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ABSTRACT

The most popular and convenient route of drug administration remains the oral route,
however, protein and peptide drugs such as insulin have poor membrane permeability and
stability in the gastrointestinal tract. Absorption enhancers can be added to drug delivery
systems to overcome the epithelial cell membrane permeability problem. Although previous
studies have shown that aloe leaf materials improve the transport of drugs across intestinal

epithelia, their performance in solid oral dosage forms has not yet been investigated.

Beads containing insulin and each of the selected absorption enhancers (i.e. Aloe ferox,
Aloe marlothii and Aloe vera gel materials) were produced by extrusion-spheronisation,
using a full factorial design to optimise the formulations based on transepithelial electrical
resistance (TEER) reduction of Caco-2 cell monolayers as response. The optimum bead
formulations were evaluated in terms of friability, mass variation, particle surface texture,
shape, size and dissolution. The transport of insulin across excised pig intestinal tissue from
the optimised bead formulations was determined over a 2 h period. The samples obtained
from the transport studies were analysed for insulin content by means of high-performance

liquid chromatography (HPLC).

The results showed that the TEER reduction, as an indication of tight junction modulation,
obtained for the bead formulations containing aloe materials was concentration dependent.
Furthermore, inclusion of croscarmellose sodium (Ac-di-sol®) as a disintegrant showed an
enhanced TEER reduction effect in combination with the aloe gel materials. Dissolution
profiles indicated that the beads containing aloe leaf materials in conjunction with insulin,
released the insulin within an hour. In accordance with the TEER reduction results, the
A. marlothii and A. vera materials containing beads showed similar increased insulin delivery
across excised pig intestinal tissue, which was pronouncedly higher than that of the control

group (insulin alone).

It can be concluded that beads containing aloe leaf materials have high potential as effective

delivery systems for protein therapeutics such as insulin via the oral route of administration.

Keywords: Oral route, insulin, absorption enhancers, Aloe ferox, Aloe marlothii, Aloe vera,

extrusion-spheronisation, transepithelial electrical resistance.
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UITTREKSEL

Die mees populére en gerieflikste roete van geneesmiddeltoediening bly steeds die orale
roete, maar sommige proteien en petiedgeneesmiddels soos insulien het ongewenste
membraandeurlaatbaarheid en  stabilitiet in  die  gastro-intestinale  kanaal.
Absorpsiebevorderaars kan by afleweringsisteme gevoeg word om die membraan-
deurlaatbaarheidsprobleem aan te spreek. Alhoewel vorige studies getoon het dat aalwyn
blaarmateriale die transport van geneesmiddels deur die dermepiteel bevorder, is hul

werking in vaste orale doseervorm nog nie ondersoek nie.

Krale met insulien en geselekteerde absorpsiebevorderaars (d.i. Aloe ferox, Aloe marlothii
en Aloe vera jel materiale) is vervaardig deur ekstrusie-sferonisasie en geoptimaliseer met
behulp van 'n volle faktoriaalontwerp waartydens die transepiteel elektriese weerstand
vermindering van Caco-2 selmonolaag gebruik was as respons. Die optimale formulerings
is geévalueer in terme van brosheid; massavariasie; deeltjie-oppervlak; tekstuur en vorm;
grootte en dissolusie. Die transport van insulien oor varkderm weefsel vanaf die
geoptimaliseerde kraalformulerings is bepaal oor 'n 2 uur tydperk. Die monsters verkry uit
die transport studies is ontleed vir insulieninhoud deur middel van 'n hoé-druk vloeistof-

kromatografiese analise.

Resultate het getoon dat die transepiteel elektriese weerstand vermindering as 'n aanduiding
van hegte aansluiting modulering vir die kraalformulerings wat aalwyn jel materiale bevat,
konsentrasie-afhanklik was. Verder het die insluiting van natriumkroskarmellose (Ac-di-sol®
as disintegrant, verbeterde transepiteel elektriese weerstand vermindering in kombinasie
met die aalwyn jel materiale getoon. Dissolusie profiele toon dat die insulien binne die
eerste uur vanuit die krale wat aalwyn jel materiale bevat, vrygestel word. In
ooreenstemming met die transepiteel elektriese weerstand verminderingsresultate, het die
krale wat A. marlothii en A. vera jel materiale bevat, soortgelyke insulien aflewering oor
varkderm weefsel getoon wat aansienlik hoér as dié van die kontrole groep (insulien alleen)

was.

Daar kan tot die gevolgtrekking gekom word dat krale wat aalwyn jel materiale bevat hoé
potensiaal het om as orale afleweringsisteme vir terapeutiese proteine, soos insulien, te

dien.

Sleutelwoorde: Orale toedieningsroete, insulien, absorpsie bevorderaars, Aloe ferox, Aloe

marlothii, Aloe vera, ekstrusie-sferonisasie, transepiteel elektriese weerstand.
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CHAPTER 1: INTRODUCTION, AIM AND OBJECTIVES

1.1 Background and motivation

1.1.1 The oral route of drug administration

The oral route of administration is one of the most popular routes of drug administration,
because it is simple, convenient and safe (York, 2007:7-8). This route of drug administration
is known for high patient acceptability and compliance, having the benefit of providing a
large surface area for systemic drug absorption. It also enables the use of immediate and
sustained release dosage forms and avoids discomfort, pain and possible infections which

occur by administration of parental dosage forms (Hamman, 2007:58).

