating through the environment with high relative
humidity. These droplets can algon the solution as mentioned earlier, which can lead to
the breakage of the fibers. This was reported in poly(ethylene glycol) fibers by Nezarati et
al. (2013)}7° On the other hand, the water insoluble polymers such as polystyrene showed
increased beading in the fibers electrospun at lower humidity, suggesting the water in air
increaes viscoelasticity of the polymeric solutidhBased on these findings, the decrease
of the bead formadn would be expected with decreasing humidity due to the polarity of the
HPMCAS. However, more spherical beads together with the breakage of the fibers in the
low relative humidity suggest the HPMCAS behaves as apotar polymer during the
electrospinnig process due to its hygroscopicity. Overall, the humidity plays a significant
role in the electrospinning of HPMCAS and the balance needs to be established to avoic
excessive beading leading to the breakage of the fibers (low RH) as well as the excessiv

water uptake at higher humidity.
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Although highly affected by environmental conditions (e.g., temperature and humidity), the
physicachemical properties of the polymer feed solution are commonly measured and
adjusted prior electrospinning (at their initsthtes) to achieve desired morphology of the
electrospun fibers. Literature states three main reasons for bead formation: low viscosity of
the polymer solution (potentially caused by low concentration and/or low molecular weight
of the polymer), high suré® tension, and low charge densfty.To find potential
explanation of the beading occurring in the BI&PMCAS fibers (sed-igure 3.3), the
viscosity, surface tension, and conductivity of the electrospun solutions were measured. The
viscosity value was read at a shear rat28é s*, which was the closest to the calculated
value of 29.6 3, using the HageRoiseuille equation to simulate the flow (0.72 ml/h) of the
electrospun solution through 22G nozzle (0.205 mm radius). The temperature was fixed a
21e CEven thoughthe solvent trap was used during measurements ofhiaogical
profiles of the solutions, the standard deviation for the replicates appeared to be high due t
the acetone fast evaporation during each measurement. AGBO© (3:2; v:v)viscosity

(d) wNBsmPa.8 compared to 85634 mPa.s measurewrf the blank20% (w/v)
HPMCAS solution. The conductivity of the solutions was measured at22@ C . The
binary solventdds coma.eweAS,vi whi c(ho) wawsa s i
3.373N0.0650S after adding the HPMCA® measurey bge r .
the pendant drop technique. The surface tension chdb®NeDMSO (3:2; v:v)mixture
9=31.5N1.1 mN/m (at 2 Ci} close to the calculated value using values of the pure
solvents Surface tension of pure acetone is stated to be 25/mmnhile the value for
DMSO is 43.54 mN/m, both at 20C . Adding the HPMCAS pol
concentration increases t N&8md/ml Astwellasthes s
humidity effect on electrospinning, the workable ranges ofogitg, conductivity, and
surface tension are material specific. To avoid the formation of the beads, the change of th
DMSO in the solvent might be considered to decrease the surface tension. Hovsar, 5

one of the model drugs is highly soluble in DMS@ile almost insoluble in other solvents
without acidifying (which wouldeadto the polymer precipitation). Beading formation could

be also reduced by adding salts into the electrospinning solutions, causing reduced surfac
tension and increased conduity leading to increased stretching of the fibEYsThe
addition of the salts was not studied due to the potential crystallisation of the salts, which
would disrupt the structure of the fibers and affect the drug release from the drug loaded

formulations.
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Figure 3.3. Solution properties ohcetone:DMSO (3:2, v:v) binary mixture and 20% (w/v) HPMCAS in
acetone:DMS(3:2, v:v): vscosity (d) measured at shear rate2d.4 stat 21€eC (top left), @nductivity (8)
measured at 2022 AC (topright), and surface tension)(measured at 24C (bottom middle).

To confirm the electrospun fibers contained no residual solvent from the electrospinning
process, TGA analysis was performed on samples immediately after the production. The
focus was puimainly on DMSO residue due to its high boiling point (1&9'# and
therefore slow evaporation rate. For this reason, the TGA method was modified to include
15 minutes longsothermal stemt 189AC. In Figure 3.4, TGA thermograms of blank
HPMCAS fibers electrospumt various relative humidity are compared with a TGA
thermogram of the raw HPMCAS powder. No significant weight loss was observed at
189/AC in any of the electrospun samples, confirming the DMSO was fully evaporated during
electrospinning. Only electrospusample of blank HPMCAS a&H = 23N2% showed
weightlossof2.8% at10§C. The i ncreased water absor g
be explained by the thinner fiber diameter increasing the surface to volume ratio

significantly.
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| Blank HPMCAS fibers: RH = 50 + 2%

| Blank HPMCAS fibers: RH = 40+ 2%

100 4 Blank HPMCAS fibers: RH = 30 + 2%

| Blank HPMCAS fibers: RH = 23 + 2%

1 HPMCAS raw
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Weight (%)
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Temperature T (*C)

Figure 3.4. TGA thermograms of electrospun blank HPMCAS samples at various relative humidity compared
to unprocessed HPMCAS powder, confirming no residual DMSO left in the electrospun samples.

DSC thermogram of the raw HRBAS powder andMDSC thermogram of thélank
HPMCAS fibers el ectwershined toacampdReylass trahsitions of 2 ¢
the raw material and processed formulation Sgere 3.5). The raw HPMCASpowder
showed glass transition at 1&3 (midp oi nt ) , whi ch correspond
report. The electrospun blank HPMCAS fibers showed glass transition a4C126
(mid-point). No significant shift of the glass transition after electrospinning suggests the
polymer structure is not affected by the acetDiMSO (3:2; v:v)solvent mixtureand further
electrospinning process. This was confirmed with AHRR analysis, which rowed
identical spectra of the raw HPMCA®®wderand theblank HPMCAS fibers electrospun at

RH = 3 (seelNigu23®).
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Figure 3.5. DSC thermogram of HPMCAS powder (solid lineayis = heat flow [W/g]) and MDSC
thermogram of blank HPMCAS fibers electrospun at RBDN2% (dashed line, -pxis = reversing heat
flow [W/g]), showing no significant shift in the glass tsition after electrospinning of the polymer.
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Figure 3.6. ATR-FTIR spectra of HPMCAS powder and blank HPMCAS fibers electrospun at 3HN 2%,
confirming the polymer structure is unaffected by ¢kectrospinning process.
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The fibers were first collected on an aluminium foil covered collector, where the foil served
as a substrate. However, the structure of the foil did not allow the fibrous mat to be peeled
in one piece. Therefore, numerous matsrglch as PET, Teflon, parafilm, or mekm

plastic sheets were tested as a sample substrate, including direct electrospinning on the
stainless steel drum. Electrospinning substrate is required to be conductive or thin enough t
avoid creating a barrien between the nozzle and collector, which would interrupt the
grounding of the collector. The only material which did not interfere with the electrospinning
process and allowed a sufficient peelability was a commercially available grease proof
baking papewith silicon coating. The structure of aluminium foil and the grease proof paper
was compared under optical microscope (Sigeire 3.7), showing regular tight pattewf
aluminium foil caused by the rolling step in the aluminium foil manufacturing process while
the grease proof paper shows irregular pattern coming from the initial paper structure which
was treated with the silicon coat. Beside structural pattern, teatg@d drop in electrostatic

force when using grease proof paper instead of aluminium foil could be another explanation
of the increased peelability from the latter substrate. All further drug loaded samples were

therefore collected on the grease progigyaonly.

L Y—— P <
- ad -,‘..“"‘“" A e

Pivg i s

s 3 ! IS 5P N : i
Microscope: Microscope Objective: 10x s£0.85033 [pm/px]

Figure 3.7. Microscopic structure of (A) aluminium foil and (B) grease proof paper used as a substrate for
electrospinning of HPMCAS fibers; scale bar of 330 (red line).
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3.3.2 Multidrug loadedHPMCAS fibers
The direct electrospinning of three drug substances in HPMCAS fiber has its advantage of
being a singlestep process, which would reduce the manufacturing cost and the HPMCAS
should still maintain the colonic stspecific drug releas 5ASA, PAR and HYD were
added to 20% (w/v) solution ®{PMCAS in acetone:DMS3:2; v:v) to obtain 7%, 8%,
and 2% loading, respectivelyhis formulation is further referred to as MPAPMCAS
fibers. The effect of the relative humidity on the electrasipip process and electrospun
formulations was again studied at room temperature aRtHat50 N2%, RH = 40 N 2%,
RH =30N2%, and RH= 23N 2%. Based on SEM scans (Jeigure3.8), fibers obtained at
30N2% relative humidity were selected as best candidatenfoltidrug film based
formulation even thouglbeading occurred. The mean fiber diameter of this formulatasn w
285.4N147.5nm. Besides beading, MBMIPMCAS fibrous mats electrospun at relative
humidity above 30N 2% showed significant fusing of the fibers. Their mean fiber diameter
was 541.0N342.0nm and 521.%248.8nm at RH=40N2% and RH=50N2%,
resgectively. Thin heavily beaded MIXPMCAS fibers were produced BH = 23N2%
showing mean fiber diameter ®48.8N73.7nm.
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Figure 3.8. Representative SEM images of electrospudr®y loaded formulatioMIX -HPMCAS fibers
showing the effect afelative humidityon thefiber structure.

The standard deviation of the fiber diameter was very high in all four samples, therefore
histograms showing frequency of individual fiber diameter ranges and histograms
comparing the shape and distribution of the beads in each sammeroduced (sdegure

3.9). MIX-HPMCAS fibers electrospun at RH50N2% show the most abundant fiber
diameter in the 400 500 nm range (histogram Al) and bead length/width ratio in the range
of 27 3 (histogram B1). Fibers with diameter of 30800nm and 506 600nm were found

to be the most abundant in the sample electrospun at 4HN2% (histogam A2). This
sample was the most polydisperse out of the fourdMPMCAS electrospun samples. The
bead length/width ratio of this sample shows to be most abundant initBerdnge
(histogramB2). The MIX-HPMCAS sample electrospun at RH0N2% shows dailing

peak for fiber diameter with the maximum at 10200 nm (histogram A3). The bead
length/width ratio of I 2 is the most abundant in this sample (histogram B3). Significantly
thinner fibers with the most abundant diameter in the range df 200nm (histogram A4)

were observed in the MBIPMCAS sample electrospun at R+23N2%. More spherical
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beads with most abundant bead length/width ratioio2Jand >10% increase of beads in

the Oi 1 bead length/width ratio (histogram B4), compared tesdémeples produced at higher

relative humidity.
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Figure 3.9. Histograms describing different (A) distribution of fiber diameter and (B) length/width ratio of
beads formedn electrospun MIXHPMCAS samplesat various relative humidity (1) RH=50N2%;
(2)RH=40N2%;(3) RH=30N 2(#:RH=23N 2 %
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The viscosity, surface tension, and conductivity of the MIRMCAS solution were
measured and compared with the values for blank HPMCAS solution and thedailvent
mixture (seerigure3.10). Even thoughhe concentration of the HPMCAS did not change,
the solution properties were significantly affected by the addition of the three model drugs.
Viscosity (d) icdntlytesreases vomB3634aon638866 mmais.fThe
surface tension (92) s iNg8to33RNla mN/myThed®rim e a !
both, the viscosity and surface tension, suggests the mixture of the drugs behave as
plasticiser. The condut i vi ty (o) of the sol uNOLOGIE r a
3257N0.450S due to t he a-&A$AdEven thpugbthe eontuctieity o f
significantly increased, the voltage necessary to create the Taylor cone had to be increase
by >5 kV a each relative humidity compared to electrospinning of the blank HPMCAS
samples. Solutions with higher conductivity and lower surface tension are known to be less
prone to the beading formation. However, the beading seems to be driven mostly by the
viscosty of MIX -HPMCAS solution.
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Figure 3.10. Solution properties oMIX-HPMCAS compared to blank HPMCAS solution and the solvent
binary mixture in termsf viscosity(d) measured at shear rate2®.4 st (top left), conductivity (8) measured
at 20- 22 /C (top right), and surface tensian) Mmeasured at 24C (bottom middle).
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Further characterisation dfug loaded formulationsas performedMoisture uptake by the
MIX-HPMCAS fiberswas studied by TGA (se€igure 3.11). MIX-HPMCAS fibers
electrospun at RH 50 N2% showed 12.3% weight loss at 1€D, suggesting the fused
MIX -HPMCAS fibers absorbesignificantly more air moisture than the blank HPMCAS
fibers electrospun at the same relative humidity. However, no significant weight change
(<3%) at 100C was observed in MPHPMCAS fibers electrospun at REH40 N 2% and

lower, even thoughthe MIX-HPMCAS fibers electrospun at RH40N2% showed
significant fusing as well.

150

MIX-HPMCAS fibers: RH = 50 + 2%

MIX-HPMCAS fibers: RH = 40 + 2%

100 4

MIX-HPMCAS fibers: RH = 30 £ 2%

MIX-HPMCAS fibers: RH = 23 + 2%
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Figure 3.11. TGA thermograms of MIXHPMCAS fibers electrospun at RH50N2%, RH=40N2%,

RH:3OISIZ%, and RH=23N2%, showing significant moisture uptake by fibers electrospun at
RH =50N2%.

TGA proved there was no residual solvent left in the fibers after electrospinning by
introducing the 15 minutes long isothermal step atAB9n Figure3.12, blank HPMCAS

fibers electrospun at 30% relative humidity are compared with-MPMCAS fibers
electrospun at R 30N2%, MIX-HPMCAS physical mix and individual drugs. Both

MIX -HPMCAS fibers and physical mix showel5 - 7.5% weight loss at 184C. This
weight loss is associated with PAR, which decomposes at the same temperature, as it is tr
boiling point of DMSO. The reproducibility of weight loss at 189 between
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MIX-HPMCAS fibers and physical mix suggests this weight loss belongs to PAR
decomposition only and no DMSO residues are trapped in theHWIMCAS fibers.
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Blank HPMCAS fibers: RH =30+ 2%

MIX-HPMCAS fibers: RH = 30 + 2%

MIX-HPMCAS phys. mix

100

HYD powder
5-ASA powder

PAR powder

50

Weight (%)

-50

T T ; T T T T T T T T T T T T T T 7 T
0 100 200 300 400 500
Temperature T (°C)

Figure 3.12. TGA thermograms of blank HPMCAS8bers and MIX-HPMCAS fiberscompared to MIX

HPMCAS physical mix and individual drug powdershowing no residual solvent left ifibers after
electrospinning.

MDSC thermograms showed significant depression of the single glass transition of the
MIX -HPMCAS fiberselectrospun at R 30 N2% when compared with physical mix (see
Figure 3.13). This suggests all three drugs are amorphous and molecularly dispersed in
HPMCAS when elecbspun together with the polymer. No melting point for PAR was
detected in MDSC thermogram of the physical mix before ABOThis together with
significant depression of glass transition compared to HPMCAS powder suggests
ball-milling (as the preparatiomethod for the physical mixture) of the mixture could
partially amorphise the drugs. Melting points feASA and HYD cannot be seen in the
MDSC thermograms because the mixture decomposes before the melting points could bt

observed. BASA decomposes beforigs melting occurs and HYD melting point onsets
at2234C.
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Figure 3.13. MDSC thermograms dflank HPMCAS fibers, MIX -HPMCAS physical mix, and electrospun
MIX -HPMCAS formulation showing significant glassansition depression in physical mix and further glass
transition depression iMIX -HPMCAS fibers

ATR-FTIR spectra irFigure 3.14 showed no significant shifts of paher or drugs peaks
suggesting nostrong specific interaction in between all four compounds in the
MIX -HPMCAS fibersand physical mix. The peaks belonging to the drugs are less intense
and broader in the MPDXHPMCAS fibers, suggesting the drugs are molecularly dispersed in
the fibers.
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Figure 3.14. ATR-FTIR spectra oMIX-HPMCAS fibers, MIXHPMCAS physical mix, individual drugs
(5-ASA, PAR, HYD) and blank HPMCAS fibersuggesting no intemolecular interaction in between all four
compounds in the MIXHPMCAS fibers and physical mix.

Amorphous state of the MEKIPMCAS fibers was confirmed with PXRD diffractograms
showing amorphous halo for the fibers, while crystalline peaks belonging to the three drugs
can be observed in MEKIPMCAS physical mix (seEigure3.15).
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Figure 3.15. PXRD diffractograms of MIXHPMCAS fibers, MIXHPMCAS physical mix, individual drugs
(5-ASA, PAR, HYD), blank HPMCAS fibers and HPMCAS powder, showing the MIXMCAS fibers are
fully amorphous.

60



ELECTROSPUN FIBERS |

All three analyses (MDSC, ATRTIT, PXRD) together confirmed the molecular dispersion
of the three drugs in the MEKIPMCAS fibers, which should allow rapid release of the drugs
from the HPMCAS fibers once the colonic pt¥ is reached. The dissolution experiment
was performed in sink conditions at &7, using baskets in dissolution vessels. Each
MIX-HPMCAS fibers replicate was fitted into an HPMC capsule since there is a high
probability the industrial preparation of suchrfadation would involve this final step to
allow easier manipulation. The filled capsules in the dissolution baskets were immersed into
hydrochloric solution (pH = 1.2)f pH = 1.2 for the first two hours, mimicking the stomach
environment and transitionntie. After two hours, the baskets with the undissolved fibers
(containing the rest of the unreleased drugs) were transferred frdwydituehloric solution

(pH = 1.2)into vessels with PBS buffer of pH7.4, to study the drug release in the colonic
pH. Thesamples were assayed withIMS to obtain drug release profiles of each drug (see
Figure 3.16). The HPMC capsule dissolved within first 20 minutes of the dissolution,
keeping the drug release at zero levels at the first time poimi(f)0After twohours, 65N

8% of SASA, 66N 6% of PAR, and 10N 4% of HYD was released in pH1.2,even though

the HPMCAS fibers were not dissolved. This shows the HPMCAS fibers did not fulfil the
enteric requirements (<10% of drug released at(dkR) for any of the three drugs. The
slower release dfilYD can be explained by its higher degree of hydrophobiciySB. and

PAR did not show any additional release in9/.4, when the drug concentration plateaued
at 65N10%, suggesting almost all drug was released in gastric pH. Release of HYD reachec
59N 4% after 6 hours in pH 7.4. These values suggest the drug loss occurred. This could
happen before and during the fiber transfer from=gH2 to pH=7.4 where possible
disintegration of the (undissolved) fibrous mat would result into a leak of thié m@ia
fragments into théaydrochloric solution (pH = 1.2hrough the basket mesh.
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Figure 3.16. Drug release fronelectrospun MIXHPMCAS formulation, simulating the pH transition from
stomach acidic pH £.2 to colonic pH = 7.4 at 2 hour time point. Blue diamonds show release of PAR, red
squares release of ASA, and green triangles release of HYD.