The oral route of drug administration has some disadvantages such as a relative slow onset
of action; certain drugs undergo enzymatic degradation and are instable in secretions of the

gastrointestinal tract and potentially variable absorption (Rekha & Sharma, 2013:49).

Most therapeutic proteins and peptides are administered by means of the parenteral route of
drug administration due to degradation in the gastrointestinal tract and poor membrane
permeability. Parenteral delivery (e.g. injection) suffers from certain disadvantages such as
discomfort, pain and risk of infections. This clearly indicates the need for sophisticated oral
dosage forms which are capable of enhancing protein drug delivery from the gastrointestinal
tract (Hamman, Enslin & Kotzé, 2005:166; Hamman & Steenekamp, 2012:220). Formulating
a solid oral dosage form for protein and peptide drugs requires addressing several
challenges such as manufacturing cost, poor bioavailability as well as overcoming
physiological and biochemical barriers. Formulation strategies which can be used to
address some of these challenges include the use of particulate carrier drug delivery
systems, inclusion of enzyme inhibitors, developing bioadhesive systems, site-specific

delivery and inclusion of absorption enhancers (Rekha & Sharma, 2013:53).
1.1.2 Absorption enhancing agents

Absorption enhancers are compounds used in pharmaceutical preparations to increase drug
absorption across the intestinal epithelium, thereby improving bioavailability. These
permeation enhancing compounds improve drug movement across the intestinal epithelium
through different mechanisms of action. One type of chemical absorption enhancing agent
acts by modulating tight junctions between adjacent epithelial cells and has shown promise
for improving bioavailability due to enhanced paracellular movement of macromolecular

drugs across the intestinal epithelium. It was shown that cationic polymers, such as
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chitosan, are able to open the tight junctions in a reversible way
(Crowley & Martini, 2004:537; Deli, 2009:892; Rosenthal et al., 2012).

It was found that when Aloe vera gel and whole leaf extract are co-administered with certain
vitamins to humans, the bioavailability of the vitamins are increased (Vinson, et al.,
2005:760). Solutions of aloe leaf materials also showed in vitro drug absorption
enhancement properties with the potential to improve oral protein and peptide drug delivery
(Chen et al., 2009:587; Lebitsa et al., 2012:297; Beneke et al., 2012:475). Furthermore,
A. vera gel material indicated the potential to enhance delivery of drugs across the buccal
mucosa (Ojewole et al., 2012:354) as well as the skin (Fox et al., 2014:96-106).

1.1.3 Solid oral dosage forms containing absorption enhancers

The formulation of aloe leaf gel and whole leaf materials in solid oral dosage forms as
functional excipients intended for effective protein drug delivery via the gastrointestinal tract
has not yet been investigated. Proof of concept is therefore needed to show that aloe leaf
materials can be used as functional excipients in solid oral dosage forms for peptide drug

delivery.
1.2 Problem statement

Protein and peptide drugs exhibit poor membrane permeability and stability after oral
administration and currently are almost exclusively administered by injection. To overcome
the poor intestinal epithelial permeability of peptide drugs, absorption enhancers can be
added to the drug delivery system. Although drug absorption enhancing agents have been
discovered, most are not efficient enough or exhibited cell damaging and toxic effects.
Previous studies have shown that aloe leaf materials, applied in the form of aqueous
solutions, improve the in vitro transport of drugs across intestinal epithelia through opening
of tight junctions in a reversible manner without destroying the integrity of the epithelial layer
(Chen et al., 2009:587). Furthermore, A. vera leaf materials showed relatively low toxicity

and cell damaging effects in different cell lines (Du Plessis & Hamman, 2014:169).

The research problem, which will be investigated in this study, is to determine if aloe leaf
materials are effective as functional excipients in solid oral dosage forms to enhance protein
drug transport across the intestinal epithelium. A multiple unit dosage form (beads filled into
a hard gelatine capsule) was chosen due to its advantages over conventional single unit
dosage forms, such as more uniform absorption with lower inter-subject variability and
higher surface area of the dosage form in contact with the gastrointestinal mucosal surface

for interaction by the chemical permeation enhancer.



1.3 Aims and objectives

1.3.1 General aim

The aim of this study is to investigate the in vitro drug permeation enhancing effect of
Aloe ferox, Aloe marlothii and Aloe vera leaf gel materials as functional excipients, when

formulated into spherical beads, across excised pig intestinal tissue.
1.3.2 Specific objectives

* To chemically fingerprint A. ferox, A. marlothii and A. vera gel materials by means of

proton nuclear magnetic resonance (‘H-NMR) spectroscopy.

+ To use a design of experiments (i.e. a 2° full factorial design with MODDE 9.0™

software) to optimise bead formulations containing A. ferox, A. marlothii and A. vera gel

materials produced by extrusion-spheronisation.

+ To evaluate and characterise the bead formulations in terms of friability, mass variation,
particle surface texture, shape, size, dissolution profiles and to determine their effects on
the transepithelial electrical resistance (TEER) of Caco-2 cell monolayers as the

“response” for the formulation optimisation, employing a design of experiments.