3.3.3 Single-drug loaded HPMCAS fibers
To study the lack of enteric properties of MB®PMCAS fibers, three addit@l control
samples containingneof each individuatrugwere prepared. The drug loading percentage
was kept the same as in MXPMCAS for each drug. The HPMCAS concentration was
kept fixed 20% (w/v) and the drugs were added accordingly, 7% -ASA in
5-ASA-HPMCAS, 8% of PAR in PARHPMCAS, and 2% of HYD in the HYIHPMCAS.
Samples were electrospun at RH =8@% under the same process conditions as-MIX
HPMCAS. However;5 kV was applied on the rotating drum to increase the grounding and
stability of the Taylor cone. Representative SEM images GASA-HPMCAS,
PAR-HPMCAS, and HYBHPMCAS electrospun samples are showrkigure 3.17. All
three samples manifested polydisperse beaded fibers. The mean fiber diameter o
5-ASA-HPMCAS, PARHPMCAS, and HYBHPMCAS was 355.81185.7nm,
556.1N308.9 nm, and 42618275.3nm, respectively.
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Figure 3.17. Representative SEM imagessifigledrug loadedHPMCAS fiberselectrospurat RH = 30N 2%,
showing beaded fiber structure in each sample

Due to the high standard deviation, the distribution of the fiber diameter is shown in
histograms describg the frequency of each fiber diameter range. The histograms were
produced for beatength/width ratio as well (seigure3.18). 5ASA-HP MCAS f i be
diameter was mostbundant at 200 400nm (histogram A1), while the bead length/width
ratio was most abundant in the range -02 thistogram B1). PARHPMCAS fibers showed

two maxima in fiber diameter (histogram A2). The most abundant fiber diameter of these
fibers was inthe range of 300400nm and the second peak was found at the
10007 1500nm range. Beads of the PARPMCAS fibers were more elongated compared

to 5ASAHPMCAS fibers, showing peak maximum at thé 2 bead length/width ratio
range as well as 14% of theedals in the bead length/width ratio >5 (histogram B2).
HYD-HPMCAS fibers also showed two peaks in the fiber diameter histogram, the most
abundant fiber diameter was found at the 2@00nm ratio and the second peak was found

at the 1000 1500nm range lfistogram A3). The maximum of the bead length/width ratio
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was found in the range of 112 (histogram B3). However, 21% and 15% of the
HYD-HPMCAS beads were in the bead length/width ratio o#3and >5, respectively.

30% 45%
e Al 40% B1
° 35%
gzo% gao%
T .ro g 25%
= 1% = 20%
L 10% T 15%
o 10%
° 1) o 1
0% = - = W 0% | |
883888888 8 8 8 1 2 3 4 5 35
fiber diameter (nm) A bead length/width ratio
25% A 40% 82
35%
0,
20% 0%
T & e
S 15% c 25%
> S 20%
g 10% g 15%
[N
5% I
0% I I I [ | 0%
Q0 Q 9 Q@ Q 9 Q 9 9 g Q 9
Sﬁﬁgﬁgﬁgggﬁﬁ 12 3 4 5 >
fiber diameter (nm) A bead length/width ratio
40%
20%
A3 35% B3
. 15% .. 30%
g e 25%
g 10% S 20%
o j=2
@ L 15%
[ [N
5% I I 10% I I I
5%
0% I I I = 0% [ |
888888888 8 8 8 1 2 3 4 5 5
N N M s W W M~ 00 G O oW
— — —
fiber diameter (nm) n bead length/width ratio

Figure 3.18. Histograms describing different (A) distribution of fiber diameter and (B) length/width ratio of
beads formedn electrospun singtdrug loaded HPMCAS fiberat RH=30N 2 @) 5ASA-HPMCAS
fibers (2) PAR-HPMCAS fibers (3) HYD-HPMCAS fibers

The viscosity, surface tension, and conductivity were measured for all threedsingle
loaded solutions and compared with the values of MPXMCAS solution, blank HPMCAS
solution and the binary solvent mixture ($egure3.19). Even thougtthe concentration of

the HPMCAS stays fixed, the solution properties were significantly affected by the addition
of each of the three model drugéscosity @) of the sol uti ofor si ¢
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5-ASA-HPMCAS and HYDHPMCAS solution compared to the blank HPMCAS solution.
Even thoughthe mean viscosity decreased for the PARMCAS solution as well, the
standard deviation was too high to determine sicgmit change. None of the singleug

|l oaded solutionsd viscosity significantl
MIX-HPMCAS solutonThe mean sur f ac e signdicastlyfor 5-ASAD ) ¢
and HYDloaded solutions compared tiabk HPMCAS solutionbutno significant decrease

was observetbr PAR-HPMCAS solutionNone ofthesinglel r ug | oaded sol u
tension showed significant difference from surface tension of g MIX-HPMCAS
solution. When singlelrug loadedsolutions were compared in between each other,
5-ASA-HPMCAS showed significantly lower surface tension than FRABVCAS solution

(and no other significant difference were four@mpared to the blank HPMCAS solution,

the conductivity rapidly increasddr 5-ASA-HPMCAS, whileit significantly decreased in

both PARHPMCAS and HYDHPMCAS solutions. This confirms the/ASA was the main
reason for the high MIXPMCAS conductivity. However, the conductivity of the
MIX-HPMCAS solution was significantly higher tnan 5ASA-HPMCAS solution,
suggesting the mixing of the three drugs plays certain role on the conductivity too.
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Figure 3.19. Properties ofsingledrug loaded HPMCAS electrospinning solutionsscesity (d) measured at
shear rate of 28.4'at 21eC (top left), onductivity (8) measured at 2022 AC (top right), and surface tension
(0) measured at 24C (bottom middle).

TGA analysis showed no significant moisture absorption (<3%) by the electrospun
singledrug loaded fibers. The thermograms of the individual sidglg loaded fibers

compared to their physical mixes are showRigure3.20.
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Figure 3.20. TGA thermograms of singldrug loaded HPMCAS fibemnd their physical mixes, showing the
consistent moisture uptake by electrospun fibers.

MDSC analysis shown significant depression of the single glass transition in all three
singledrug loaded fibers compared to their physical mixes, suggesting fudcoiat
dispersion of the drug in the HPMCAS polymer (s&égure 3.21). As it could have been
seen previously in the case of MBXPMCAS, no melting point of the PAR wastdcted
before 180C. Melting points of BASA and HYD were not possible to detect due to the
nature of the drugs. However, glass transitions-aS&-HPMCAS and HYDHPMCAS
physical mixes (124C and 12%C, respectively) were nstgnificantly depressed compared

to the glass transition of HPMCAS powder, suggesting the preparation of the physical mix
by ball milling did not affect the crystalline state of the drugs. On the other hand, glass
transition of the PARHPMCAS physical mixwas depressed to 1@8. This indicates the

PAR is prone to amorphisation by ball milling process possibly due to its lower melting point

(169€¢C) compared to the other two drugs.
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Figure 3.21. MDSC thermogams of singledrug loaded HPMCAS fibers, showing depression of single glass
transition in each electrospun sample compared to their physical mixes.

No significant shifts of the peaks were found in the AHRR spectra of the singidrug
loaded fibers comared to their physical mixes and the spectra of the individual drugs and
blank HPMCAS fibers (seEigure3.22). This indicates ngpecificinteractions in between

the dugs and the polymer in both physical mixes and electrospun formulations. However,
broader peaks were found in the electrospun sidglg loaded samples, suggesting the
lower state of crystallinity in these samples.
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Figure 3.22. ATR-FTIR spectra of singkelrug loaded HPMCAS fibers, their physical mixes and individual
drugs compared to blank HPMCAS fibessiggesting no intemolecular interaction in betweendividual
drugs and the polymer.

PXRD diffractograms confirmed the amorphous state of the electrospundingléaded

fibers compared to their physical mixes, which presented with crystalline peaks belonging
to each of the three dugs ($8gure3.23). PXRD confirmed crystallinity of PARMPMCAS
physical mixeven thoughnho melting point was observed in MDSC. This suggests the
paracetamol dissolves in the polymer with the increasing temperature, asmayptie
mixture. PXRD together with MDSC, and ATIRTIR analyses confirmed the molecular

dispersion of the drugs in the electrospun fibers.
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Figure 3.23. PXRD diffractogram®f singledrug loaded HPMCAS filis, their physical mixes and individual
drugs compared to blank HPMCAS fibers and HPMCAS powsteswing fully amorphous electrospun
formulations.
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Drug release from the singtirug loaded fibers was performed in sink conditions aC37

and assayed by UVIS spectrophotometry (séggure3.24). Fibers were not fitted into an
HPMC capsule in this case due to the absorption signal interference (as no chromatographi
separéion preceded the assay). The fibers in the dissolution baskets were immersed intc
hydrochloric solution (pH = 1.2pr the first two hours, followed by the transition into the
PBS buffer of pH= 7.4. The singlalrug loaded fiberdid not fulfil the enteric requirements
(<10% of drug released at pHl.2). Even thouglthe HPMCAS fibers were not dissolved

in pH=1.2,76 N7% of 5ASA, 57N15% of PAR, and 1814% of HYD was released after

two hours, indicating no significant diffence compared to the drug release from
MIX -HPMCAS fibers. The following release in PBS showed a significant difference only
in case of the HYD and its release from HHPMCAS fibers, when compared with

MIX -HPMCAS fibers. Only 33 10% of HYD was releasedtar 6 hours in PBS (compared

to 59N4% from MIX-HPMCAS fibers). Since the hydrocortisone loading and therefore
intensity of its absorption signal in UVIS spectrophotometry were low, the signal could
have interfered with the absorption of HPMCAS polymérich tends to elevate the sample
baseline in high concentrations. As the HAPMCAS samples in PBS buff@oH = 7.4)
contained the highest concentration of HPMCAS, this could also lead to slower dissolution
of the fibers due to possible saturation ia #ink media. These experiments confirmed the
polymer fibers did not lose its enteric properties due to the high drug loading quantity or
mixing of the drugs together in MEKIPMCAS fibers. The effect of the fiber diameter on

the enteric properties was teéore studied and the findings are presentedhapters.
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Figure 3.24. Drug release from singledrug loaded electrospun HPMCAS formulations (top:
5-ASA-HPMCAS, middle: PARHPMCAS fibers, bottom: HYEHPMCAS fibers), simulating the pH
transition from stomach acidic pH = 1.2 to colonic pH = 7.4 at 2 hour time point.
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It is interesting to compare findings in this chapter with a study published by hluiet

2020, describing theophylline loaded HPMCAS (M%) electrospun fiber¥? Smooth
fiberswere obtained from 12wt% solutions in methanol:DCM (4:6, v:v), however beading
occurred at the highest reported drug loading of 4%. The relative humidity was not
monitored in this cas&ven thoughhe authors stated that the drug release was not affected
by the acidic pH, the drug release profiles clearly show that more than 60% of the
theophylline was released in each case within two hours in gastric pH. This would support
the theory that the enteric properties of the HPMCAS are lost due to the higbestaf
volume ratio of the electrospun fibers. However, it seems the polymer was not supplied from
a commercial manufacturer and the physibemical characterisation of the pure polymer
does not correspond with the reported data. The glass transitiorowidentified from the
thermograms due to high water content and the TGA analyses showstéprdegradation

with the first step starting already at 11, while only onestep degradation is shown in the
commercially supplied polymers and is not obsdrvefore 20@&C for any of the available
grades. The FIR fingerprint of the HPMCAS (AS/G) is also different, missing a distinct
peak at 1372 crhand one of the shoulders (1150 tnof the broad 1047 ctpeak. This
suggests the polymer used in theggegiments was not pure HPMCAS polymer.

Various studies of electrospinning other enteric polymers such as Eudr@@éandS100

can be found in the literatyras the electrospinning process of these polymers is not as
complex as in the caseldPMCAS. However, the evaluation of the performanc&atiragit

fibers for targeted drug delivery is not uniform among these studies, as some of the drugs
are protected from release in acidic pH (e.g., diclofenac sodium loaded Eud@yi5

fibers prepared by Sheet all®3, while others leach oufe.g., 5fluorouracil loaded
EudragitS100 fibers studied bjlangakoonet al'®%). Burgess et af> decided to study this
phenomenon furthheby comparison of electrospuBudragitS100 fibers(both monolithic

and coreshell) loaded withone of thefour model active ingredients (benzoic acid,
1-naphthoic acid, -haphthylamine, and-8nthracene carboxylic acidlhey found out the
acidity/basicly and molecular weight were the most important factor affecting the ingredient
releaseprofile when acidic species and ingredients of higher molecular weight were released
slower in acidic medidurgess et abbservedhese trends both monolithic and corshell
fibers,while theingredient release froworeshell fiberswas reduced when compared to its

monolithic equivalent.

73



ELECTROSPUN FIBERS |

Even though, PAR is less acidic and of lower molecular weitfit g/mol) compared to
5-ASA (153 g/mol) no significant difference in the release tbese two drugérom the
HPMCAS electrospun fibers was obsenadter two hours in acidic med{@ both multt
drug and singkelrug loaded fibers) However, the HYD (363g/mol) was released
significantly slowercompared to PAR and-ASA, suggesting darger difference in
molecular weighmight be necessary to affect the release prdfilee trends observed in

Eudragit fibers were applicable to the HPMCAS fibers

3.4 Conclusion

The HPMCAS was confirmed to be electrospinnable without adding any additives. Beaded
fibers were obtained from 20% (w/v) HPMCAS solution in acetone:DMSO (3:2, v:v). The
quality and the structure of @hfibers was significantly affected by relative humidity,
showing thinner and broken fibers with more spherical beads in decreased humidity
(RH = 23N2%). The multidrug loaded MI¥XPMCAS followed the same pattern, however
significant fusing was observetl RH>30N2%. Therefore, RH 80N 2% was selected as
optimal humidity for the electrospinning of the drug loaded formulations, as well as use of
rotating drum as a collector to assure even thickness of the fibrous mat. The acetone:DMS(
(3:2, v:v) was fulf evaporated from the collected fibers in all cases, as proved by TGA
analysis. All the drugs in drug loaded formulations were confirmed to be molecularly
dispersed. This was concluded from results of (M)DSC, ATRR, and PXRD analyses.
None of the drugdaded fibrous formulations complied with the enteric requirements (more
than 10% of each drug was released within two hours in gastjicDespite significantly
higher total drug load (17%), the MIMPMCAS and singlelrug loaded fibers did not show
significantly different release profiles of each drug in gagtH¢ suggesting the loss of
enteric properties is caused by the increased volume to surface ratio of the fibers and not b

overloading of the formulations.
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4 ZEIN NANOPARTICLES

4.1 Introduction

A different delivery system Isdo be proposed due to the HPMCAS fibers leaking the drugs

in gastric environment. However, the electrospun fibers are still pH respondent and do not
dissolve in pH=1.2 and therefore, they were considered as a potentiakrcdor
incorporated drug loaded nanoparticles. For this purpose, zein nanoparticles loaded witt
5-ASA were developed. Zein was selected for its mucoadhesive prop&ttidsch would
increase the potency of the drug due to the time of the particles spent on the colonic wall.
5-ASA was selected as it is the most widely used drug in management of the IBD out of the
three model drugs and dueits precipitation ability in excess of water. Two preparation
methods of the blank zein nanoparticles are compared in this chthptetectrospray, and

the antisolvent (precipitation) techniques. Drug loaded zein nanoparticles were further
developed byantisolvent method only due to low yield and redispersion ability of the
electrosprayed nanoparticles. All prepared nanopatrticles were iraglyerby SEM andor

TEM to estimate their size. Precipitated nanosuspensions were also characterised by DL.
and the zeta potential of the blank zein nanoparticles was measured. Further
physicachemical properties of all formulations were characterised by TGA, DSC,
ATR-FTIR, and PXRD. The drug release from the precipitated nanopatrticles was performed
in PBS (pH=7.4) and assayed by L-®IS.

4.2 Materials and Methods

4.2.1 Materials
Zein was purchased from ACROS Organics, Usnbnosalicylic acid (BASA) was
purchased from Acros Organics, US. Ethanol (EtOH) was purchased from VWR, France.
MilliQ (MQ) water was produced using &urelab ultra (ELGA LabWater, UK).
Hydrochloric acidandPBS tablets were purchased from Sigfdrich, US.

4.2.2 Electrosprayed nanopatrticles preparation
The zeinwas precisely weighted and then dissolved in a corresponding volume/weight of
solvent to obtaimmimed concentration. The solutions were stirozernight and double
filtered using PES syringe filters of 0.46d 0.20m pore size, respectivelZlear solutions
were thenvertically electrosprayed, using @aistom made system consisting o$yainge
pump (ColeParmer, USA),1 ml plastic syringe(Terumo, Japan), met&80G needle

(Spraybase, Irelandnd a plate collector covered with aluminium foil. The parameters were
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optimised based on the solution, usm@CD camera to observe the Taylor cone and a

multimeter to monitor the electrical current

4.2.3 Precipitated nanoparticles preparation
Blank precipitated NPs were prepared by-aontvent method mixing filtered zein solution
in 70% EtOH ag. (v/v) and MilQ water in different concentrations of zein andedént
solvent/ants ol vent proportions. To obtain drug
dissolved in 70% EtOHq. (v/v) together with correspondent volume of HCl were
precipitated with Mill-Q water.The nanosuspensions were freeze dried for thgoserof

further characterisation.