+ To determine the effect of the optimised A. ferox, A. marlothii and A. vera gel containing
beads on the transport of insulin by using the Sweetana-Grass Diffusion Chamber

method with excised pig intestinal tissue.
1.4 Ethical aspects of research

The excised pig intestinal tissue was obtained from a local abattoir (Potchefstroom Abattoir,
Potchefstroom, South Africa) immediately after the pigs was slaughtered and the tissue
disposed of by the Vivarium at the North-West University, Potchefstroom. There was no
ethical approval needed as the pigs were slaughtered for meat production and not research

purposes.



CHAPTER 2: ORAL DELIVERY OF PROTEIN AND PEPTIDE
DRUGS

2.1 Introduction

The oral route of drug administration remains the most popular route due to high patient
compliance and acceptability, ease of use and convenience of administration
(Hamman, 2007:58). The oral route of drug administration also provides a large surface
area for systemic absorption and many drugs are well absorbed from the gastro-intestinal
tract. This, however, does not apply to protein and peptide drugs due to several hurdles that
prevent intact absorption of these macromolecular compounds. The effective delivery of

proteins and peptides via the oral route still remains unfulfilled (Renukuntla et al., 2013:76).

Formation of protein and peptide molecules occurs through the polymerisation of amino
acids when covalent bonds are formed between carboxyl and amino groups. A relatively
short polymer chain of amino acids is known as a peptide and when the chain contains more
than 20 amino acids, it is classified as a polypeptide. Linking two or more polypeptides
result in the formation of a protein (Garret et al., 2002:87). Advantages of proteins and
peptides over conventional small molecular drugs include high activity, high specificity, low

toxicity and minimal non-specific and drug to drug interactions (Renukuntla et al., 2013:76).

The complex macromolecular structure of proteins and peptides cause certain challenges to
formulate a solid oral dosage form for effective systemic delivery. It is important to
understand and overcome these challenges without altering the biological activity of the

protein and peptide drugs in order to optimise treatment.
2.2 Challenges to oral delivery of protein and peptide drugs

In order to effectively formulate a solid oral dosage form containing protein and peptide
drugs for systemic delivery, several challenges need to be overcome. These include
protection of the drug from biochemical degradation, facilitation of drug permeation through
the gastro-intestinal tract epithelium and optimisation of the biological half-life while

maintaining the pharmacological effect (Shargel et al., 2012:514-515).

Endogenous biochemical and physical constraints exist in the gastro-intestinal tract to
provide physiological protection against harmful toxins, antigens and pathogens from

entering the systemic circulation. However, they also prevent effective oral delivery of



protein and peptide drugs as they counteract absorption of these macromolecular

compounds in the gastro-intestinal tract (Hamman et al., 2005:166).
2.2.1 Physical Barriers

Physical barriers of the gastro-intestinal tract against protein absorption include the unstirred
water layer, efflux systems, the intestinal epithelial cell membranes and tight junctions
(Hamman et al., 2005:167).

Before the physical barriers to gastro-intestinal absorption of protein and peptide drugs are
described, a brief overview of the pathways of drug absorption from the gastrointestinal tract
will be given. Figure 2.1 illustrates the potential pathways and mechanisms of drug transport
across the gastro-intestinal epithelial cells into the surrounding blood vessels after oral

administration.
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Figure 2.1: The potential pathways and mechanisms of drug transport across the
gastro-intestinal epithelium: (a) transcellular pathway, (b) paracellular pathway,(c)
carrier mediated efflux transport, (d) carrier mediated active transport (adapted from
Beg et al., 2011:692)

Paracellular pathway

The paracellular pathway involves transport of molecules by means of passive diffusion
through the aqueous pores between epithelial cells and is believed to be an important
pathway of macromolecular absorption. The main barrier to this pathway is the presence of
tight junctions, which act as a semi-permeable barrier controlling the paracellular passage of

molecules (Pauletti et al., 1996:5; Gonzalez-Mariscal et al., 2005:56).



Transcellular pathway

The transcellular pathway includes transport of drug molecules across the apical cell
membrane, through the cytosolic interior and across the basolateral membrane by means of
simple passive diffusion, endocytosis, active transport or facilitated diffusion. Passage by
simple passive diffusion of highly charged macromolecules, such as protein and peptide
drugs, is prevented by the bilayer lipoprotein structure of the biological cell membrane
(Hamman et al., 2005:167). M-cells in the Peyer’s patches have the ability to transcytose
large molecules in endosomes directly to the basolateral side of the cells and release the

molecules into the extracellular space (Pauletti et al., 1996:6).
Carrier mediated efflux transport

Carrier mediated efflux transporters are energy dependent transporters using
P-glycoproteins (P-gp) to transport drug molecules from within the epithelial cells to the
apical side and therefore back into the Iumen of the gastrointestinal tract
(Beg et al., 2011:693).

Carrier mediated active transport

Carrier mediated transport or facilitated diffusion is an active process where a molecule is
transported across the gastro-intestinal cell membrane via membrane proteins. Popular
water soluble vitamins absorbed by means of carrier mediated transport include: folic acid,

ascorbic acid and pyridoxine (Hamman, 2007:92).
2.2.1.1 Tight junctions

Tight junctions (Zonula occludens) are dynamic protein structures located above
desmosomes (macula adherens) and gap junctions. They form a continuous network of
interconnected parallel strands at the apical cell poles of adjacent gastro-intestinal epithelial
cells (Rajasekaran et al., 2008:758). The core components of tight junctions are the
scaffolding proteins which link the transmembrane and peripheral membrane proteins to the
cytoskeleton, providing stability and serving as a matrix for signalling pathways
(Van ltallie & Anderson, 2014:157). Freeze-fracture electron microscopic analysis of rat
intestine epithelial cells was used to investigate the presence of integral membrane proteins
which includes claudins, occludins, tricellulin and MarvelD2. Scaffolding proteins of the tight
junctions were identified as Zonula Occludens (ZO-1, ZO-2, ZO-3) which functionally bind
actin and actin-binding proteins to the cytosckelton (Lemmer & Hamman, 2013:104;
Van ltallie & Anderson, 2014:157)



Tight junctions have gate and fence functions by controlling the passage of water, ions and
molecules through the paracellular pathway (Gonzalez-Mariscal et al., 2005:56).
Endogenous and exogenous stimuli can reversibly or irreversibly open tight junctions and

enhance the absorption of protein and peptide drugs (Lemmer & Hamman, 2013:103).
2.2.1.2 The unstirred water layer

The epithelial cells of the gastro-intestinal tract are covered by a stagnant aqueous layer
consisting of water, mucus, electrolytes, glycoproteins and nucleic acids. Large molecules
such as proteins and peptides may have restricted access to the epithelial membrane
surface due to this stagnant aqueous layer. More specifically, high-molecular weight
glycoproteins in this layer act as a barrier to drug absorption by facilitating the interaction
between the diffusing molecules and components of the mucus layer or stabilising the

unstirred water layer (Hamman et al., 2005:67; Hamman et al., 2011:73).
2.2.1.3 The intestinal epithelial cell membrane

The biological cell membrane is composed of a phospholipid bilayer. Molecules therefore
need a certain degree of lipophilicity and must possess a molecular weight below a certain
value to cross the phospholipid bilayer. The apical membrane of the epithelial cells acts as
an absorption barrier to hydrophilic and high molecular weight molecules such as proteins
and peptides. Conversely, the basolateral membrane differs in function, morphology and
biochemical composition and might cause a less pronounced barrier function because of the

higher fluidity in comparison to the apical membrane (Hamman et al., 2011:74).
2.2.1.4 Efflux systems

Some drugs are pumped by counter transport efflux proteins back into the lumen of the
gastrointestinal tract after being taken up into the epithelial cells. One of the main active
efflux transporter proteins is known as P-glycoprotein (P-gp). Energy is required for this
active transport process and can occur against a concentration gradient. Efflux may cause a
decrease in the bioavailability of drugs which are substrates for P-gp. Efflux can, however,
competitively be inhibited by other substrates of P-gp (Ashford, 2007:283).

2.2.2 Biochemical barriers

For protein and peptide drugs to exert their pharmacological action it is imperative they are
absorbed intact, without degradation, into the systemic circulation

(Hamman et al., 2005:168). Proteins and peptides undergo degradation in the



gastrointestinal tract through various mechanisms, which include metabolism by digestive
enzymes or microorganisms present in the lumen of the gastrointestinal tract as well as by
chemical degradation reactions due to the acidic environment in the stomach
(Pauletti et al., 1996:10).

The main proteolytic enzyme in the stomach is pepsin and lumenal degradation of orally
administered proteins and peptides are initiated by trypsin, a-chymotrypsin, elastase and
exopeptidases such as carboxypeptidase A and B, released by the pancreas into the
intestine (Hamman et al., 2005:168). This is followed by further degradation by enzymes
such as aminopeptidase, di- and oligopeptidase and  carboxypeptidase
(LeuBen et al., 1996:117).

2.3 Approaches to overcome protein and peptide drug delivery

challenges

There are various strategies to overcome bioavailability problems of protein and peptide
drugs. In general, two categories of approaches can be distinguished, namely chemical
modifications and formulation strategies. Chemical modifications can be made to protein
therapeutics such as synthesising pro-drugs, preparation of peptidomimetics and structural
modifications to target specific membrane transporters or receptors. Poor bioavailability can
also be addressed by formulation of special dosage forms containing enzyme inhibitors

and/or absorption enhancers.
2.3.1 Chemical modifications
2.3.1.1 Pro-drug approaches

A pro-drug is a pharmacologically inactive chemical derivative of a parent drug which
requires biotransformation to become pharmacologically active (Pauletti et al., 1996:10).
The use of pro-drugs may be limited for proteins and peptides because of the structural
complexity of these macromolecules therefore, most pro-drug strategies applied to these

drugs usually focus on modifying a single functional group (Hamman et al., 2005:169).

Pro-drugs targeted towards membrane transporters (Figure 2.2) are chemically modified to
become substrates for membrane transporters and thereby can enhance the uptake of
protein and peptide drugs. The pro-drug is transported across the intestinal epithelial
membrane and may follow one of two pathways: it can reach the systemic circulation intact

where it undergoes biotransformation and releases the free active drug, or the pro-drug may



undergo enzymatic hydrolysis whilst present in the intracellular environment and then be

released as free active drug into the systemic circulation (Majumdar et al., 2004:1438).