4.2.4 Size distribution and zeta potential of the nanopatrticles
Zetasizer Nano (Malvern Instruments Ltd, Malvern, UK) was used to study size distribution
(DLS) in backscattering mod eprefpiaicdhank zairs w
nanosuspensions. n  al | DLS met hods, O6proteind wa
standard selection. The other parameters were set based on the ethanol concentration in t
agueous nanosuspension solvent, based on the approxintaiorstosity ofthe sample
equaskto viscosity of dispersanfFor each dispersant concentration, number of ethanol moles
was calculated based on tabulated den$ity893 g/cr) and molar mass46 g/mo) of
ethanol. Then tabulated viscosity values were matched with the calculated number of moles
Finally, dielectric constant of the dispersant was estimated based on the volume ratio of the
two solvents, using tabulated values for water (80) and etha#pl $ihce all tabulated
valueswerereadat20C, each DLS met edcCd was al so se

The suspensions of precipitated nanoparticles were also characteri3E@byEM2010

200 kV transmission electron microscof€EM) (JEOL, Japan TEM samples of
electrosprayed zein nanoparticles were prepared by electrospraying of the nanoparticles
directly on the grids.

Electrosprayed and freeze dried precipitated particles were imaged byTBENbarticle
samples were directly attached onto SEM specimen stubslétteosprayed nanoparticles

on the aluminium substrate) by doulsided tape and coated with gold using a Polaran
SC7640 sputter gold coater (Quorum Technologies) prior to imaging. The electrosprayed
nanoparticles were imaged by a JSM 5900LYV field emissganning electron microscope
(Jeol Ltd., Japan) equipped with a tungsten hairpin electron gun. The precipitated

nanoparticles were scannedasiss Supra 55 VP FEG SHEdeiss,Germany. The Image)
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software was used to analyse the particle diameteiibdisom, when 100 values were

averaged for each.

4.2.5 Physicochemical characterisation of the nanoparticles
Thermal analysesof raw materials, physical mixes, and all formulations were performed
with TGA and DSCFor instruments details see Chapt€efl3e mas of each empty standard
pan was matched with a mass of an empty referenceApéirst, the samples were heated
to 75/AC and after a 5 min isothermal step, they were cooled backA®, 2®th at 20°C/min
rate, to reduce the moisture of the samplestaraloid an interference of the relaxation
broad peak with the glass transition of z@inese three initial steps were followed by a ramp
heatcookreheat method at J&C/min rate. Two dminute isothermal steps were introduced
in between each heating awdoling pair. Dfferent temperature ranges were used for
individual materials and formulations depending on their decomposition temperatures

obtained from the TGA analysis. All the thermal analyses were performed in triplicates.

ATR-FTIR andPXRD experiments were performed usihg same equipment and methods

as in Chapter.3

4.2.6 In vitro drug release and drug loading efficiency
The zein NPs were tested for the drug r
suspension was transferred into dialysis bag and these were inserted into 50 ml of PB:¢
buffer, pH = 7.4. L&GMS TOF method was developed to assay th&SB. Drug was
separhed on RP C18 column (Thermo Scientifi
and detected with Agilent M$ OF det ector at 40 AC. To as
of the precipitated zein NPs, the suspensions were filtered with centrifuge filter units

(Amicon, Merck) and the supernatant was analysed bMISC

4.3 Results and Discussion

4.3.1 Electrosprayed zein nanoparticles
Electrospray(EHDA) was selected as a first nanoparticle preparation method due to its
advantages such as monodispersity, high drug loadifigiency, and vast process
modification possibilities with potential to prepare final formulation, drug loaded
nanoparticles incorporated into the enteric fibers, in a single step prodtétion.
GomezEstacaetal.’®” and Bhushani et af® reportson zein electrosprayed nanopdsic

were used as a starting poiatfind the optimal conditions of the proceBsr this purpose,
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the formation and stability of Taylor cone were monitored by a CCD camera and electrical
current measurements. It was observed the diameter of the noxad plaimportant role

in a Taylor cone stability, which directly affects the size distribution of the particles. This
corresponds with the findings that the surface tension and viscosity of the electrosprayec
solutions are among the key factors influen¢hegparticle formation and siz&€ The nozzle

gauge and/or the shear ratehiitthe nozzle are often omitted parameters in the EHDA
literature, leading to decreased reproducibility of the experiments. In this study, the 30G
stainless steel needle was selected as the best candidate since the Taylor cone was mc
stable in comparigowith bigger diameter needles. Therefore, the 30G nozzle was used for
all processes which are further discussed. InFilgerre 4.1, representative images of the
Taylor cone are showed. When a flow rate and a distance between nozzle tip and collecto
were fixed, a shape of the Taylor cone improved with increasing concentration of zein (see
figures A and C, showind.75% (w/v)and 2.5%(w/v) zein in 80% (v/v) EtOH (ag.)
respectively). Although the feed solutions were double filteRES( 0.450 mand0.20 m
syringe filtes, in this orderpefore electrospraying, zein tendency to precipitate in excess of
water reduced the stability of éhprocess over the time. In thégure 4.1 A, white
precipitated protein on the surface of the nozzle is showed. These precipitates could bloc}
the needle and therefotlbge process was often restarted after the nozzle was wiped with the
solvent. The buildup of the precipitates on the surface of the nozzle and potentially inside of
the needle tip also increased the occurrence of the precipitates on the edge of a hiezzle, w
grew in a form of short (often branched) fibers (Bagure4.1 B). The formation of these
fiber-like precipitates increased with frequency of the instabilitidseTaylor cone, despite

the filtration of the zein solution and no visible zein precipitates on the surface of the nozzle.
In further shown data, only processes, which were stable for the time required for further
particle characterization, are discusdeat. future works, hydrophobic coating of the nozzle

surface was considered to avoid the precipitation issues.
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Figure 4.1. Representative images of a Taylor cone shape improving with increasing concefpimétiatial
(from A to C, 1.75% (w/v), 2% (w/v), and 2.5% (w/v) zein88% (v/v) EtOH (aq)) at a fixed flow rate and
electrospray process issues such as zein precipitation on all three nozzles (pointed at with orange arrows).

In this study, a 0.8)/min flow rate was fixed for all experiments. The process parameters
as well as the protein and ethanol concentrations used in each experiment are summatrize
in the Table 4.1. Each feed solution was electrosprayed at 13, 17.5, abdm@2eedle
tp-col l ector distance (further referred t
was not possible to electrospray at distance longer thamIRRie 0 the increased precipitate
formation corresponding to the increased potential required for the process. High voltage
was also required at the 228 distance for an acidified 2.50/v) zein solution due to its

high conductivity. This experiment was matnducted due to the safety reasons. The voltage
required to reach the stable Taylor cone increased with the zein concentration and the
distance. Only outlier was observed, when 1.75% (w/v) zein solution was electrosprayed,
requiring highest potential dte¢ middle distance. No regular pattern in the electric current
values measured in this study was found, which correlates with the findings in the
literature!®® The eledtical field density decreases with the increasing distance, which causes
decrease of the electrical current when voltage is fixed. However, increased voltage
increases the electrical current following a cumwsitage profile specific to the feed
solution Y. Sietal.*®® also reported the currembltage profiles can change when polarity

of the voltage is switched from positive to negative, showing a turning point prafie
followed by a steeper growth, which was suggested to be caused by a corona discharge. Tt
current is also known to be i ncdrsswasd wi
observed in the acidified 2.5% (w/v) zein solution ac&8 where the highest current was
measured. However, the current significantly dropped atdi.tor this solution, showing

even laver value than 3%w/v) zein solution irB0% (v/v) EtOH (aq.)The patrticle size was
estimated from SEM and TEM images (using manual measurements in ImageJ software)

wherespherical and noesphericalparticles forming clusters could be seen for all sadie
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concentrations of zeiand electrospray parameters uésekFigure4.2). The change in the
distance but also the change in the concentrations of zein and/or ethanol and the change
conductivity did not cause any significant change in the particle diameterodoight
standard deviation (1337% and 34 52% of corresponding mean size calculated from
SEM and TEM measurements, respectively).
shape might be caused by the instability of the genmode not visild by the CCD camera

and not detected by the current measurements. Low resolution of the SEM instrument,
staining of the zein NPs with PTA for imaging with TEM (both causing a possible error in
manual measurements), as well as placing the copper TEM grdslydon the collector
(causing potential changes in the electric field) could have also affected the value of the
standard deviation. Therefore, the size distribution was further studied in the particles
electrosprayed from the 2.5% (w/v) zein solutio®0% /w) EtOH (aq.)
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Table 4.1. Summary of electrosprayed zein solutions, process conditiodsestimated diameter of prepared
particles. All solutions were double filtered (0@% followed by 0.20m PES syringe filter) and electrosprayed
vertically at room temperature and humidity, using@/min flow rate, and 30G nozzle.

Zei . Voltageon Voltageon Mean
€in conc Solvent Distance nozzle collector Current Diameter
(wiv) (cm) (nA)
(kV) (kV) (nm)
13 5 -5.301 123.0 100 N
1.75% 175 5 -8.491 144.0 101 K
22.5 5 -7.773 130.0 100 N
80% (V) 13 5 -6.628 114.2 108 ISI
2% EtOH (aq.) 175 5 -7.939 116.2 108 I}I
22.5 5 -12.373 210.4 101 N
13 5 -7.207 124.6 101 K
2.25% 175 5 -6.857 141.6 93 N
22.5 5 -9.990 160.4 117 K
80% (V) 13 5 -5.109 131.8 100 ISI
EtOH (aq.) 17.5 5 -6.899 150.2 126 I}I
22.5 5 -8.418 143.0 107 N
80% (Wi) 13 4.500 -5 236.0 164 ISI
2.5% EtOH (aq) 175 8.429 -5 220.6 139 I}I
22.5 10.622 -5 371.8 134 N
80% (w/w) 13 8.148 -5 517.6 101 N
Et?':| gﬂl‘q-) 17.5 12.140 5 4248 97 K
(0.009M) 225 too high conductivity
80% (viv) 13 5 -5.688 138.6 137 ISI
EtOH (aq.) 175 5 -8.896 181.0 129 I}I
3% 22.5 5 -8.639 451.8 140 I}I
80% (W) 13 6.811 -5 164.6 156 I}I
EtOH (aq.) 17.5 8.450 -5 245.2 176 I}I
22.5 10.651 -5 259.8 150 N
13 5 -6.088 156.8 131 N
4% 17.5 5 -6.151 160.4 127 N
80% (V/V) 22.5 5 -7.975 1778 140 KN
EtOH (aq.) 13 5 -9.862 167.4 143 N
5% 17.5 too high zein concentr
225 formation
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(A) 1.75% (w/v) zein; 80% (v/v) EtOH (aq.) (B) 2% (w/v) zein; 80% (v/v) EtOH (aq.)

-
" NN

(C) 2.5% (w/v) zein; 80% (v/v) EtOH (aq.) (D) 3% (w/v) zein; 80% (v/v) EtOH (aq.)

20kV

(E) 4% (w/v) zein; 80% (v/v) EtOH (aq.) (F) 5% (w/v) zein; 80% (v/v) EtOH (aq.)

0
G Al 0

Figure 4.2. Representative SEM and TEM imageszein nanoparticleglectrosprayed at 18n distance,
showing both spherical and nepherical particles with tendency to cluster and no significant difference in
particle diameter when (AF) zein and (G, H) ethanol concentration increased.
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The Figure 4.3 A shows different diameter distribution profiles of the spherical particles
electrosprayed from th2.5% (w/v) zein in 80% (w/w) EtOH (agdepending on the
nozzlecollector distance. Howevein all three distances, the maximum at I®D0nm

and tailing of the distribution profile were observed. The distribution of the length/width
ratio of the norspherical particles showed little difference when nozoléector distance

was changed (sdeigure4.3 B). Most of thenors pher i c al particl esd
1.5 times longer than their width and a decreasing distribution profile with increased

length/width ratio can be seen for all three distances.
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Figure 4.3. Distribution of (A) spherical particle diameter and (B) length/width ratio ofsphrerical particles
electrosprayed from double filtered 2.5% vzein in80% (w/w) EtOH (ag.yolution at 13cm (solid dark
blue), 17.5cm (checked), and 22.5 cm (solid light blue) nozx@éector distance.

This formulation electrosprayed at @@ was selected as a representative sample for
physicechemical characteration of the zein EHDA particles. The thermal analysis showed
the EHDA patrticles decomposed faster than pure zein powder,wBen N 1 % wei g
was founda t 2 @nid atR8TA Crespectively (seEigure4.4). This could be associated
with the higher surface energy as well as faster water upt8ke Weight loss at 104C in

the EHDA particle sample compared to pure zein with weight losd %) found in the

nanoparticle sample due to the increased surface to volume rddigute4.5, no significant
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depressionof he parti cl e énidpant aalsN 1A Clas absetved avhen
compared to pure zein powder (rpdint at 162N1A C)

120
100 | Blank EHDA zein NPs
| Zein powder
80 -
E 60
=2
2 ]
=
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0 : T T T : - : T T : - T T T T ; - : T
50 130 210 290 370 450

Temperature T (°C)

Figure 4.4. A TGA thermogram of blank electrosprayeHDA) zein NPs (2.5% (w/v) zein i80% (w/w)
EtOH (ag.) showing a faster rate of decomposition (12% weight loss at 26#C) compared to pure zein
powder (10N 1% weight loss at 286C).
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Figure 4.5. A DSC thermogram of blank electrosprayed (EHDA) zein NPs (2.5% (w/v) z&d@% (w/w)
EtOH (ag.) showing no significant glass transition depression {paight at 160N 1 AC) compared to pure zein
powder (midpoint at 162N 1 AC).
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TheFigure4.6 shows an ATRFTIR analysis of the EHDA particles compared to pure zein
powder and lists the important protein bands and their relative intensities in both samples.
Significant shifts of the amide | and amide HL630cm™Y) peaks to higher wave numbers
were observed in the EHDA particles. Amide | peak is associated with the C=0 stretching,
while the amide Il peaks result predominantly frompiane NH bending vibrabns
accompanied with @ and GC stretches®' The most intense band in both spectra was the
amidel . The intensities of the rest of the
compared tdhe pure zein spectrum. The amltles predominantly assigned ia-phase
combination of NH in-planebending and €N stretching This band is very sensitive to
protein secondary structure changes. Although S. Cai and B. R.!Binlgtims amiddll

peaks in the range of 12451220cm™ correspond td-sheets, these peaks cannot be used
as a single determiner of the protein secondary structure, as many different vibrations coulc
contribute to tkse peaks. However, together with the shift of the ahpdeak, this suggests

the decrease di-sheets and increase bfhelices in the zein secondary structure after

electrospraying fronr80% (w/w) EtOH (aq.}*?
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Protein Band
v (cml) RI(%) v (cm?) RI (%)

Amide |, ~1650 cm? 1645 100 1652 100

Amide ll, 1530 cm™? 1529 72 1538 62

Amide ll, 1515 cm™? 1518 72 1516 58

C-N Stretch, ~1445 cm?! 1448 45 1447 35

Amide lll, ~1240 cm! 1240 34 1241 26

Figure 4.6. ATR-FTIR spectra and a table of important protein bands (significant shifts highlighted in grey)
observed in blank electrosprayed (EHDA) zein NPs (2.5% (w/v) zé&@%(w/w) EtOH (ag.) and pure zein
powder, suggesting a secondary structure of zein changeelefteospraying.

Drug loaded zein particles were not further prepared by EHDA due to its extremely low
yield caused by low flow rate and concentration of protein required to obtain a stabjetcone
mode. The drug loading efficiency and the drug reletisdies would not be possible to

perform due to the limits of detection of quantitative methods.

4.3.2 Precipitated zein and 5ASA loaded zein nanoparticles
Because of a low throughput of electrospray, precipitation method with higher yield was
further used to pepare NPs. Following the ternary phase diagram for zein solubility in
ethanol and water (sdggure4.7)*4% 5% (w/v) zein solution in 70% EtOH (aq., v/v) was

tested to develop the most suitable -@olvent method.
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Figure 4.7. Ternary phase diagram for the solubility of zein in ethanol and W4ter.

DLS was selected as a quick screening assay. First, the 5% (w/v) zein solution in 70% EtOF
(aqg., v/v) was analysed before precipitation occurredRgpee4.8). The DLS method was

set using tabled values for viscosity, refractive index, and dielectric constant of both ethanol
and water at 2@ C° The analgis showed two broad overlapping peaks in the range of
1227 3091nm (dark blue line) in the cloudy solution. Therefore, the solution was filtered
through a PES (0.46 m) syringe filter. However, t h
particles within thé range after the filtration (light blue line). The second filtration step was
introduced, using the PES (@@m) syringe filter. This st
solution, so the particles present were only in the48nm range (black line). Ddule
fillered 5%(w/v) zein solution in 70% EtOH (aqg., v/v) was used for all following
experiments to ensure the particles found in the precipitated nanosuspensions were nc

present in the zein solution before mixing with esdivent.
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Figure 4.8. The effect of filtration of th&% (w/v) zein solution in 70% EtOH (aq., v/v) (dark blue line), using
aPES(04®m) syringe dashedtieme ) |l fighst bameé a PESne(aB8a?2 Ol
second step.

A precipitation ratio of solvent and arstblvent was then screened to ensure the highest
concentration of the NPs was obtained. One mL of the double filtered clear yellow zein
solution was transferred and vigorously mixesing the micro pipette with corresponding
volume of MQ water to reach 7%, 7.78%, 8.75%, 14%, and 23.34% EtOH (v/v) in the milky
nanosuspensions. The DLS method was amended for each of the EtOH concentration. Th
increasing concentration of EtOH in the nanspensions did not show a significant effect

on the particle size (sédgure4.9). Thepolydispersity indexPdl)*** was lower than 0.15

in all cases. Higher concentration of the EtOH was not studied to not overstep the bordet
between precipitation and coacervation. Therefore, mixing the zein solution with the MQ
water in the 1:2 volumetric tia to reach 23.34% of EtOH in the final nanosuspension was

selected as the preparation method to reach the highest possible concentration of the NPs.
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Figure 4.9. Size of theprecipitated zein NPdepending on the concentration of EtOH in the nanosuspension,
suggesting EtOH concentration does not affect the particle size signififialaiti linefor 23.34% EtOH)

The 5ASA was selected as a model drug due to its low solubility in water and tlegrieor
possibility to ceprecipitate with zein. B\SA is readily soluble in acidified solvents,
therefore, 0.3M HCI solution in 70% EtOH (aqg., v/v) was used as an initial solvent for the
model drug. A solution of 2B1g/ml concentration was analysed by DiSich showed a
single peak at 220 nm, potentially belonging to the impurities coming from the-AS®A5
powder with 99% purity as this peak was observed in 10 times lower concentration of the
drug as well and therefore, could not be assigned to supetgatuiithe 5ASA solution

was filtered through a syringe filter with pore diameter of 100 nm. The solution was clear
and beige, which is caused by the colour of t#eSA\ powder (beigébrown to grey). The
oxidation process was studied by a visual companédhe colours of the solutions in an
open flask and in a flask, which was filled with argon gas and sealed, both at room
temperature. A change of colour was observed in the solution in the open flask after 8 days
(light brown), while the colour of the kaion in the argon filled flask stayed unchanged.
This corresponds with the findings of J. Jensen et al. (1992) who described autooxidation o
5-ASA in aqueous solutions as a formation of selfipled polymeric specié® The
precipitation properties of the drug solution were tested following the samsoarént
method as in the preparation of the blank zein NPs and analysed by DLS. The fik&ad 5
solution before precipitation showed a peak 06af NO.1nm, which was shifted to

369N 121nm after addition of the MQ water (sEgure4.10). The peak after precipitation
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is irregularly shaped, suggesting highgoee of polydispersity. However, the size is
significantly different to the blank zein NPs, suggesting the DLS method could be potentially
used as a quick indicator of successful loading of the drug into the NPs. The drug loadec
zein NPs (further referreid as 5ASA-zein NPs) were prepared by mixing corresponding
volumes of double filtered zein solution and filtereASA solution to obtain 5%, 10%, and
20% drug loading ratios, resulting in different zein and HCI concentration in each drug
loading percentge. The size of the particles in the mixture eASA and zein solutions
(referred to asASA-zein solution) was checked by the DLS and showed a peakmny.5
corresponding to the peak of double filtered zein soluticASB-zein solution was
precipitagd using the same argblvent method as in the blank zein NPs a#&?R particles
preparation, showing a peak at829 nm for 5% drug loading, which can be seeRigure

4.10.
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Figure 4.10. Size distribution of particles found in filtered-ASA solution, 5ASA-zein solution, and
precipitated suspensions ofABA-zein NPs and BSA precipitates measured by DLS shovieur
significantly different peaks, suggesting th SA was loaded into the zein particles.

The effect of both protein and HCI concentration on the size of the blank zein NPs was
further studied by DLS. Following the mixing pattern used in the prepadtdnug loaded

NPs, 5 samples with decreasing concentrations of protein and increasing concentrations C
HCI were prepared and compared to samples of the same protein concentration withou
acidification.Figure4.11 shows the protein concentration on its own does not affect the size
of the particles significantly (see the solid bars). However, the increased concentration of
HCI combined with decreasing concentration ftgin shows a potential for size control of

the zein particleésee the chequered barghere was no significant difference in size of the
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particles between the nartidified and acidified particles in the range ofi1B52 mg/ml of

zein, corresponding tihe 0.009 0.0027M HCI concentration in the nanosuspensions and
mimicking the conditions for preparation ofi 35% drug loaded NPs. A significant
differencein between the sizes of the acidified and-aeidified particles could have been
seen at the 1&And 6mg/ml of zein, mimicking 20 and 50% drug loading conditions,
respectively. There was also a significant difference in between the sizes of the acidified
particles themselves in this range as well as compared to the 15 mg/ml zein concentratiot
(mimicking 5% drug loading conditions), suggesting decreased pH leads to the increasec
size of the particles as well as their polydispersity level. This corresponds with findings of
J. Bouman et al% who observed highdrydration rates and swelling capacity valfies

zeinin pH =1, compared to the pH®6.8. From this point, drug loadedASA-zein NPs

were compared to the corresponding acidified blank zein NPs due to the potential pH effect

on the nanoparticle structure.
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Figure 4.11. Influence of zein and HCI concentrat®on blank zein NPs sie, showing a significant particle
size increase with pH drop from 0.033M to 0.090M HCI. No significant effect of protein concentration was
observed in this zein concentration range.

In the Table 4.2, sizes of the blank acidified and drug loadeA$A-zein nanoparticles
measured by DLS are compared, with no significant difference in between the sizes of the
drug loaded NPs and their corresponding blank. However, graxduadse in the mean size

as well as the standard deviation can be observed with the increased HCI concentration i

both drug loaded and blank NPs with a significant difference found in between 5 and 20%
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loading (corresponding blanks). This observationgests the addition of the ASA does

not affect the size of the NPs and the pH is the sole controlling factor.

Table 4.2. DLS size comparison of blar(kcidified)and drug loade8-ASA-zeinNPs.

Drug Loading Blank NPs (d.nm) 5-ASA-zein NPs (d.nm)

5% 93 N 3 85 N 209
10% 123 N ¢ 125 N 45
20% 183 N ¢ 190 N 61

With the further stefp an incorporation of the-BSA-zein NPs into the HPMCAS fibers
(seeChapter5) - in mind, the stability of the double filtered zein solutions, prepared drug
loaded nanosuspensions and their corresponding blanks was tested by DLS at roon
conditions. No particles bigger than 50 nm were found in the double filtered zein solution
after7 days (se€igure4.12). Immediately after filtration, the Pdl waseyen thougtonly

single sharp peak at 7.5 nm was found in the analysis. This high Pdl coulsidreedgo
some particle sizes f ouoffdange, mbss ikelyefewtladnge i
particles which are given higher weight in theverage and consequently PdI calculations.
The Pdl was gradually decreasing over the course of the 7 dggesting the large particles
were settling down.

550 ~ r 1.2

500 -

450 "
400 \

\ - 0.8

W
w
o

=z - 063
g 250 \ /J
“

200

- 04

150

100 - - 02

50

0 -1 = T = T T T = T T T =I: T T T T 0
0 24 48 72 96 120 144 168 192 216 240 264 288
time (h)

Figure 4.12. Stability of double filtered 5% (w/v) zein solution in 70% EtOH (ageasured by DLS, showing
stable sizef the particlegbluecircle§ and decreasinBdI (red squaresfor at leas days(168 hours).
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Stability of the blank nomcidified zein NPs is described kigure4.13, showing both the
size (bluecrosses and line) and the PdI (orange squares and line) of the nanosuspension al

stable over the course of two weeks, after which the Pdl increases above the value of 0.2.
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Figure 4.13. DLS stabilitystudy of blanknon-acidified zein NPsshowing the particlsize pluecroseg and
thePdl (orangesquaresyvere stable for 14 days (P@I0.2).

On the other hand, the ASA solution polymerises by the oxidation process as mentioned
earlier, andherefore the ASA-zein solution was always prepared from freshly dissolved
and filtered 5ASA solution, followed by immediate preparation of the drug loaded NPs. The
stability of their mean size (black line and filled markers) is describegigare 4.14,
compared to the corresponding acidified blank zein NPs (grey line and unfilled markers).
There was no significant difference in the mean size found over the peBadhgt in any

of the observes sample. Also, no significant difference in the size of the particles was found
when corresponding pairs of blank and drug loaded nanosuspensions were compared (se
Table4.3). Although, this data could suggest the stability of the nanosuspensions over the 8
days period, the nanosuspensions were always prepared fresh when intended for furthe
processing. This is because of th&SA oxidationas well as the value of the standard
deviation/polydispersity of the samples, which is too large to significantly prove whether

any changes such as drug leak could have happened over the time.
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Figure 4.14. DLS dability studyof 5-ASA-zein NPs (black linejnean sizecompared to theorresponding
acidified blank zein NPs (grey linejhe particle size of thB%, 10%, 20% drug loading/corresponding HCI
concentrations in blank NPs is representedddid/hdlow triangles, diamondsndsquaresrespectively.

Table 4.3. Summary of mean particle size and standard deviation ¢firdrug loaded zein NPs and their
correspondingcidified blanks measured by DLS.

Blank zein 5-ASA-zein Blank zein 5-ASA-zein Blank zein = 5-ASA-zein

Day NPs (5%) NPs (5%) NPs (10%) NPs (10%) NPs (20%) NPs (20%)
0 87 N 105 N 145 N 140 N 197 N 169 N
1 92 N 70 N 141 N 139 N 210 N 197 K
2 92 N 58 N 134 N 140 N 205 N 183 N
4 82 N 91 N 146 N 142 N 194 N 203 N
6 93 N 88 N 146 N 147 N 160 N 205 N
8 77 N 92 N 150 N 147 N 157 N 187 N

Zeta potential of the zein solution befgrescipitation was measured to compare with the
zeta potential of the nanosuspensions. Zein solution in agueous 70% (v/v) ethanol showed
single broader peak of zeta potential at 1.99 mV compared to a sharp peakm¥25.3
measured for neacidified blankzein NPs. However, zeta potential of acidified solutions

and nanosuspensions was not possible to measure due to their high conductivity.

All nanosuspensions were imaged by TEM to study the shape of the particl€sg(see
4.15). Phosphotungstic acid (PTA) solution at pH was used to stain the protein NPs.
Spherical, polydisperse particles were observed in all samples, showing majority of the

particles having smootsurface. A porosity could have been observed in some, especially
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larger particles. When the same PTA staining technique was used feA8¥ precipitates
sample (drug on its own), no particles were found on the grid. Therefore, a vapour staining
method,using RuQ, was used to stain the/ASA particles. Round structures with the

70N 36 nm diameter were observed after the vapour staining. No bigger crystals were found
on the grid, while highly irregular peak 89N121nm was observed for the same
nansuspension in DLS.

The nanosuspensions were further freeze dried to obtain a powder form for further
physicachemical characterisation of each sample. These were imaged by SEM to observe
whether the freeze drying affects the size and the shape of tletgsaihe particles stayed
spherical after freeze drying, while theASA crystallised into the large plates shaped
crystals. Beside spherical particles, largASA crystals were found in-BSA-zein NPs

(10%) and BASA-zein NPs (20%), suggesting the dwas either not fully loaded into these
protein particles or the drug leaked from the particles during the freeze dryingidaee

4.17). The porosity of the protein particles, both blank and drug loaded, was more visible in
the freeze dried samples, even in the particles with smaller size. This suggests the form o
drying coud have impacted the physical structure of the protein nanopargeies though

the size of the particles did not change significantly.
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Figure 4.15. Representative TEM images of suspensions of blank s, 5ASA precipitates,
5-ASA-zeinNPs (5%, 10%, 20%) and their corresponding blanks.
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5-ASA precipitates

5-ASA-zein NPs (5%)

Figure 4.16. Representative SEM scans of freeze dried blank zein NRSAbprecipitates, SASA-zein NPs
(5%, 10%, 20%and their corresponding blanks.
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5-ASA-zein NPs (10%) 5-ASA-zein NPs (20%)
—;- <

Figure 4.17. Representative SEM scans of freeze drig®S#\-zein NPs (10% & 20%), showing presence of
5-ASA crystals.

The mean size of all the protein particles (blank and drug loaded) was measured from bott
TEM and SEM images manually, using ImageJ software. The data obtained from all three
different techniques measuring size, including DLS, showed no significant ddéene the

mean size of the particles, suggesting the size of the particles is not significantly affected by
the staining or freeze drying (sEgure4.18). This alsoproved the DLS being an effective

quick method for the particle size determination.
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blank zein blank zein blank zein blank zein 5-ASA-zein 5-ASA-zein 5-ASA-zein
NPs NPs (5%) NPs(10%) NPs(20%) NPs(5%) NPs(10%) NPs (20%)

Figure 4.18. Size measurement by DLS (chequered), TEM (solid dark blue), and SEM (solid light blue),
showing no significandifference in between DLS and TEM measurements of the nanosuspensions as well as
in between the nanosuspensions and freeze dried NPs measured by SEM.

Due to the acidification of the-ASA solution, the form of the created salt had to be
identified. For his purpose, the acidified ASA solution in70% EtOH (aq., v/vas well as
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the precipitated suspension of the drug in 2 ¥OH (aq., v/ywere freeze dried to obtain

their powder form, further referred to asASA solution and 5ASA precipitates,
respetively. First, the thermal analysis was performedASA is known for its high thermal
stability and decomposition before its melting occdt3.herefore, the DSC technique was

not used in the-ASA form determination. However, TGA showed a tstep degradation

for both 5ASA solution and 5ASA precipitates, compared to a single step degradation of
5-ASA powder (sed-igure4.19). The first step of the degradation shows 0% of the
weight loss in both cases, which corresponds with the molecular mass ratio of the HCl in the
5-ASA chloride salt (19.44%). Thisould be potentially used as a drug encapsulation
efficiency quantification method. The AC di fference i n bet
decomposition onsets ofASA solution (162AC) -ASA Hreci pi tates (
two different forms of the salt begnpresent in the two samples. There was no significant
loss of free water (<0.5% weight lossat C) observed in either

160

5-ASA precipitates

1104 5_ASA solution

5-ASA powder

60 -

Weight (%)

10

-40 . . - T . . - T . - - T ‘ - . T ‘ - .
25 80 135 120 245 300

Temperature T (°C)
Figure 4.19. TGA thermograms ofreeze drieds-ASA solution ad 5ASA precipitatescompared to pure

5-ASA powder, suggesting the first decomposition stepsA$8 chloride salts correspond to the weight loss
of HCI.
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All three powders were further characterised by AHRR (sedrigure4.20andTable 4.4.

The absorption bands otASA powder corresponded with findings ineliaturet* The
assignments of the ASA powder bands are as follows:HDstretchingassociated with the
hydroxyl groups a776cm? (hydrogen bond in CO®), C=0 stretching al645cm
(carboxylic group), NHbending at 1616m, C-C stretching mode at 1485 and 1447%¢m

O-H deformation of the hydroxyl groups at 1375 and 18%2, in plane bending mode at
12637 1190cmt, C-O stretching at 1130 ctpand GH bond out of phne bending mode as

well as ring deformation of the aromatic group at B@85cm. Most of these bands were
significantly shifted in BASA solution and BASA precipitates samples and showed
different relative intensities, suggesting a primary aminericldosalt was formed by the
acidification process. These two samples showed absorption bands at the same
wavenumbers, however the relative intensities of the bands decreased in aA$iAe 5
precipitateso6 banagd (100% tntensity)e Tis ahmege af relative2 0 7
intensities could suggest a different crystal lattice structure since no significant moisture

difference was found in the TGA analysis.

5-ASA precipitates

Absorbance units
A

5-ASA solution

5-ASA powder

3650 3150 2650 2150 1650 1150 650

v(cm?)

Figure 4.20. ATR-FTIR spectra ofreezedried 5-ASA solution and 5ASA precipitatesshowing significant
band shifts compared to pureASA powder, suggesting primary amine chloride salt was formed by the
acidification process.
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Table 4.4. Summaryof theATR-FTIRab s or pt i on b ang andtheiv selatrve imemsiies€Rl)s  (
showing assigned peaks highlighted in grey.

5-ASA 5-ASA solution 5-ASA precipitates
3 (Mem RI 3 (Mcm RI 3 (M RI

Broad overlapping peaks at

~ 33007 1680cmL Broad overlapping peaks at3300i 2250cn*

- 3059 23% 3059 18%
2776 26% 2845 53% 2845 39%
2652 33% 2652 22%
2618 31% 2618 20%
) 2592 34% 2592 21%
2556 37% 2556 23%
1645 37% 1666 69% 1666 59%
1616 38% 1634 69% 1634 55%
1601 35% 1591 34% 1591 27%
1574 42% 1565 33% 1565 27%
- 1509 36% 1509 34%
1485 73% 1480 61% 1480 56%
1447 91% 1448 93% 1448 86%
1375 63% -
1352 100% 1354 37% 1354 32%
1313 71% 1297 54% 1297 50%
1263 59% 1248 29% 1248 26%
1238 64% 1207 100% 1207 100%
1190 52% 1191 98% 1191 93%
1130 51% 1140 41% 1140 32%
- 1124 36% 1124 23%
1086 33% 1086 60% 1086 53%
949 12% 980 10% 980 9%
932 19% -
883 13% 874 35% 874 34%
833 15% 847 56% 847 53%
808 100% 797 74% 797 64%
771 96% 752 91% 752 78%
698 20% -
685 53% 676 39% 676 33%

Therefore, PXRD analysis was performedFigure4.21, PXRD diffractograms of the three
samples were compared to the XRD patterns-A63, 5-ASA CI, and 5ASA CI . H.0,
obtained from Cambridge Crystallographic Data Centre dat§6&42C). Despite the poor
resolution of the data obtained, the broadened peaks are still located at the distinct angles

confirming the purity of a\SA powder and the formation of chloride salt in botASA
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solution and BASA precipitates. The diffractogm profiles suggest an anhydrous salt is
formed in 5ASA solution sample. A mixture of a monohydrate and anhydrous forms is
present in BASA precipitates, since peaks distinctive for both were found in the sample. For
example, peaks at ¥ 17.5A 20.84 and 2880 can be found in b
5-ASA CI" and 5ASA precipitates sample, but are not present in CCDC entry of
5-ASA CI". H20.

600
5-ASA precipitates
500
CCDC: 5-ASACI. H,0
400
" 5-ASA solution
a
&)
=
£ 300
o=
Q
=
CCDC: 5-ASA CI-
200
5-ASA powder
100

CCDC: 5-ASA

5 10 15 20 25 30 35 40 45 50
6/26,°

Figure 4.21. PXRD diffractograms of fASA powder, freeze drik5ASA solution and freeze dried ASA
precipitates compared with entries feASA, 5-ASA chloride and 5ASA chloride monohydrate from CDC
database, showingASA precipitates are mixture ofASA chloride and BASA chloride monohydrate.