Biological
= ; barrier
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Biotransformation
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\ Enzymatic
hydrolysis [ [irug |

-Transporter

Figure 2.2: Schemaitic illustration of the pro-drug approach (adapted from Majumdar
et al., 2004:1439)

Carrier-mediated Transport

2.3.1.2 Structural modification

Chemical modifications such as amino acid substitution, lipidisation and PEGylation have
shown to be beneficial in terms of enzymatic stability as well as intestinal permeability for
protein and peptide drugs (Pauletti et al., 1997:235-256; Renukuntla et al., 2013:75-93).

Amino acid substitution

Structural modification based on amino acid substitution, also known as analogue formation,
can be achieved by the substitution of a specific amino acid with a different amino acid, or
replacing an L-amino acid with a D-amino acid. The short half-life and enzymatic stability of
the endogen hormone, somatostatin, was changed by replacing an L-amino acid with a

D-amino acid and shortening the 14 to an 8 amino acid sequence (Werle et al., 2006:351).
Lipidisation

Lipidisation is known as the conjugation of a fatty acid to a protein or peptide molecule to

improve the macromolecule’s lipophilicity and thereby also its bioavailability
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(Shen, 2003:607). These chemical modification techniques include non-reversible

lipidisation, albumin binding as well as reversible lipidisation (Hackett et al., 2013:1335).
PEGylation

Polyethylene glycol (PEG) is known as a non-toxic and biocompatible polymer, which is
soluble in organic and aqueous solvents. The pharmacokinetic properties of protein and
peptide drugs can be improved by covalent linking of PEG to the macromolecule’s structure
and this process is known as PEGylation. PEGylation strategies include non-specific, site-
specific, enzymatic and non-covalent PEGylation (Pfister & Morbidelli, 2014:135-142).
PEGylation has been known for the advantages of increasing the in vivo circulating half-life
of proteins and peptides, protecting them from in vivo degradation, decreasing their renal
clearance and improving their physicochemical properties (Pfister & Morbidelli, 2014:135).
PEGylation of a-interferon (PEG-INTRON®) is an example of a commercially available
product on the market for the treatment of Hepatitis C (Hamman et al., 2005:169).
PEGylation has evolved into an advanced field with different complex strategies, as

illustrated in Figure 2.3.
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Figure 2.3: lllustration of different PEGylation strategies (Pfister & Morbidelli, 2014:137)

2.3.1.3 Peptidomimetics

Peptidomimetics are synthetic chemical entities that resemble the structure of certain

peptides and mimic the biological activity of these peptides. Designing peptidomimetics can
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be achieved by either replacing one atom to the design or secondary structural elements of

peptides for more complex peptidomimetics (Hamman et al., 2005:170).
2.3.1.4 Targeting membrane transporters and receptors
Targeting membrane transporters

Due to a high concentration of peptide transporters in the small intestine, research has been
focused on these transporters as potentially effective targets for protein and peptide drug
delivery. These peptide transporters (i.e. PepT1 and PepT2) are proton-coupled and energy
dependent, have extensive substrate specificities and are capable of transporting hydrophilic
peptidomimetic drugs such as ACE-inhibitors, renin-inhibitors and B-lactam antibiotics
(Hamman et al., 2005:170; Pauletti et al., 1997:247).

Intestinal protein and peptide absorption may be improved by conjugating these
macromolecules to substrates of other carrier mediated transporters rather than peptide
transporters. For example, targeting the bile acid transporter may improve drug delivery to
the liver (Pauletti et al., 1997:248).

Receptor mediated endocytosis

Receptor mediated endocytosis has shown the ability to move macromolecules across the
cell membranes. Combining these molecules, which are substrates for the receptors to
protein or peptide drugs, may enhance their absorption after oral administration. Epidermal
growth factor, immunogobulins, transferrin and cyanocobalamin are some of the molecules
transported by means of receptor mediated endocytosis. Previous attempts were made to
increase both the stability and the transport of molecules by coating drug-loaded
nanoparticles with cyanocobalamin. During the in vitro studies the cyanocobalamin-coated
nanoparticles showed a higher level of transport than the uncoated particles across the

epithelial cell monolayers (Hamman et al., 2005:170; Chalasani et al., 2007:421).
2.3.2 Formulation technologies
2.3.2.1 Particulate systems

Multiple-unit dosage forms contain a number of subunits, each one containing a certain
portion of the total drug dose. This type of dosage form is often compared to single unit
dosage forms that contain only one dose of drug to be administered singularly
(Gandi et al., 1999:160).

11



Multiple-unit dosage forms offer several advantages over single-unit drug delivery systems,
which include a higher degree of homogenous dispersion in the gastrointestinal tract that
causes optimised drug absorption. Furthermore, this dosage form is known to reduce peak
plasma fluctuation, side effects and overall variation in transit times (Gandi et al., 1999:161;
Ishida et al., 2008:46). Multiple-unit dosage forms also have technological advantages,
which include better flow properties, low friability, narrow particle size distribution, ideal

shape, higher suitability for film coating and ease of packaging (Vervaet et al., 1995:131).

Beads are multiple-unit particulate drug delivery systems which can be manufactured by
different methods, one of which is called extrusion spheronisation. This manufacturing
technique has relatively short processing times with savings on production costs
(Mallipeddi et al., 2010:53). It consists of a number of steps: firstly a homogenous powder
mixture has to be obtained by mixing the dry ingredients; secondly wet massing takes place;
then rod-shaped extrudates of uniform diameter are produced from the wetted powder mass
by means of extrusion. Spheronisation is conducted to round off the rods into spherical

particles/pellets or beads (Summers & Aulton, 2007:419).