Potential effectof acidification on the blank zein particles was studied alongside the
physicachemicakharacterisation of the drug loaded particles, which were compared to their
corresponding physical mixes. Physical mixes (referred to-ASAzeinphys.mix of
correponding loading) were prepared by ball milling (10 min, 10 Hz) of freeze dried
5-ASA precipitates and acidified zein NPs of corresponding HCI concentration.
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The TGA analysis did not show any significant difference in the thermogram profiles of the
zein pavder, blank zein NPs, and acidified blank zein NPN1®% of each of the samples
were decomposed at 226 (seeFigure4.22). In the drug loaded particles as well as the
physical mixes, a decreasing trend of a decomposition temperature was observed witt
increasing BASA (and HCI) concentration (séegure4.23). Decomposition temperatures
were also decreased in all particle samples compared to their corresponding physical mix
This might be associated with the changes in theeprgecondary structure when particles

are loaded with the-BSA, as the similar decomposition temperature decrease was found in
the blank EHDA zein particles. Both drug loaded particles and their physical mixes in the
drug loading range of 620% showedimilar thermogram profiles to the ones of blank zein
NPs. Neither the drug loaded particles, nor their physical mixes showed a similar trend in
their first step weight loss as theAS A solution and 5ASA precipitates and therefore, the
TGA was not furtheconsidered as a loading efficiency assay method. The comparison of
degradation r at e =fdfudl6addd nahdpartidiesi(5g 10,tandl 20%s dsup

loading) and their corresponding physical mixes is shown it abé24.5.

Table 4.5. Comparison of temperatures, at whitBN1% weight lossoccurred in physical mixes and
precipitated nanoparticles with 5, 10, and®@rug loading, obtained by TGA.

Drug loading = Physical mix = Precipitated NPs

5% 270AC 265AC
10% 250/AC 225/C
20% 223/C 220A4C

However, 50% BASA loading showed threstep decomposition profiles for both drug

loaded NPs and its physical mix, which is summarised iff &tde4.6.

Table 4.6. Comparison of weight losses (TGA) in each degradation stepAS%zein NPs (50%) and its
corresponding physical mix.

Degradation step 5-ASA-zeinphys.mix (50%) 5-ASA-zein NPs(50%)

1 14N 1% weight loss at 212 14N1% weight loss at 198C
(onset at 14%C) (onset at 12%C)
32N1% weight loss at 278 42 N1% weight loss at 264C
3 30N 2% weight loss at 37&L 30N 2% weight loss at 374C
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The threestep decomposition profile of the 50% drug loadeanmas and their
corresponding physical mix might suggest these patrticles are overloaded, since showing th
typical twostep decomposition profile of theASA precipitates incorporated into the zein
profile (creating the third step). However, the absemdtleestwo step profile in the physical
mixes in the range of 520% contradicts this theory. Therefore, further analysis was

performed to make any conclusions.

150

135 1 Blank zein NPs (20%)

Blank zein NPs (10%)

120 4
Blank zein NPs (5%)

Blank zein NPs

105 4

90 1 Zein powder

75 4

Weight (%)

60 4

45 ]

30

15 4

0 T T T T T T T T g T T T g T T - - T
25 100 175 250 325 400

Temperature T (°C)

Figure 4.22. TGA thermograms of thaortacidified and acidifiedlank zein NPs compared to the pure zein
powder, showing no significant change in their profiles.

104



ZEIN NANOPARTICLES |

330

1 5-ASA-zein phys. mix (5%)

1 5-ASA-zein NPs (5%)
248

15-ASA-zein phys. mix (10%)

1 5-ASA-zein NPs (10%)
166

1 5-ASA-zein phys. mix (20%)

: 5-ASA-zein NPs (20%)

Weight (%)

®4 7 5-AsA-zein phys. mix (50%)

15-ASA-zein NPs (50%)

-80 T T T T T T T T T T T T T T T T T } }
25 100 175 250 325 400

Temperature T (°C)

Figure 4.23. TGA thermograms of the-BSA-zein NPs comparetb their corresponding physical mixes,
showing increased decomposition rates with increas&8/4 concentration.

In theFigure4.24, the DSC analysis showed the inceeaéthe glass transition temperature

in the blank zein NPs, both nacidified and acidified (mighoint at 1672C for all),
compared to the glass transition of the pure zein powderA16IThis suggests that the
method of particle preparation, which&akso a zein purification step (as commercial zein
contains various zein secondary structures with different solubilities in the aqueous ethanol)
and/or freeze drying might affect the structure of zein. Since all the particle samples showec
their glass trasition at the same temperature, the concentration of the HCI in the production
step does not seem to affect the protein structure. The increase gbtlgg@sts the protein
folded into a more stable form, since the glass transition of the proteins is correlated to

protein unfolding.t®’
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Figure 4.24. The DSC thermograms of tmen-acidified and acidifiedlank zein NPs compared to the pure
zein powder, showing the shift of the glass transition-puiht to the higher temperature (1&2) in the
freezedried NPs samples compared to the raw zein powderAQp1

Glass transition depression was observed oirag loaded particle samples compared to the
corresponding physical mixes (segure4.25). The depression decreased with increasing
drug concentration (from 16& to 153AC for 5% loading, from 166C to 155AC for 10%
loading, and from 158C to 157AC for 20% loading), suggesting the drug loading efficiency
is the highest at the lowest (5%) drug loading.
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Figure 4.25. The DSC thermograms ofASA-zein NPs showing glass transition depression compared to their
corresponding physical mixes.

Further molecular analysis was performed by AHFRR. Blank zein NPs, both
nonacidified and acidified, did not show any signifitdband shift compared to the pure
zein powder (se€igure4.26), suggesting no significant change in the secondary structure
even thouglthe relative intensities of édamiddll band decreased in both nacidified and
acidified particles. ATRFTIR spectra of the drug loaded NPs compared to their physical
mixes (sedrigure4.27) support the theory suggested by the DSC dathe highest drug
loading efficiency can be seen in the particles with the lowest drug loading (5%). Although,
the 5% loading is on the border of the instrument sensitivity, the bands at e.g., 797, 848
1086, 1207and 129&m™* (assigned to the-BSA precipitates earlier in this chapter) were
clearly observed in the spectrum of thRdSA-zeinphys.mix (5%), while not found in the
spectrum of BASA-zeinNPs(5%) which copied a profile of the blank zein NPs. The
number and the intensity of the bands assigned to-&k@4precipitates increase with the
increasing BASA concentration in both physical mixes and drug loaded NPs. However, a
decreased number and intensity of those bands were observed in both
5-ASA-zeinNPs(10%) and BASA-zeinNPs(20%), when compared to their corresponding

physical mixes.
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Figure 4.26. ATR-FTIR spectra and a table of important protein bands observed in blank zein NPs, blank zein
NPs(20%), and pure zein powder showing no significant effect of precipitation and/or acidification on the
position of these bands.
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Figure 4.27. ATR-FTIR spectra of BASA-zein NPs compared to their correspondinggital mixes, showing
increasednumber and intensity of the bands assigned to t#&SA precipitates withincreased5-ASA
concentration in both physical mixes and drug loaded BHASA precipitate6 bands wer e not
5-ASA-zein NPs (5%). Both-ASA-zein NPs (10%) and-BSA-zein NPs (5%) showed decreased number
and intensity of these peaks compared to their corresponding mixes.

Finally, PXRD analysis was performed to study the crystallinity of the samples as well as
their stability over the timenltheFigure4.28, crystalline peaks at 31, 32, andM&ere
observed in all acidified blank zein NPs compared to the fully amorphousaandified

blank zein NPs. The low number of the peaks suggest the ld€liaadl the precipitation step
formed a mineral chloride salt (halide). Therefore, the diffractograms were compared to the
most common halides found in the nature (NaCl, KCI, MgC&C#}), since the zein powder

used in these experiments is extracted fromataral corn source and purified to the extent

of 98%. NaCl shares two peaks £&hd 45 with the acidified blank zein particles. The
second most intensive peak in the Mgi8lfound at 3& which is also the most intensive

peak found in the acidifieddnk zein particles. However, no other MgCI2 peaks were found
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in the acidified particles. The absence of the rest of the Mggziks in the diffractograms
of acidified blank zein particles could be caused by the low concentration of this impurity in
the sanples.This suggests a mixture of sodium and possibly magnesium and other ions are

present in the zein powder.
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Figure 4.28. PXRD diffractograms of noracidified and acidified blank zein NPs compared to atedl
diffractogram of MgCl, suggesting pure zein powder contains magnesium impurity.

In the Figure 4.29, diffractograms of drug loaded NPs and their corresponding physical
mixes are compared. The number and the intensity of the peaks assigned-AStheCH

and 5ASA CI' . H0 increased withnicreasing BASA concentration in both drug loaded
NPs and physical mixes, while each drug loaded NPs sample showed a decreased numb
and intensity of these peaks when compared to its corresponding physical mix. Peaks
associated with the -BSA salts were ot observed at -BASA-zein NPs (5%) and
5-ASA-zeinNPs(10%). This suggests the PXRD analysis is another piece of evidence
supporting the theory of the decreasing loading efficiency with the increasing drug loading

concentrations.
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Figure 4.29. PXRD diffractograms of5-ASA-zein NPs compared to their corresponding physical mixes,
showing increasedumber and intensity of thgeaksassigned to the-BSA chlorideswith increaseb-ASA
concentration in bottphysical mixes and drug loaded NPsASA sal t s6 peaks were
5-ASA-zein NPs (5%) and-BSA-zein NPs (10%). Both-BSA-zein NPs (20%) and-BSA-zein NPs (50%)
showed decreased number and intensity of these peaks compared to their corrgspixedin

111



ZEIN NANOPARTICLES |

TheFigure4.30shows PXRD data for the stability study of the acidified blank zein NPs (A)
and drug loaded NPs (B). The diffractograms of each formulatiore vebtained
immediately after preparation (day 0) and after 15 days. Both blank and drug loaded
formulation showed the same trend of increased intensity of the impurity halide peaks with
increased concentration of HCI in the preparation step after 15 Blagantensity of the
peaks belonging to theASA chloride salt did not change over the time in any of the drug
loaded samples. This suggests the drug stays stable in the freeze dried formulations
However, the continuous crystallization of the impuriyidie could cause unwanted leakage

of the drug from the particles.
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Figure 4.30. PXRD stability study showing diffractograms of (A) acidified blank zein NPs and
(B) 5-ASA-zeinNPs at 0 and 15 days,ggesting stability of the protein and the drug over the period, contrary
to the MgC} gradual crystallisation.

Finally, the drug loading efficiency (DLE) and the drug release were assessed.-M@ LC
method was developed to assay thASA concentrationin the samples. The 8IS
method was selected due to the inaccuracy of th&/I8/spectrophotometry caused by the
signal of water soluble impurities in zein interfering with th&SA signal. These impurities
follow irregular release pattern and therefdhe subtraction of the signal was not possible
to use in the ASA quantification. The DLE was assessed from 23.34% EtOH supernatant,

using centrifuge filter units. Each filter unit was washed and reused twice for measuring of
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replicates, which potentigl created high irreproducibility of the measurements. DLE of
53%, 56%, and 31% was measured in the first replicate-A8A-zein NPs (5%),
5-ASA-zein NPs (10%), and-ASA-zein NPs (20%), respectively. However, these values
rapidly decreased with the regdites. Therefore, the method was planned to be reviewed and
DLE experiments were supposed to be repeated. However, due to the G9ygHddemic,

these experiments were not finished. Higure4.31 shows the drug release profiles of the
5-ASA from 5-ASA zein NPs (5%) and-BSA zein NPs (10%in PBS buffer in pH= 7.4,
mimicking the colorc pH. The only significant difference at cumulative drug release (CDR)
was found athe 10min time point, where thB-ASA zein NPs (5%j)eleased almost twice

more of the drug tha-ASA zein NPs (10%)However, the overall profiles were sustained

for both nanosuspensions, showing CDR ofN\88l1% and 7421% at 2 hours for
5-ASA zeinNPs(5%) and 5ASA zein NPs (10%Jformulations, respectively. This drug
release behaviour corresponds with findings in the literature, where A. Berardi®®t al.
observed the drug diffuses from the zein rapidly at the beginning until theirpswells
sufficiently and closes its pores, creating a barrier for further water intake and consequently
slowing the diffusion of the drugconsidering zein mucoadhesive properties amskwal

time of colonic mucus (46h), this suggests thiermulation is a suitable candidate for colon
targeting drug delivery systenkhis theory should be proved by performing the same drug
release study in pH=1.2, to observe the drug release profile of the particles in the conditions
of stomach. However, thiwas another experiment which was not finished due to the time

and cost reasons associated with the COWpandemic.
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Figure 4.31. Cumulative dug release fronb-ASA-zein NPs(5%) (orange dashed line wittircles) and
5-ASA-zein NP910%) (black solid line with squareis) PBS buffer at pH = 7.4assayed with LS.
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4.4 Conclusion

Zein nanoparticles were prepared by two methods, electrospray and precipitation
(antisolvent). The electrospray method showed a very low yield compared to the
precipitation techniquelEM and SEM images proved the size of zein NPs did not change
significantlywith the process conditions adjustments and both EHDA and precipitated NPs
were dtained in the similar size range. Only the precipitated NPs were loadedA8A.5
Neither blank, nor drug loaded precipitated NPs changed theirafimefreeze drying.
Precipitatedparticleswerespherical, and their sizeddnot change significantlwhen drug

was loaded On the other hand, both spherical and-spherical particles were obtained by
EHDA.

PXRD together with ATRFTIR confirmed the BASA was successfully loaded into the
particles up to 10%-BSA/zein ratio (w/w) in form of chloride salRrug loaded NPs shown
significantly higher degree of amorphous stadenpared to their corresponding physical
mixes Crystalline peakin blank zein NPs &1, 32, and 48were associated to a mixture

of halides (NaCl and possibly Mgffithatis generatedluring the precipitation stegueto
impurities in zein powdeiThe size 0b-ASA loaded zein NP suspension (DLS analysis)

was stable for 8 days. THeeeze dried form (PXRD analysisjas stable forl5 days
However, the halides gradually stgllised out of the formulation over the time.

LC-MS method was developed to assag®A loading efficiency of the zein NPs (filter
centrifuge units) and drug release from the NPs suspension (dialysis tubes). In vitro drug
release data showed a sustainel@ase profile at pH = 7.4, which was usedrtimic
colonicpH. 86N14% and 74821% of the drug was released withinhdurs from

5-ASA zeinNPs(5%) and 5ASA zein NPs (10%)respectively Despite the fast release
profile, the formulations were consi@ersuitabldor colon targeting drug delivery systems
suggesting the particles will adhere to the mucus of colon and release the drug within the
mucus renewal time

Two experiments (drug loading efficiency and drug release at pi) were not finished

due to thetime and cost reasons associated with the COGMI[pandemic.
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5 INCORPORATION OF THE 5 -AMINOSALICYLIC ACID
LOADED ZEIN NANOPARTICLES INTO HPMCAS
FIBERS & FACTORS AFFECTING THE ENTERIC
PROPERTIES OF THE HPMCAS FIBERS

5.1 Introduction

The precipitated zeinanoparticlesNP9 loaded with S5aminosalicylic acid§-ASA) were
intended to be incorporated into the HPMC#&rs by the electrospinning method, as it
would be a single step incorporation technique. It was proposed that uskagialawzzle

the 5ASA-zein NPs nanosuspension as a core (inner) feed solution and HPMCAS solution
loaded withparacetamolRAR) andhydrocortisoneg(HYD) as ashell (outer) feed solution,
would lead to the evenly distributed drug loaded NPs incorporated into the inner diameter of
the enteric fibersThiswould potentially lead to aeleaseof the 5-ASA from the zeirNPs

only in the colonicpH. A diagram of the proposed formulation is showh@Figure5.1,

where inner structure of the final fiber (after solvent evaporation) is schemed on the left and
its cross section on the right. The optimal conditions for electrospinning of the HPMCAS
polymer are discussed in the Chapter 3, including the most suitable solvent (binary mixture
of acetone and DMSO, (3:2; v/v)) and relative humidity oN&Ys.

//’ ~ ~ o} - / & ///\\
D2 D3 p2 D3 D2 D3 D2 A // \
l
(01 0101010101(( \
.\ // \\ /
| D2 D3 D2 D3 D2 D3 D2 \amm 4
D1 = 5-ASA D2 = Paracetamol ) = HPMCAS

D3 = Hydrocortisone = zein nanoparticle

Figure 5.1. Diagram of incorporation of -ASA (D1) loaded zein nanoparticles into HPMCAS fibers
containing paracetamol (D2) and hydrocortisone (D3) bgodal electrospinning; cross section on the right.

In the first part of this chapter, the challenges faced during incorporating ®A84A-zein
NPs and following adjustments of the proposed method are described as well as the obtaine
drug release profile. The following part of this chapter discussekdtheof the enteric
properties of the electrospun HPMCAS fibers (previously described in the Chapter 3).
Following a hypothesis that the enteric properties of the polymer decreases with the
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decreasing diameter of the fiberdament extrusion was used frepare single and
multi-drug loaded HPMCAS filaments (using same drug loading ratio as in the electrospun
fibers) of three different diameters. The drug release profiles obtained from the dissolutions
of these filaments were further compared with thefile of the electrospun fibers. All
prepared formulations were imaged with SEM and characterised with TGA, (M)DSC,
ATR-FTIR, and PXRD.

5.2 Materials and Methods
5.2.1 Materials

5-aminosalicylic acid (ASA) and Hydrocortisone (HYD) were purchased from Acros
Organcs, US. Paracetamol (PAR) was purchased from Sigma Aldrich, US. HP Nif£ad®

H) andPVP k90werekindly gifted by Ashland, USPEO (300,000) was purchased from
(SigmaAldrich, US). Zein was purchased from ACROS Organics, WSetone was
purchased from VWRFrance. DMSO was purchased from Fisher Scientific, Etdanol
(EtOH) was purchased from VWR, France. MilliQ (MQ) water was produced using a
Purelab ultra (ELGA BbWater, UK). Hydrochloric acicRerfluordmethylcyclohexane),
andPBS tablets were purchasom SigmaAldrich, US.

5.2.2 Fabrication of the electrospun HPMCAS fibers with incorporated
5-ASA loaded zein NPs

The nanosuspension of thédA A loaded zein NPs were prepared by ansolvent method
described in the Chaptdr The 10% BASA loading was dected for the purpose of
incorporation into the HPMCAS fibers since these particles showed high level of molecular
dispersion and minimal crystallinity of the druglear solutionf 20% HPMCAS (w/v)
and gpropriateconcentration of PAR binary solvensystem of acetoneMSO (3:2; v/v)
were prepare@s well as a 7.5% PVP (w/v) solution in MQ water containing according

concentration of HYD.

Nandiber electrospinning unit (Tong Li Tech, China), syringe psr{@ole-Parmer, US),
22G, coeaxial (20G- 26G) and tri-axial (18G- 22G- 30G) emitters (both AvectaSpraybase,
Ireland) anda rotating drum collector covered with grease proof paper were used for
electrospinning of the formulation. Humidity ine system was controlled with, How and

kept at RH=30N2% for all experimentsThe details of the final method are further
described in the Results and Discussion sec&@). (
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5.2.3 Electrospinning of the multi-drug loaded HPMCAS fibers
Clear solutiorof 20% HPMCAS (w/v) and according concentrations -&$%A, PAR, and
HYD in binary solvent system of acetoD®SO (3:2; v/v) was electrospun using the
nandiber electrospinning unit (TanLi Tech, China)a syringe pump (Col¥armer, US),
22G emitter (both AvectaSpraybase, Ireland) arsdrotating drum collector covered with

grease proof paper, while the relative humidity was fixed & 3% usingN2 flow.

The viscosity, surface temsi, and conductivity of the feed solution were measured

following the methods described in the Chapter 3.

5.2.4 Hot-Melt Extrusion of the drug loaded HPMCAS filaments
To study the effect of the fiber diameter on the enteric properties of the HPMCAS, blank
and dug loaded HPMCAS filaments of three different diameters were extruded 4170
using cerotating twin screw mine X t r uder ( HAAKEE MinilLab |
Thermo Electron, Karlsruhe, Germany). The physical mixtures of different binary and
guaternary smbinations were mixed using mortar and pestle for 3 minutes before they were
fed into the extruder. The diameter of the filaments was at first controlled by the extruder
nozzle to obtain the thickest diameter. Then the filaments were manually pulledtioeit o
extruder to obtain a middle and the thinnest diameters.

The thickest diameter of the filaments was measured by a digital clipper. The two thinner
diameters were measured manually from the images obtained by an optical microscope
(Linkam Scientific Irstruments Ltd, Surry, UK)Each thickness of each filament was

measured ten times, when only the parts with steady diameter were selected.

5.2.5 Imaging of the electrospun and extruded formulations
SEM analysiswas performed tamage the electrospun formulatioaad to visualise the
surface and cross sections of the extruded filam&htssamplesveredirectly attached onto
SEM specimen stubs by dould&led tape and coated with gold using a Polaran SC7640
sputter gold coater (Quorum Technologies) prior to imggihe coated samples were
scanned bysemini300seriesscanningelectronmicroscopgZeiss,Germany) The Image J
software was used to measure fiber diameteand thesizeof the beadsyhen100values

were averagetbr each

Fluorescenceemission spectraf the double filtered 5% zein (w/v) solution in 70%
EtOH ag. (v/v) and the 7.5% PVP (w/v) solution in MQ water weeeorded with &S5
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SpectrofluorometefEdinburgh Instruments, UKusinga quartz cell cuvetteThe excitation
wavelengthwas set at 40Bm. The same excitation wavelength was then used to image the
5-ASA-zein NPs (10%) in the final formulation withZ&EISS LSM 980(Zeiss, Germany)
confocal fluorescence microscop@FM). The Image J/Fiji software was used for analysis

of theimages.

5.2.6 Physicochemical characterisation of the electrospun and extruded
formulations
TGA, (M)DSC, ATR-FTIR, and PXRD analysis was performefdllowing the methods
described in the Chapter 3.

5.2.7 Invitro drug release
Drug release profiles froomulti-drug loaded samples were obtained from dissolution
experiments described in the Chapter 3. The drugs were quantified-MSL6 0T 2. 1 mm
2. 6¢ Kinetex XB C18 ¢ odndianmcqyity> tHPh® systeme X ,
(Waters).The conditions of the LGS mehod are also described in the Chapter 3.

Drug release from singlérug loaded extrudates was performed in shaking water bath
(100rpm) at 37¢C, using closed glass vials. The extrudates were transferred from
hydrochloric solution (pH = 1.2nto PBS buffe (pH = 7.4)after two hours by a pair of
tweezers. The dissolution was performed under sink conditions, when the sink volume was
10ml and the samples taken at each time point werenD.3he sink volume was kept
constant with the corresponding buffer.hel data was analysed by\V-VIS
spectrophotometry, usinga CL ARI Ost ar E Pl us mi cropl at e

Germany)anda quartz 96 well plate.
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5.3 Results and Discussion

5.3.1 Incorporation of the 5-ASA loaded zein nanoparticles into HPMCAS
fibers by electrospiming technique

As schemed in the Introduction in tiiégure 5.1, the experiments of incorporation of
5-ASA-zein NPs into the HPMCAS fibers by-eaxial electrospinning @re performed. For
this purpose, #\SA-zein NPs (10%) suspension (core feed solution) was used in
combination with a 20%IPMCAS (w/v) solution in acetone:DMSO (3:2, v:v) containing
0.05% PAR and 0.04% HYD (shell feed solution). However, no matter whaimcaioin of
the flow rates was used, the HPMCAS solution precipitated in the presence of the acidified
nanoparticle solution (0.018M HCI) due to the polymer pH dependent solubility. Therefore,
a tri-axial electrospinning using a pure solvent as a middker kasas proposed to obtain the
design schemed in tikegure5.1. The solvent used to solubilise the HPMCAS shell solution,
acetone:DMS(3:2, v:v), was trialled first. This was followed by MQ water and finally by
the perfluoro(methylcyclohexane), which is immiscible with both feed solutions solvents.
However, none of these solvents created sufficient barrier in between the nanosuspensio
and the HPMCAS solution and the precipitation of the HPMCAS was not prevented. Thus,
using a solution of the polymer which is soluble in a wide range of pH as a middle layer was
proposed. This would create a design which is sketched Figlhiee5.2. For this purpose,
PVP k90 and PEO (300,000) polymers were selected. 10% PVP and 4% PEO solutions ir
MQ water were prepared and trialled as a middle solution at differedtrétes in the
tri-axial electrospinning. Nevertheless, using these polymer solutions as a barrier in betweel
the nanosuspension and the HPMCAS solution and the precipitation of the HPMCAS was

not yet again prevented.

D2 D3 D2 D3 D2 D3 D2

D1 =5-ASA D2 = Paracetamol (00 = HPMCAS
D3 = Hydrocortisone = zein nanoparticle G - pvp

Figure 5.2. Diagram of incorporation of -ASA (D1) loaded zein nanoparticles into HPMCAS fibers
containing paracetamol (D2) and hydrocortisone (D3}rbgxial electrospinningusing a pH independent
polymer such as PVP as a middle lay®ps section on the right.
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Due to these challenges, a layered drug delivery system design showfigutie®.3 was
proposed (Figure A shows a cross section of the fiahulation, Figure B shows a
schematic look from the top). The system consisted of three layers, electrospun directly or
each other at relative humidi80d N2%. Layer1 (bottom) and layer 3 (top) are HPMCAS
fibers loaded with PAR electrosptinrough a scanning single nozzle on a rotating drum
coated with ayrease proobaking paper. The middle layer is created by HYD loaded PVP
fibers with incorporate®-ASA-zein NPselectrospun through a stationary-axal nozzle
(core feed solutiorB-ASA-zein NPs nanosuspension, shell feed solution: PVP loaded with
HYD) on a stationary drum. Using a stationary nozzle and collector together with a shorter
nozzle tipcollector distance were proposed to seal the middle layer from all sides to avoid
immediatedissolution of the PVP polymer when hydrated, since a stationary electrospinning

coats the collector in a circular shape.

D2 D2 p2D2 p2 D2 D2

D1 =5-ASA D2 = Paracetamol () = HPMCAS
D3 = Hydrocortisone = zein nanoparticle ) - pvp

Figure 5.3. Diagram of aproposedayered drug delivery system design, showing (&Ay@sssection of the
final formulation and (B) a view from the top.

The electrospinning parameters of the layered formulation are summarised abtbg.1.

The system was produced in triplicates, which weepared on the same collectbirst,

layerl (HPMCASPARMIn) was electrospuonto a rotating drum as a base for all three
triplicates. henrotating of the drum was stopped dhcke spots dayer 2 wereelectrospun

onto the layer Wwith sufficient gaps in between each othesing a stationary eaxial nozzle

(inner: 5ASA-zein NPS (10%), outer: PVRYD, further referred to as

i BASA-zein NPsi PVP-H Y D oFjnally, the drum collector started to rotate again and a
layer 3 (HPMCASPARmMiIn)was electrospun over the three replicates of laysealng the
formulation. The triplicates were separated using a pair of scissors (following guidés wh
were marked on the uncovered part of the paper during the electrospinning process) an

peeled of the grease proof paper. The table also lists concentrations of the excipients and tf
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drugs, and the used solvents. The concentrations of the drugs yusteddonsidering the
LC-MS LODs, so all three drugs could be quantified at the same time and none of the drugs
would overload the detector. Each replicate of the Iay®was electrospun for 2&inutes
due to the minimal occurrence of the-@xial electrgpinning process instabilities during
this period.After this 25minute periodthe frequency of thelectrospinningnstabilities
rapidly increased over the time. Since the nanosuspensiofA86zein NPS (10%) was
fed through the nozzle at 0.1@/h flow rate to avoid said instabilities of the process, each
replicate contained onky 95 Qg of 5ASA. From this, the concentrations of HYD and PAR
were calculated based on their flow rates and time of the electrospinning. The times of the
electrospinning offte layersl and3 were set to 7iinutes each, to assure the bottom and
top layers are thick enough and the whole formulation is easy to peel of the grease proo
paper. This resulted in-€0.05%,~0.15%, and~0.04% drug loading of PAR,-BSA, and
HYD, respectively.

Table 5.1. Summary of electrospun feed solutions, process conditions, and calculated final drug loading of the
layered drug delivery system prepared in triplicates on the same grease proof paper3tN2% (layerl
electrospun first, then three times lagewith sufficient gaps in between each other, followed by |18yer

Layer1 & 3 Layer 2
Inner Outer
Polymer conc. (w/v) 20% (HPMCAS) 1.58% (Zein) 7.5% (PVP)
Drug Conc. (mg/ml) 0.1(PAR) 1.5 (5ASA) 0.2 (HYD)
Solvent acetone:DMSO (3:2; 23.34% EtOH + MQ water
vIV) HCI (0.018M)
Nozzle Gauge 22 26 20
Flow Rate (ml/h) 0.72 0.15 0.3
Distance (cm) 20 11
Scan (cm) 2 0
Drum Rotation 60 0
(Nrpm)t' Voltage
egative

(kvg) g 0 4.6
Positive Voltage 9.9 (Layer 1) 9.1 (replicate 1); 9.3 (replicate 2);
(kV) 10.7 (Layer 3) 9.6 (replicate 3)
Time (min) 75 (each) 3x25
Final Drug Loading ~0.05% ~0.15% ~0.04%

The triplicates prepared following the parameters fronTtide5.1 were used for the drug
release experiment, which is discussed further in this chapter. The same parameters wet

then used to prepare samples for SEM to observe the structure of the formulation at differen
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stages of the electrospinning. The represent&@i#®l scans are showed in tRgure5.4.
First, the layer 1 was imaged on its own (Figure A). Beaded HPMEARMInN fibers were
observed in this layer. Then the layewna@s electrospun on the layer 1 and imaged (Figures
D1 F). Figure D shows the overall structure of the layer-2%$3-zeinNPsi PVP-HYD),
consisting of microparticles, beaded fibers, and solidified drops/aggregates. The beadec
nanofibers are shown in FigrE, using higher magnification due to the large size difference
in between the particles and the fiber diameter. It was suggested that the beaded nanofibe
are created by PVP and the microparticles are either core shell particles consisted of zeil
NPs ore coated with PVP shell, or reprecipitated zein NPs into microparticles. The
solidified drops/aggregates were suggested to be aggregates of zein NPs, potentially mixe
with solidified PVP, created by the instabilities of the Taylor cone. Figure F saggest
layer 2 is not mixing with layer 1 and so the potential of the layers 1 and 3 to create enteric
coating of the layer 2. Finally, the layer 3 was imaged, when electrospun on layers 1 and Z
(Figure B), showing the structure of the beaded HPM®ARmin fibers did not change
significantly by electrospinning on the layers 1 and 2. The whole formulation was also
imaged upside down (bottom of layer 1), which confirmed the structure of the fibers stays

intact after peeling from the substrate (Figure C).
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Figure 5.4. Representative SEM scans of the layered drug delivery system observing the formulation at the
different stages of the electrospinning process. The HPMEBARmMIn beaded fibers created (A) layleand

(B) layer3. Scanning the finished formulation upside down confirmed the structure of (C) thé Istpgred
unchanged after peeling it of the substrate. (D) A mix of particles, fibers, and solidified drops/aggregates were
found in coeaxially electrospurdayer 2 (inner: BASA zein NPS (10%), outer: PVYRYD), where a higher
magnification showed (E) beads on the fibers. Scans (B), (C), and (F) confirmed the layer 2 did not mix with
the layersl and3, where scan (F) was obtained before the formulation vededseith layer3 and by cracking

of the layer2 to expose the laydrbeneath.
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The distribution of the fibediameter and the bead length/width ratio were closely studied
in all three layers (seeFigure 5.5). Figures A and B show comparisons of
HPMCASPARmMiInN fiber diameter anblead length/width ratio, respectively, in the layers
(solid) and 3 (dotted). Fiber diameter distribution histogram showed four maxima in both
layers, where three of them were shared in thei 120, 600 700, and >1000 nm ranges.
However, the layer Bhowed a fourth maximum at 40G00nm, while the layer 3 at
30071 400nm range. The layer 1 also did not show any fibers in the <100 andi¥@®nm
ranges, while 3% of the fibers in the layer 3 were found in each of this diameter range. The
bead lengt/width ratio in the layer 1 (solid) showed two maxima at <1.5 an@ 2anges,
while only one maximum was observed in the layer 3 at 2.5ange. Only 3% of the fibers
in the layer 1 were found in each of thé 8 and >4 bead/length ratio ranges, wti0%
and 8% of the beads with these ratios were found in the layer 3. The differences in both fibel
diameter and the bead length/width ratio distributions amongst the layers 1 and 2 are
suggested to be caused by the different substrates since layeelegtasspun directly on
the grease proof paper covering the stainless steel, while the layer 3 was electrospun on tt
layers 1 and 2 creating a dense fiber (and particle) layer in between the collector and the
jet, causing the need for higher voltageyure5.5 C and D describe the fiber diameter and
the bead length/width ratio distributions, respectively, of the-PIYP fibers in the layeP.
These fibers showed aliag fiber diameter distribution peak with a maximum ai 2D nm
range (C) and a peak with maximum atil B bead length/width ratio range. This suggests
that the PVRHYD fibers electrospun under the conditions used for the preparation of this
formulation are not showing thick enough diameter to serve as an outer carrier of the
5-ASA-zein (10%) NPs whose diameter wasl0 times larger in the feed solution
(125N45nm). The mean bead width and the mean bead length were estimated to be
87N72nm and 13W97 nm, respectively. If the bead was considered a cylinder, then
maximum of 8 spherical NPs could have been incorporated into one bead (maximum volume
of the bead divided by the minimum volume of the NP). However, this calculation does not
account for thgpacking gaps in between the particles.
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Figure 5.5. Histograms of (A, C) fiber diameter and (B, D) bead length/width ratio distributions of (A, B)
HPMCASPARmMiIN fibers (showing layer 1 as solid and layeas3dotted columns) and (C, D) PNYD
fibers; showing the change of substrate affected the distribution patterns in HRFIER@SIn fibers and
insufficient fiber diameter of PVMPIYD to incorporate BASA-zein NPs of-10 times higher diameter.
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Since particles of approximately 10 times larger diameter than the diameter of the
5-ASA-zein (10%)NPs were found in the lay&r two theories of their material content were
proposed as mentioned earli¢he microparticles are either core shell particles istets of
zein NPs core coated with PVP shell, or reprecigitazein on its own Confocal
fluorescence microscopy (CFM) was used to obtain complementary dataidee=5.6),
taking the advantage of strong fluorescence of zein and minimal fluorescence of PVP, wher
excited at 40,mm (Figure A). For this purpose, theyer2 was electrospun directly on a
glass cover slip for2 min. Figure B shows the image of the layavithout the excitation,
Figure C is the fluorescent image excited at 405 and Figure D is the overlay of figures
B and C. Figure E is a 3D fluorescent map (excitation atr¥@bshowing spherical zein
microparticles and large aggregates formed by aawation of spherical and deformed zein
particles. The spherical particles were manually measured from both SEM and CFM images
Their diameter distributions are compared infrgure5.7. Both SEM and CFM methods
showed the maximum abundance of the particles with @.6m diameter (38% and 50%,
respectively). SEM technique showed a tailing peak, when 3% of the particles were found
in the 2.5/ 3Om diameterrange. On the other hand, the CFM method showed another
maximum at 1.5 2 Om diameter range (13%) and no particles were found i@.8ie3 Om
diameter range. These inconsistencies could have been caused by the change of the substr
from grease proofaper to glass cover slip, necessary for the CFM imaging. The smallest
diameters of the spherical particle found were 296 and 343 nm, measured by SEM and CFM
respectively. This confirms the theory of reprecipitation of the zein NPs into larger particles
during the electrospinning process since the maximal diameter of the NPs in the feed solutior
was 170nm. The reprecipitation as well as the aggregation might be caused by the excess o
water coming from the PVRYD feed solution and mixing of the core anide feed
solutions within the Taylor cone, causing pH fluctuations. The reprecipitation process
together with the aggregation were proposed to be the main reasons of the electrospinnin
instabilities. Although, the reprecipitation was confirmed by the C#M possibility that
the reprecipitated zein particles were coated with a thin layer ofHPX[P or that the
aggregates were mixtures of the zein clusters and solidifiedHPXI solution could have

not been eliminated due to the low resolution of thertiegle.
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Figure 5.6. Representative Confocal Fluorescent Microscopy (CFM) images of the layer 2 and (A) a
fluorescence emission spectrum of double filtered 5% zein solution in 70% EtOH ag. (v/v) (solidlioiange
compared to the 7.5% PVP solution in MQ water (dashed dark blue line) at thend@&itation. The CFM

shows the layer 2 (B) without the excitation and (C) excited at 405 nm. The overlay of figures B and C is shown
in Figure D. Figure E is a 3D ftuescent map (excitation at 405 nafixhe layer 2 samplshowing spherical

zein particles and their large aggregdtdease notice the scale of the units)
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Figure 5.7. The histograms of particle diameter distribution in the layer 2 estimated from SEM (solid) and
CFM (checked) images, showitlyze maximum abundance of the particles is withini018om diameter range
and confirming the particles are reprecipitated zein (gBtentially covered with a thin PVP layer)

The individual layers were characterised with TGA and the thermograms were compared tc
the corresponding physical mixes and individual materials. IFith&e5.8, a hermogram

of PVP powder was compared to thé\SA-zeinNPsi PVP-HYD fibers (layer 2) and its
physical mix. In all three thermograms akl2% weight loss was observed in theiZB5 AC

range, which is a common characteristic of a PVP polymer. No significaisture uptake

was detected in the layer 2 fibers (<1% weight loss in thé TWAC range). The
decomposition temperature of the PVP was found at/A@]1@vhen additional 1811%
weight loss was observed above&5 This decomposition temperature wesreased to
390/C and 380,C for 5ASA-zeinNPsi PVP-HYD physical mix and fibers, respectively.