Particulate carrier delivery systems have been developed to potentially enhance the oral
delivery of protein and peptide drugs, using micro-emulsions, liposomes, nano- and
microparticles. Solid lipid nanoparticles (SLN) were found to be a suitable particulate carrier
system for the oral administration of insulin to diabetic rats. This carrier system improved
blood glucose lowering effects significantly compared to an oral insulin solution and empty
SLN for up to 24 h. The mechanism of improved glucose lowering effect was due to the
solid matrix of the SLN protecting the insulin against chemical degradation and enhancing
absorption (Sarmento et al., 2007:748).

Natural biopolymers have also been investigated for prospective particulate carrier delivery
systems for insulin delivery, as they are biocompatible and non-toxic. Insulin was
encapsulated into a hydrogel, which involved dispersion of a biopolymer solution
(e.g. chitosan, gelatine or pectin) into liquid droplets and solidification of the droplets to form
particles/beads ranging 40 nm to 1.8 mm. The aim of the study was to protect the insulin
from chemical degradation. Furthermore, a hydrogel coated particle design containing
alginate-coated zinc calcium phosphate nanoparticles showed sustained blood glucose
reduction for 12 h during in vivo studies after oral administration of these particles to diabetic
rats (Lim et al, 2014:16)
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2.3.2.2 Enzyme inhibitors

Due to enzymatic breakdown of protein and peptides in the gastrointestinal tract, the
inclusion of an enzyme inhibitor in the dosage form is an important formulation strategy to
increase the bioavailability of protein and peptide drugs. Enzyme inhibitors have reversible
or irreversible binding affinity to the target enzymes and the ability of decreasing the target
enzyme’s activity. A popular example of intestinal protease inhibitors which can be included
into dosage forms includes aprotinin, an inhibitor of trypsin and chymotrypsin. By addition of
a pH modifier to a dosage form, an indirect enzyme inhibition effect may be achieved due to
the negative environmental influence for optimal enzyme activity
(Choonara et al., 2014:1273).

2.3.2.3 Bioadhesive systems

Bioadhesive polymers have shown potential to improve bioavailability of protein and peptide
drugs. This is achieved through the bioadhesive drug delivery system for which the
gastrointestinal retention time is increased, leading to an increase in drug absorption. When
these bioadhesive polymeric systems are orally administered and reach the mucosal layer,
wetting and swelling of the polymer takes place and either van der Waal's forces interact
between polymer chains and the mucin chains, or an ionic, covalent or hydrogen bond is
formed (Rekha & Sharma, 2013:54).

The mucoadhesive and permeability enhancing effect of trimethyl chitosan-cysteine
(TMC-Cys) nanoparticles was studied in Caco-2 cells and in rat follicular cells.
The TMC-Cys/insulin nanoparticle showed increased mucoadhesion and permeation
(Yin et al., 2009:5691).

2.3.2.4 Site specific delivery

Site specific delivery is a formulation strategy which targets specific regions in the
gastrointestinal tract to reduce the enzymatic degradation of protein and peptide drugs.
Enteric coating of encapsulated protein and peptide drugs in particles is a popular
mechanism to delay drug release to the ileum and colon, where the pH is more suitable and
proteolytic activity lower compared to that of the stomach and duodenum (Park et al.,
2010:67).

Colon-specific delivery systems such as pressure-induced drug delivery, micro-activated
systems, particulate drug delivery systems as well as pH and time dependent delivery

systems are also considered to be attractive approaches for site specific delivery of proteins
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and peptides (Wallis et al., 2014:1097). This delivery strategy has disadvantages for protein
drugs with large therapeutic absorption windows because of the minimal water present in the
colon as well as the fact that irregular drug release and absorption may occur
(Park et al., 2010:67).

2.3.2.5 Absorption enhancers

Absorption enhancers allow drug transport into and across epithelial cells to enter the
systemic circulation through numerous different mechanisms which may include decreasing
mucus viscosity, changing membrane fluidity, disturbing cell membrane integrity and
opening of tight junctions (Chin et al., 2012:105). The main requirements for successful drug
absorption enhancement include that the drug permeation be predictable, reproducible and
reversible. The absorption enhancer should also increase the intestinal permeability without

long term or toxic effects (Legen et al., 2005:184).
Types of absorption enhancers and their mechanisms of action

There are many types of drug absorption enhancers, which include salicylates, fatty acids,
surfactants, chelating agents, toxins and venom extracts, as well as anionic and cationic
polymers. These absorption enhancers are briefly described below with emphasis on aloe

materials, which were investigated in this study.

Salicylates, such as sodium salicylate, act as absorption enhancers by increasing cell
membrane fluidity, decreasing the concentration of non-protein thiols and preventing
cell-association or protein aggregation. Medium chain glycerides or long chain fatty acids
may act paracellular or transcellular by either dilating tight junctions, disrupting cell
membranes or causing cell damage, while bile salts reduce mucus viscosity and disrupt
membrane and tight junction integrity by cytotoxic effects as well as phospholipid
solubilisation (Hamman, 2007:166).