The decrease of the decomposition temperature in the physical mix was associated with th
faster decomposition rate of zeifhe increased decompositiongabserved in the fibrous

form could be explained by the increased surface to volume ratio caused by the
electrospinning process. The thermogravimetric analysis of the HPME¥3nin fibrous

layer, its corresponding physical mix, and HPMOA® powder is ado shown in th&igure

5.8. No significantweight loss atLl00AC was detected in the HPMCASARMIn fibers
(<2%), suggesting minimal water uptake by the sampkspite he fast decomposition rate

of PAR, no change in the decomposition temperature was observed in the
HPMCAS-PARmMIn physical mix compared to the HPMCA&Sv powder (10N 1% weight
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loss at 310°C for both), suggestintiat eithetthe TGA was not sensitive enoutghdetect
the ~0.05% PAR loadingr the drug loading was not high enough to affect the polymer
properties However, the decomposition temperature of HRMCASPARMIn fibers
decreasedto 308C, suggesting again that the inc

faster decomposition rate.
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5-ASA-zein NPs— PVP-HYD fibers

|5-ASA-zein NPs — PVP-HYD phys. mix

100 JPVP raw
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|HPMCAS raw
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Figure 5.8. TGA thermograms ob-ASA-zeinNPsi PVP-HYD (layer 2) and HPMCASPARmIn (layers
1 & 3) fibres showing no significant moisture uptake and faster decomposition rate compared to their
corresponding physical mixes.

MDSC thermogranof the HPMCASPARmMInN fibers (layers 1 & 3) showed no significant
shift of glass transition migoint (123AC) compared to both HPMCABARmMIn physical
mix and HPMCAS raw powder (seeigure 5.9 A), which corresponds with the TGA
analysis. On the other hand, the MDSC thermogram o5+A8A-zeinNPsi PVP-HYD
fibers (layer 2) showed a depression of the glass transition/C)7&mpared to the DSC
thermogram of a corresponding physical mix (£Z%. The glass transition migbint of the
PVP polymer was observed at 1X7 (seeFigure5.9 B). This suggests the glass transition
of the5-ASA-zeinNPsi PVP-HYD physdcal mix was depressed due to the addition of the

amorphous BASA-zein NPs (10%) which showed glass transition atAR5vhen analysed
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separately. The glass transition was further depressed by the electrospinning proces:

suggesting the HYD was moleculadispersed in the fibers.
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Figure 5.9. MDSC thermograms of the (A) HPMCABARmMIn fibers and (Bb-ASA-zeinNPsi PVP-HYD
fiberscompared to the according physical mixes and polymer powders; (A) showimgnificant shift in the
glass transition of the HPMCABARmMin fibers (layers 1 & 3) and (B) suggesting molecular dispersion of the
HYD in the electrospun layer 2.
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The ATRFTIR analysis of the HPMCA®ARmMIn fibers(layers 1 & 3) showed no
additional bands or their significant shifts compared to the corresponding physical mix as
well as the raw HPMCAS powder (sémgure5.10). Observing no bands belonging to PAR
in the physical mix was expected as #e05%paracetamol loading is not sufficient to be
detected with the ATHETIR method and also the potential effect of the drug on the polymer
would be too small at this concentrati@tio. However, a broadening of the reference peak
(~1050cm?, RI=100%) was observed in the HPMCARRmiIn fibers, when compared
with the corresponding physical mix and the unprocessed HPMCAS powder. This explains
the increase in relative intensity df the other bands in the HPMCASARMIN fibers, as
the maximum intensity of the reference peak decreases (see the tabligutgs.10). The
broadening of the refenee peak may be associated with presence of a wider range of

polymer conformations created by electrospinning.
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5 - HPMCAS-PARmiIn fibers
T

HPMCAS-PARmiIn phys. mix

Absorbance units
(48]

D
2
1

HPMCAS raw

e

0
3650 3150 2650 2150 1650 1150 650
v (cm?)
HPMCAS-PARmIn HPMCAS-PARmIn
HPMCAS raw
phys. mix fibers

v (cm1) RI (%) v (cml) RI (%) v (cml) RI (%)

2936 12% 2934 13% 2934 19%
2839 9% 2837 10% 2837 15%
1736 43% 1736 45% 1736 55%
1645 1% 1649 5% 1649 8%

1452 10% 1450 10% 1450 15%
1371 22% 1371 24% 1371 30%
1315 9% 1315 9% 1315 13%
1232 48% 1231 51% 1232 59%
1047 100% 1047 100% 1051 100%
953 29% 953 35% 953 44%
829 7% 829 9% 829 13%

Figure 5.10. ATR-FTIRabsor pti on spectra and a t abl densitiésot he
the HPMCASPARmMiInN fibers compared to its corresponding physical mix and raw HPMCAS powder, showing
no significant shift of the bands but increase in relative intensity of all peaks after electrospinning.
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The fibrous layer 2 was alstaracterised by the AFRTIR (seeFigure5.11). The spectra
of the 5-ASA-zeinNPsi PVP-HYD fibers and its physical mix are suggested to be two
different combinationsfdhe spectra belonging to the raw PVP powder and-#h8/A-zein
NPs (10%), as shown in the table in Bigure5.11. The bands belonging to theXsA-zein
NPs (10%) arenore prevalent in the physical mix than in the electrospun fibers, suggesting
the reprecipitated particles in the layer 2 may be coated with a thin PVP shell. The maximum
at 3296 crrt found in the physical mix could correspond to theSA-zein NPs (10%band
observed at 3290 ctn No maximum at this region was found in the spectra of the
electrospun layer 2 or the raw PVP powder. Compared to the raw PVP powder, anothet
additional band was observed at 1537 and 1545' dm the spectra of the
5-ASA-zeinNPsi PVP-HYD physical mix and the fibers, respectively. This band
corresponds to the-ASA-zein NPs (10%) band found at 1531 tnwhich is the amide Il
peak. The relative intensity of this band is almost twice higher in the physical mix (25%)
than in the fbers (13%) and the band is significantly shifted in the fibers compared to the
physical mix. This shift could be caused by a minor change in the zein spectrum of the
reprecipitated particles. However, no significant shift was observed in the amide | region
(16457 1650cm?), suggesting no significant change in the secondary structure of the
protein. All the other bands, which were assigned as overlapping with or directly belonging
to the 5ASA-zein NPs (10%) in the physical mix and fibers spectra, wergfis@ntly
shifted. This suggests the ball milling
interaction. However, this phenomenon should be studied with less complex samples. The
spectrum of hydrocortisone is not shown in this figure due tantetectable~0.04%)
loading.
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phys. mix fibers

v (em?) RI(%) v (cml) RI(%) v (cml) RI(%) v (cm?) RI (%)

3423 21% 3398 21% 3396 20% X X
X X 3296 22% X X 3290 31%
2951 15% 2955 18% 2953 14% 2959 25%
2922 14% 2928 17% 2926 14% 2932 25%
2891 13% 2878 14% 2893 12% 2874 21%

1645 100% 1643 100% 1649 100% 1643 100%

X X 1537 25% 1545 13% 1531 70%

X X X X X X 1518 69%
1493 19% 1495 28% 1495 20% X X
1460 36% 1460 38% 1462 34% X X

X X X X X X 1448 53%
1421 57% 1421 50% 1423 46% X X
1373 19% 1373 21% 1373 16% X X
1317 21% 1315 23% 1317 19% X X
1286 63% 1286 53% 1288 57% 1298 35%
1273 60% 1273 51% 1275 49% X X
1229 27% 1229 29% 1229 23% 1213 40%
1169 17% 1171 19% 1171 15% X X
845 10% 843 7% 845 8% 847 4%
735 9% 735 7% 735 8% 750 7%

Figure 5.11. ATR-FTIRabsor pti on spectra and a table of the
the 5-ASA-zeinNPsi PVP-HYD fibers compared to its corresponding physical mix, raw PVP powder, and
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5-ASA-zein NPs (10%)suggesting the zein in tfe2ASA-zein NPs (10%yrhanged its secondary structure
after the reprecipitation within the electrospinning process

The PXRD diffractograms of the fibrous layers and their corresponding physical mixes, both
HPMCASPARmMIn and5-ASA-zeinNPsi PVP-HYD, showed no crystalline peakhis
suggests the drug loading in both types of the electrospun layers were indetectable by PXRLC
These diffractograms are compared to the diffractograms of unprocessed polymers and drug
in theFigure5.12.

80000 e 5-ASA-zein NPs — PVP-HYD fibers
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5-ASA-zein NPs (10%)
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HPMCAS-PARmiIn phys. mix
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v HPMCAS raw
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Intensity, cps

HPMCAS-PARmin fibers

Figure 5.12. PXRD diffractograms ofHPMCASPARmMIin and 5ASA-zeinNPsi PVP-HYD fibers, their
physical mixes, the raw polymer@nd the BASA-zein NPs (10%); showing no crystalline peaks in any of the
physical mixes or the electrospun samples
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The layered formulation was tested for drug release properties following the same methoc
as in the dissolution of the MBKIPMCAS fibers in Chapter 3using LGMS as a
quantification technique. The cumulative drug release profiles (CDR) of all three drugs are
shown in theFigure5.13. 5-ASA showed a release profilellfmving the same trends as in
the release from the MBKIPMCAS fibers or the BASA-zein NPs (10%), when 568% of
the drug was released within 2 hours in $H.2, followed by a plateau in pH7.4. The
release of HYD in pH = 1.2 wasgnificantly faster when compared with the release from
the MIX-HPMCAS fibers, showing 3618% release at 2 hours in pHL.2, while total
release of the drug at 8 hours was not significantly different from the total release observec
in the MIX-HPMCAS fibers. The faster release of HYD in the acidic pH was associated with
the high solubility of PVP in such conditions as well as with the increased surface to volume
ratio due to the significantly lower diameter of the PNPD fibers when compared with
the MIX-HPMCAS fibers. No release of PAR was detected within the first two hours in
pH = 1.2, followed by a slow release in pH7.4 reaching a total release of 3% at 8
hours. This dissolution experiment showed the HPM@®&XRmin fibers are not behaving
as arenteric coating of thB-ASA-zeinNPs- PVP-HYD fibers, releasing more than 10% of
the 5ASA and HYD, each. However, the PAR release profile suggested the low drug
loading could lead to a significantly slower drug release rate as well as preserving of the
HPMCAS enteric properties after electrospinning.
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Figure 5.13. Cumulative dug releas€CDR) from the layered formulation, simulating the pH transition from
stomach acidic pH 1.2 to colonic pH = 7.4 at Rour time point. Blue diamonds show release of PAR, red
squares release of ASA, and green triangles release of HYD.

5.3.2 Effects of drug loading on the enteric properties of the electrospun
HPMCAS fibers

As the PAR release from the layered formulation suggested the low drug loading could leac
to a significantly slower drug release rate as well as preserving of the HPMCAS enteric
properties after electrospinning, te#ect of the minimal drug loading leeWas studied
more closely. For this purpose, HPMCAS fibers containing 0.05% of PAR, 0.05% of HYD,
and 0.15% of BASA were prepared by a single nozzle electrospinning technique, following
the conditions set up for the MIKPMCAS fibers 20% (w/v) solutionof HPMCAS in
acetone:DMS(3:2; v:v) plus according concentrations of the drugs, 22G nozzle, 0.72 ml/h
feed rate, 20 cm nozzkollector distance, R4 30 N2%, grease proof paper on a rotating
drum: 60 rpm50 mm/sscan over 2 cm). The chamber temperatuas 17.3C and the
positive voltage was gradually increased from 11.92 kV to 17.22 kV over the course of 3.5
hours to keep the Taylor cone stable. The produced fibers are further referred to as

MIX -HPMCASmin.Even thoughthe need for gradual increasetbé voltage suggests an
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instability of the electrospinning process, only 13 beads were found in 9 different locations
of the MIX-HPMCASmin fiber mat scanned by the SEM (see representative scans in the
Figure5.14 A, B), compared to >100 beads found in the same number of locations of the
blank HPMCAS fibers. However, the diameter of the fiber was broadly distributed across
130- 3078nm range, where fdrs with the diameter of 46(G00nm were the most
abundant but creating only 20% of the whole sample kgpee5.14 C). None of the 13
beads found was spherical &%Pb of the beads showed bead length/width ratio greater than
4 (seeFigure5.14 D).
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Figure 5.14. Representative (A,B3EM scans of the MIXHPMCASmMin fibers showing (C) broad distribution
of the fiber diameter and low total number of the beads, which were (D) predominantly elongated.

The low abundance of beads in the MPMCASMIn fibers led to a study of the properties

of the feed solution. No significant difference in viscosity, conductivity, and surface tension
was observed in comparison with the blank HPMCAS solution. However, the processing
temperature of the MIXHPMCASmMin fibers was 7.2C lower than for the blank HPGAS
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fibers causing significant changes in these parameters (increased viscosity and surfac

tension, decreased conductivity).
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Figure 5.15. Solution properties dflIX -HPMCASmincompared to blank HPMCAS solution and the solvent
binary mixture in terms of: (A)igcosity(d) measured at shear rate2#.4 ', (B) conductivity (8) measured
at 20- 22 /C, and (C) surface tension) (measured at 24C.

The TGA analysis of the MIXIPMCASmiIn fibers in theFigure 5.16 shows a faster
decomposition rate (181% weight loss at 308C), when compared to the corresponding
physical mix and raw HPMCABowder (both showing 18 1% weight loss at 314C). This

could be associated with the surface to volume ratio of the sample. The MDSC analysis of
the MIX-HPMCASmIn fibers in theFigure 5.17 shows the glass transition depression
(mid-point at 119%C) compared to the corresponding physical mix and raw HPMCAS
powder (both showing migoint at 123/C). The absence of the melting peaks in the
physical mix might be explained/the low drug loading levels which were not detectable

by the MDSC method.
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Figure 5.16. The TGA thermograms of the MIXHPMCASmMiIn fibers, its corresponding physical mix, and
unprocessed HPMCAS powder, shaogiafaster decomposition raia the fibrous sample compared to its
physical mix.
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Figure 5.17. The MDSC thermograms of the MIMPMCASmIn fibers, its corresponding physical mix, and
unprocessed HPMCAS powdeshowing a glass transition depression in the fibrous sample compared to its
physical mix.
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The ATRFTIR spectrum of the MIXHPMCASmiIn fibers was identical to the spectra of
the MIX-HPMCASminphysical mix and unprocessed HPMCAS powder [3gere5.18),
suggesting the drug loading levels were undetectable by theFATRtechnique. The drugs
were not detectde by the PXRD technique either, showing no crystalline peaks in either of

the fibrous sample or its physical mix ($&gure5.19).
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Figure 5.18. ATR-FTIR spectra of thehe MIX-HPMCASmMin fibers, its corresponding physical mix, and
unprocessed HPMCAS powder, showimgband shifts or change in the relative intensities of the bands after
electrospinning
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Figure 5.19. PXRD diffractograms of théhe MIX-HPMCASmin fibers, its corresponding physical mix, and
unprocessed HPMCAS powder, showmmcrystalline peaks in the physical mix and the fibrous samples
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Following thesame dissolution conditions as in the case of the-MPMCAS fibers and
the layered formulation, the drugs were quantified over 8 hours usinyl$CThe
cumulative drug release profiles of the three drugs are showedRigtire5.20. More than
10% of each drug was released within first two hours incdkR2, suggesting the enteric
properties of HPMCAS were not preserved despite the total drug loading of 0.25%. When
transferred into colonic pH, both PAR and HYD showed steady sustained release, while the
5-ASA reached a plateau. However, the reliability and accuracy of thB1&CGnethod
should be studied more closely due to the low drug concentrations, especially gftdr the
transfer. Since the drug masses released in the acidic pH were not transferred into the vesse
with colonic pH and therefore, the drug concentrations within the vessel came nearer to the
LOD.
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Figure 5.20. Cumulative dug releas¢CDR)from the electrospun MIXHPMCASmin formulation, simulating
the pH transition from stomach acidic pH = 1.2 to colonic pH = 7.4 at 2 hour time point. Blue diamonds show
release of PAR, red squares release-ABS2\, and greettriangles release of HYD.