Surfactants such as sodium dioctyl sulfosuccinate, sodium dodecyl sulfate and
polyoxyethelene, cause epithelial membrane damage by removing membrane lipids and
proteins, thereby enhancing drug absorption. Toxic and damaging effects are commonly
experienced with this group of drug absorption enhancers (Hamman et al., 2005:172). The
chelating agents, ethylene-diamine-tetra-acetic-acid (EDTA) and ethylene-glycol-tetra-acetic-
acid (EGTA), have the ability to open tight junctions to allow for paracellular drug absorption.
These chelating agents form complexes with calcium and magnesium and thereby cause

Ca?" depletion in cells which induce disruption of actin filaments and adherent junctions.
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EDTA and EGTA also reduce cell adhesion and activate protein kinases
(Raiman et al., 2003:130).

Zonula occludens toxins (ZOT) regulate tight junction opening in a reversible way by binding
to zonulin receptors and thereby causing zonulin-mediated modulation of the paracellular
transport pathway (Fasanoa et al., 2004:803). The polypeptide component of Apis mellifera
(European honey bee) venom extract, melittin, may enhance absorption of intestinal drugs
by assuming an extended a-helical conformation in the cell membrane to form a voltage
gated ion channel (Su et al., 2001:64). Melittin is also known to induce bilayer micellisation
and act as a membrane fusion peptide (Liu et al., 1999:85). Anionic polymers, e.g. the
polyacrylic acid derivative Carbopol ® 934P, affect epithelial tight junctions by depleting the
extracellular calcium levels. Some of these polymers are also able to inhibit trypsin and
carboxypeptidase A, both luminal enzymes. Opening of tight junctions can cause enhanced
paracellular transport of peptide drugs (Borchard et al., 1996:132). Chitosan salts and
N-trimethyl chitosan chloride (TMC) are polycationic polymers with mucoadhesive properties
and the ability to regulate tight junction integrity through interaction with negatively charged

sites on the cell membranes (Kotzé et al., 1997:244).
2.3.2.6 Aloe plant derived materials as absorption enhancers
Botany and phytochemistry of the genus ‘Aloe’

Aloe L. (Asphodelaceae) is a family of succulent plants consisting of nearly 420 species and
10 subdivided groups. Different parts of aloe plants are used for medicinal purposes in
Africa, Western India and Arabia. One of the major threats to the aloe plant is unsustainable
harvesting, therefore the trade in all species, except Aloe vera, is strictly regulated by the
Convention on the International Trade in Endangered Species of Wild Fauna and Flora
(CITES) (Grace et al., 2008:604).

Aloe plants are classified as xerophytes due to their capability of water storage in specialised
leaves to adapt to dry environmental conditions. The plants range in physical size from a
few centimetres to 2 to 3 m and their leaves are usually arranged in rosettes, with jagged
edges (Rodriquez et al., 2010:306).

Differences in the composition of aloe materials arise due to various factors, i.e.
environmental conditions such as differences in soil composition, climatic conditions, and
exposure of the plant to light, the age of the plant and cultivating methods. It is also
important to address the correct preservation after collection of plant parts due to aloe leaf

gel material being unstable and hydrolysis of polysaccharides may occur
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(Rodriquez et al., 2010:311). Depending on the medicinal use, different parts of the aloe leaf

may be used, e.g. the exudate, gel or whole leaf (Chen et al., 2009:588).

Polysaccharides present in the gel of aloe leaves are thought to be one of the most
important chemical components responsible for medicinal properties. Anthragionones
(e.g. aloin), vitamins (e.g. B1, B2, C, folic acid), enzymes (e.g. amylase, lipase) and low-
molecular weight substances (e.g. salicylic acid, uric acid) are examples of other

components present in different ratios in different aloe species (Choi et al., 2003:55).
Aloe ferox

Aloe ferox (Figure 2.4) is commercially known as “Cape Aloe” and the exudate from this aloe
species is popularly used as a laxative (Van Wyk, 2008:343). The bitter exudate of A. ferox
has been exported to Europe since 1761 (Van Wyk, 2008:347). A.ferox has been
documented to treat conjunctivitis, ringworms, warts, herpes, shingles, eczema, dermatitis
and acne. Accidental abortions have also occurred during high dosages of A. ferox
exudate/laxative (Grace et al., 2008:604-612). In previous studies, A.ferox gel reduced
blood glucose levels in normal mice and has been considered for anti-diabetic activity
(Reynolds & Dweck, 1999:16).

Figure 2.4: Photograph of Aloe ferox plant (Kimpex Enterprises, 2014)

During previous 'H-NMR spectroscopy, it was shown that A.ferox gel and whole leaf
materials did not contain acemannan (aloverose) compared to A.vera gel
(Beneke et al., 2012:477).
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Aloe marlothii

Aloe marlothii (Figure 2.5) is a single stemmed aloe which can grow to a height of 6 m and is
also known as Mountain Aloe. Tea made from chopped A. marlothii leaves has been
reported to benefit stomach ailments (Grace et al., 2008:606). During an ethnobotanical
survey of medicinal plants used by Bapedi traditional healers in the Limpopo Province of
South Africa, it became evident that A. marlothii leaves and roots are used to treat Diabetes
Mellitus by cooking these parts of the plant for 5min before administration
(Semenya et al., 2012:442). Other uses for A. marlothii include treatment of respiratory

infections and round worm infestations (Amoo et al., 2014:21).