5.3.3 Effects of fiber diameter on the enteric properties of the HPMCAS
It was proposed that the enteric properties of the HPMCAS could be affected by the diamete
of the fibers. Adhe HPMCAS swellsit pH above by absorption of water and allows free
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movement of the drygvhile much slower diffusiorof the drug occurs in thacidic pH.
However, the low diameter in the electrospun fibers seem to allow sufficient diffusion of the
drug to cause a significant drug loE®r this study, filaments of three different diameters
were prepared by the hot melt extrusion (HME). The groigmer ratios of the electrospun
fibers in the Chapter 3 were kept and following filaments were prepared: blank HPMCAS
extrudates, ASA-HPMCAS extrudates (7% ofASA), PAR-HPMCAS extrudates (8% of
PAR), HYD-HPMCAS extrudates (2% of HYD), and MIKPMCAS extrudates (mixture
of the three drugs, 17% of total drug loadingyen thoughthe midpoint of the glass
transition of the HPMCAS was found at 1&3, the optimal extruding temperature of the
polymer was found at 17&. At this temperature, it was pdsisi to manually control the
diameter of the filament to achieve three significantly different diameters (including the one
controlled by the extruder nozzle). In thigure5.21, representative photos of the filaments
are shown. The blank HPMCAS extrudates were clear yellow. The yellow colour intensified
after adding paracetamol, while faded with addition of hydrocortisone. CASA5Svas
added, the filaments became darkwn and opaque, while darker shade was observed at
the MIX-HPMCAS extrudates due to lower concentration of the HPMCAS polymer. The
brittleness of the filaments was also increased in both cases. This suggesAsSihavas
oxidised and polymerised withthe filaments, so the initial content of théASA needs to
be assayed closely before the drug release studies.
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Figure 5.21. Representative photos ofxteuded blank HPMCAS, BASA-HPMCAS, PARHPMCAS,
HYD-HPMCAS, and MIXHPMCAS filamentsof three different manually controlled diameters, showing a
colour change depending on the drug used in the composition.

i
<

145



INCORPORATION OF THE BASA LOADED ZEIN NPsINTO HPMCAS FIBERS
& FACTORS AFFECTING THE ENTERIC PROPERTIES OF THE HPMCAS FIBHRS
The blank and single drug loaded filaments were stored in the desiccator 8RR Ko 6
monthsbefore they were characterised due to the COV@pandemic. The MPHPMCAS
filaments were prepared fresh but also stored in the desiccator atORHin between

experiments.

The morphology of the extruded filaments was imaged by SEM, when a surface and a cros
section of each filament were scanned. The cross section was prepared by snapping of tr
filament manually to avoid any morphological changes caused by the increassargre
created by tools such as scalpel. InFgure5.22, representative SEM scans of the blank
HPMCAS extrudates are shown. The surface (figure A) of the filamensmasth with
occasional bumps. When the filaments with manually decrgasedched outfliameter

were snhapped, they created a wdid structure (figure B), while the filament with the

highest diameter (controlled by the extruder nozzle) showed flakgtste (figures C and
D).

Figure 5.22. Representativ6EM scans of thélank HPMCAS extrudates showing (A) smooth surface with
occasional bumps, (B) wood like structure on the cross section of the fiem@h manually controlled
diameters, and (C D) a flaky structure on the cross section of the thickest filaments with diameter controlled
by the extruderds nozzl e.
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In theFigureb5.23, the surface and cross section of the drug loaded filaments with the thickest
di ameters (controlled by tASA-HPKCAS Glaremsd s |
showed a woodike surface A1) and plate drug crystals on the cross section (A2). The
presence of the-BSA crystals was expected since the extrusion temperaturé’() 7@as
significantly |l ower than t RASA decomgps$es before | t
its melting and thefore, the extrusion temperature was kept at the optimal temperature for
the HPMCAS polymer processing to avoid any drug decomposition. Smooth surface with
occasional bumps as well as smooth cross section were observed in the scans of th
PAR-HPMCAS extruates (B1 and B2, respectively). Smooth surface was also observed in
the HYD-HPMCAS extrudates (C1). However, the HYHPPMCAS filaments showed a
semolinalike structure (C2), suggesting the HYD might not have been fully molecularly
dispersed due to its highmelting temperature (onset at 2&3) compared to the processing
temperature (1768C). The MIX-HPMCAS filaments showed a rough surface (D1) similar
to the 5ASA-HPMCAS filaments, although slightly smoother. The plate crystals were also
observed on the ass section of the MIXIPMCAS filaments (D2) due to insufficient

processing temperature to melt thASA.
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(A1) 5-ASA (7%) (A2) 5-ASA (7%)

(B1) PAR (8%) - (B2) PAR (8%)

(C1) HYD (2%) (C2) HYD (2%)

(D2) MIX

Figure 5.23. Representative SEM scans of the drug loaded extruded filaments:-f@&ABHPMCAS
extrudates, (B) PARHPMCAS extrudates, (C) HYIHPMCAS extrudates, and (D) MIKPMCAS
extrudates showing the structure of (1) the filament surface and (2) the cross section of the filaments with
di ameter controlled by the extruderds nozzl e.
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All the extruded filanents were characterised with TGA, while <1.5% of weight loss was
observed at 10£C in each of them. The minimal moisture content was expected since the
samples were stored at desiccator with RBP6. No significant difference of the
decomposition rate vga observed in the blank HPMCAS, -ABSA-HPMCAS,
HYD-HPMCAS, and MIXHPMCAS extrudates compared to their physical mixes, showing
10N1% weight loss at 318C, 270AC, 315AC, and 245C, respectively. Only
PAR-HPMCAS extrudates showed faster decompositite campared (1811% weight
loss at 280%C) to its physical mix (18l1% weight loss at 298C), which could be

associated with an early onset of the PAR decompositionA155
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Figure 5.24. TGA thermograms of the drug loaded extruded filaments compared to the thermograms of the
corresponding physical mixes and blank HPMCAS extrudates.

The MDSC analysis showed a significant depression of the glass transdlbdring loaded
extruded samples compared to their corresponding physical mixesFigae 5.25),
suggesting molecular dispersion of the drugs within the filaments.glEss transition
mid-point of the blank HPMCAS extrudates was found at A20which is 34C lower than
the unprocessed HPMCAS powder. ThASA-HPMCAS extrudates showed a glass
transition midpoint temperature at 122C compared to the corresponding ghgb mix

which showed a glass transition at ¥4 This suggests, thaven thoughthe SASA
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crystals were observed on the cross section of the filaments bysekid,otthe drug could
have been molecularly dispersed in the filaments to some degreedPRIRAS extrudate
showed 13C depression of the glass transition fpamint (95AC) compared to its
corresponding physical mix (10€). The glass transition mjobint of HYD-HPMCAS
extrudates depressed to 14D from 125/C and the one of MIXXPMCAS extrudates

depressed to 9& from 111AC, when compared to their corresponding physical mixes.

0.10 4 MIX-HPMCAS extrud.

MIX-HPMCAS phys. mix

HYD-HPMCAS extrud.

|HYD-HPMCAS phys. mix

PAR-HPMCAS extrud.

-0.059 pAR-HPMCAS phys. mix

5-ASA-HPMCAS extrud.

5-ASA-HPMCAS phys. mix

Reversing Heat Flow (Normalized) (W/g)

HPMCAS blank extrud.

€004+
70 90 110 130 150 170

Exo Up Temperature 7 (°C)

Figure 5.25. MDSC thermograms of the drug loaded extruded filaments compared to the thermograms of the
correspnding physical mixes and blank HPMCAS extrudates.

The ATRFTIR spectra of all extruded samples were compared to their corresponding
physical mixes and unprocessed HPMCAS powder. The band with highest absorption
intensity and therefore, 100% relative irgiép, was found at1047cm in all spectra and

was associated with HPMCAS. The spectrum of the blank HPMCAS extrudates showed a
broadened reference peakl050cm?, RI=100%) compared to the spectrum of the raw
HPMCAS, suggesting presence of a widerga of polymer conformations after extrusion
(seeFigure5.26).
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Figure 5.26. ATR-FTIR spectrunof extrudedblank HPMCASfilamentscompared to raw HPMCAS, showing
a broadened peak a1050cnT? in the filament sample

No significant band shifts or intensity changes were found in between the spectra of the
5-ASA-HPMCAS extrudates and its corresponding physicad (seeFigure 5.27). This
agrees with the previous findings of théSA crystals in the extruded filaments.

5-ASA powder

5-ASA-HPMCAS extrud.

Absorbance units

5-ASA-HPMCAS phys. mix

3650 3150 2650 2150 1650 1150 650
v({cm?)

Figure 5.27. ATR-FTIR spectrumof extruded5-ASA-HPMCAS filamentscompared to its corresponding
physical mix and BASA powder, confirming presence of crystalline form eASA in the filaments.
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A spectrum of the HYEHPMCAS physical mix lsowed a sharp peak at 16&8™, which
was the only band belonging to the hydrocortisone, as all the other peaks were associate
with the HPMCAS (sefigure5.28). Thisband became a broad shoulder in HAIBPMCAS

extrudates, confirming the HYD was at least partially molecularly dispersed.

5 - HYD powder

HYD-HPMCAS extrud.
—

Absorbance units
(V%)

HYD-HPMCAS phys. mix

e

3650 3150 2650 2150 1650 1150 650

v (cm?)

Figure 5.28. ATR-FTIR spectrumof extruded HYD-HPMCAS filaments compared to its corsponding
physical mix and HYD powder, suggesting molecular dispersion of the drug in the filaments.

Figure5.29 shows a comparison of the ATIRTIR spectrum oextrudedPAR-HPMCAS
filaments compared to its corresponding physical mix BAR powderat two different
regions of interest and a correspondiaigle of the highlighted bands describing their exact
wavenumber and relative intensity. Spectrum of FARMCAS physical mix showed a
band at 3328m%, which disappeared in the spectrum of the extruded filamentFipae

5.29 A), suggesting the drug is in the amorphous form after extruding. Further significant
changes in the spectrum of the RAIRMCAS filaments compared to its corresponding
physical mixare shown irthe Figure5.29 B, where the bands of interest are highlighted in
yellow and their exact wavenumbers and relative intensities are described in the

accompanying table.
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Figure 5.29. ATR-FTIR spectrum of extruded PARPMCAS filaments compared to its corresponding
physical mix and PAR powder showing (A) a disappearance of a band at8328uggesting the drug is in

the amorphous form after extruding, and (B) further significant changes in the spectrum of the filaments. The
bands of interest are highlighted in yellow and their exact wavenumbers and relative intensities are describec
in theaccompanying table.
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The ATRFTIR spectrum of the MIXHPMCAS extrudates was a combination of the
5-ASA-HPMCAS and PARHPMCAS extrudates spectrahd significant shifts, changes in
relative intensities, and association ofshieands compared tbe MIX-HPMCAS physical

mix are shown in th&igure5.30andTable 5.2

10

HYD powder

PAR powder

5-ASA powder

Absorbance units

MIX-HPMCAS extrud.

-..._._-_-—’-F"

MIX-HPMCAS phys. mix

3650 3150 2650 2150 1650 1150 650

v(cm?)

Figure 5.30. ATR-FTIR spectrum of extruded MIX-HPMCAS filaments compared to its corresponding
physical mix and individual drug powders, significant changes in the spectrum are highlighted in yellow.
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Table 5.2. Table of the significanthangeshifts changes in relativéntensities and associationf the
ATR-FTIR bands of th&1IX-HPMCAS extrudates compared to its corresponding physical mix.

MIX -HPMCAS MIX -HPMCAS
phys. mix extrudates
3 (¢ RI Association 3 (Mcr RI Association
3321 8% PAR-HPMCAS phys. mix - - PAR-HPMCAS extrud.
Overlap with more
- - intense bands of 1583 10% S-ASA-HPMCAS

PAR-HPMCAS phys. mix extrud.

1566 19% PAR-HPMCAS phys. mix 1555 11% PAR-HPMCAS extrud.
1502 20% PAR-HPMCAS phys. mix 1514 24% PAR-HPMCAS extrud.

Overlap withmore
1448 37% intense bands of 1452 30%
PAR-HPMCAS phys. mix

5-ASA-HPMCAS

5-ASA-HPMCAS
extrud.

Overlap with more

1194 29% phys. mix - - intense bands of
' PAR-HPMCAS extrud.
837 13% PAR-HPMCAS phys. mix 833 22%  PAR-HPMCAS extrud.
5-ASA-HPMCAS 5-ASA-HPMCAS
687 12% & PAR-HPMCAS 685 4% & PAR-HPMCAS
phys. mixes phys. mixes

The PXRD analysis in theFigure 5.31 show amorphous diffractograms of the
PAR-HPMCAS and HYDHPMCAS extrudates compared to their physical mixes which
both showed crystalline peaks belonging to each of the drugs. This confirmsldwlar
dispersion of both drugs within the HPMCAS filaments. However, crystalline peaks
associated with-3\SA at 7.56A 15.14A and 16.54Awere observed in both diffractograms

of 5ASA-HPMCAS and MIXHPMCAS filaments, confirming the presence of FRASA
crystals within both extrudates.
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Figure 5.31. PXRD diffractograms of extruded blank HPMCAS, 5ASA-HPMCAS, PARHPMCAS,
HYD-HPMCAS, and MIXHPMCAS filaments compared to the diffractograms of their corresponding
physical mixes and raw HPMCAS andASA, suggesting the PAR and HYD were molecularly dispersed in
the extrudates, while the ASA stayed mostly in a crystal form after extrusion.
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To study the effect athe filament diameter on the enteric properties of the HPMCAS, the
three different diameters of each single drug loaded filament were first measured. The
thickest diameter (a), which was controlled by the extruder nozzle, was measured by the
digital calliper. The two thinner diameters (b, c) were manually estimated from the images
obtained by the optical microscope. The mean diameters and their standard deviations (SD

are shown in th@able5.3. Ten measurements were taken for each diameter.

Table 5.3. Diameters of the single drug loaded extruded filaments used for the drug release study.

5-ASA-HPMCAS PAR-HPMCAS HYD-HPMCAS
a b C a b c a b Cc
(Onm (Om (OM (Om ( Om ( Om (OMm ( Om ( Om

Mean ' 5100 617.1 332.6 1900 717.6 245.0 2100 738.1 269.9

size
SD 100 42.7 609 100 258 523 100 324 185

The dissolution study of the different diameters of the sidglg loaded filaments was
performed in closed glass vials placed in the shaking water bath (100 rpmjGit B7e
filaments were first placed into acidic buffer (pH..2) for two hours and then transferred

into PBS buffer pH= 7.4 for next 6 hours. Thaulfer volume was kept fixed by adding fresh
buffer into the vials after each time point sample was taken. The drug concentrations were
quantified by the UWIS spectrophotometry. In theigure5.32, the drug release profiles

of the three single drug loaded filaments and each of their diameters are shown compared t
the release profiles obtained for the electrospun single drug loaded samples. Figure A show
the release prfiles of the 5SASA-HPMCAS filaments compared to theASA-HPMCAS

(both drug loading of 7%), figure B shows the release profiles of the-HRAIRCAS
filaments compared to the PARPMCAS (both drug loading of 8%), and figure C shows
the release profiles ofélHYD-HPMCAS filaments compared to the HYYBPMCAS (both

drug loading of 7%). The thickest diameter (a) of the extruded filaments is represented by
the green triangles, the middle diameter (b) is represented by the yellow squares, and th
thinnest diamete(c) is represented by the dark blue diamonds. The pink empty circles
belong to the release profiles of the electrospun formulations. The filament structure stayec
unchanged after the two hours in the acidic pH and the filaments were therefore easily
transerred. In the pH: 7.4, the filaments started to swell, which is characteristic for
HPMCAS polymert*® Before calculating the cumulative drug release, the real drug
concentration present in the filaments was measured by dissolving fresh filaments

completely in the PBS buffer (pEl7.4) in trplicates, resulting in clear solutions. The
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measured drug loadings of theASA, PAR, and HYD were 5.810.5%, 7.3N0.8%, and
2.1N0.1%, respectively. This suggests, théA\SA was partially decomposed by the
extrusion process, which agrees with the dadywvn colour of the filaments. The PAR might
have been partially decomposed as well during the extrusion process, considering its earl
onset of decomposition (13&) occurring before the extrusion temperature (A70and
the high standard deviation dfe real drug loading measurements. The mean values of the
real drug loading measurements were further used as the 100% of the drug content in th

filaments.

The enteric properties of the HPMCAS polymer were not preserved in any of the
PAR-HPMCAS extrudate samples, showing K2%, 13N1%, and 41N5% cumulative

drug release after 2 hours in pH..2 buffer. On the other hand, no drug was released from
both 5ASA-HPMCAS and HYDHPMCAS extrudates of all three diameters in the acidic
pH. Following trendsobserved in other enteric polymers, in particular Eudréggslready
discussed in Chapter'8), thediffusion of PARfrom HPMCAS extrudate acidic media

could be explained by its low moleculariglet andweak acidity

Even thouglihe PARHPMCAS extrudates did not behave as an enteric formulation, all the
obtained data suggest the diameter of the filament plays a key role in the drug release rats
The bigger the diameter of the filament was, th@wver the drug release was. &h
dependence of the drug release in acidic media on the filament diavastdso observed

in other enteric polymers such as Eudradi0@®°and Eudragit FS166. In the latter case,
Balogh et af®compared release of poorlylable spironolactone from Eudragit electrospun
fibers and extruded filamentBhe electrospun fibexsf ~0.41 0.8 Gm diametedid not fulfil

the enteric requirements despite g@/mpol.r on
However, less than 5% dhe drug was released from ground extrudapsstiCles of
<4000m diametey.

The drug release study of the MBXPMCAS extrudates was not performed due to time and

cost reasons associated with the CO\KMDpandemic.
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Figure 5.32. The cumulative dug releaserofiles of the (A) 5SASA-HPMCAS, (B) PARHPMCAS, and (C)
HYD-HPMCAS extruded filaments compared to the corresponding electrospun formulations (pink empty
circles. The thickesdiameter (a) of the extruded filaments is represented by the green triangles, the middle
diameter (b) by the yellow squares, and the thinnest diameter (c) by the dark blue diamonds.
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