Figure 2.5: Photograph of Aloe marlothii plant (Sias Hamman)

Aloe vera

Aloe vera (Aloe Barbadensis Miller) has yellow flowers and its leaves are arranged in a
rosette configuration on a single stem (Figure 2.6). Anthraquinones are present in its
exudate which is responsible for laxative properties (Vinson et al., 2003:761). Glycoproteins
present in A. vera leaf gel are believed to assist in wound healing and to stimulate cell
proliferation, whilst lectin-like substances promote growth of fibroblasts. A total of 70% of its
glycoproteins consist of mannose (Choi et al., 2003:55-56). Acemannan (aloverose) is a
characteristic polysaccharide found in A. vera gel with a distinct B-(1-4)-D-mannosyl
backbone (Hamman, 2008:1603).
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Figure 2.6: Photograph of Aloe vera plant (The Aloe Vera Site, 2014)

A. vera gel has been used for the treatment of Diabetes Mellitus in patients in India, Texas,
Thailand and Arabia. Oral and topical administration of the aloe gel resulted in sustained
lowering of blood glucose effects as well as promotion of diabetic wound healing
(Reynolds & Dweck, 1999:16).

A. vera whole leaf and gel liquid preparations increased the bioavailability of both a water-
soluble vitamin (i.e. vitamin C) and a fat-soluble vitamin (i.e. vitamin E)
(Vinson et al., 2003:760). In previous in vitro studies, A. vera gel and whole leaf materials
showed drug absorption enhancement properties, which was instigated by opening of tight
junctions between epithelial cells, shown through experiments indicating a reduction in the
TEER of excised rat intestinal tissue and cell culture monolayers. The presence of
acemannan (aloverose) contributed to the enhanced transport of atenelol across excised
intestinal tissue (Chen et al., 2009:591; Beneke et al., 2012:481; Lebitsa et al., 2012:297).

2.4 In vitro techniques to investigate intestinal drug absorption

In vitro techniques have been developed to examine the delivery and absorption of drug
molecules and to reduce the ethical aspects involved when using live animal models. These
techniques showed to be cost effective and less invasive compared to in vivo
pharmacokinetic studies within animal models. In vitro techniques have drawbacks, such as
a lack of gastric emptying effects, gastrointestinal pH variations and gastrointestinal transit

rate which cannot be incorporated into the data analysis (Westerhout et al., 2014:167).
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2.4.1 Excised tissue techniques

Excised animal tissue techniques are useful to investigate the rate, extent and mechanism or
pathway of drug absorption. Some animal tissues show physiological and anatomical
similarities to that of humans. Popular excised tissue techniques are the everted sac

technique and the Ussing type diffusion chamber technique (Le Ferrec et al., 2001:654).
Everted sac technique

This technique involves the everting of pieces of gastro-intestinal tissues, closing of the ends
and exposure of these ‘sacs’ to drug solutions. Samples are withdrawn from within the sac
at pre-determined intervals and analysed for drug content. The everted sac of pig or rat
small intestine has been successfully used to study drug transport of macromolecules as
well as the effect of absorption enhancers. Furthermore, the effects of active drug
transporters (e.g. P—gp) on drug transport through the intestinal barrier can be studied using
this technique. The transport of compounds, which have the affinity to bind to the muscularis
mucosa and/or serosa, may be underestimated due to the fact that the serosa is not

removed during tissue preparation for this technique (Le Ferrec et al., 2001:6).
Ussing type diffusion chamber technique

The use of Ussing type diffusion chambers as an in vitro technique, were used to study drug
transport across the intestinal epithelium requires delicate and precise tissue preparation.
During this technique, animal intestinal tissue is isolated, the serosa and overlaying
longitudinal and circular muscle layers are removed by blunt dissection. The tissue is then
cut into smaller pieces and each piece is mounted between two half cells
(Legen et al., 2005:185).

Advantages of this technique include the presence of an apical mucus layer and active
transport proteins as well as metabolic enzymes. This technique allows measurement of
drug absorption along different regions of the intestine using only small amounts of drug.
Bi-directional transport studies can also be employed wusing this technique
(Vervaet et al., 2010:290).

Disadvantages associated with this technique include the fact that the excised intestinal
tissue is not supplied with blood and not connected to nerves and the excised tissue has
limited viability after 120 min. Inter-laboratory variances are experienced due to the

technique being dependent on experimental conditions (Vervaet et al., 2010:291).
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Grass and Sweetana (1988:372) developed and patented the Sweetana-Grass Diffusion
Apparatus. This apparatus was derived from Ussing Chambers and is seen as an
appropriate model to analyse drug transport across excised intestinal tissue. The Sweetana-
Grass diffusion cell can be manufactured in different sizes to optimise the surface area to
volume for different tissue and can also be used to evaluate enzymatic degradation,
permeation enhancement and drug absorption in different tissue regions (Grass &
Sweetana, 1988:372).

2.4.2 Cell culture technigues

There has been development of a wide variety of cell culture models that mimic the in vivo
human intestinal epithelium. Examples of such cell lines include Caucasian colon
adenocarcinoma (Caco-2) cell line, Madin-Darby canine kidney cells (MDCK), Lewis lung
carcinoma-porcine kidney 1 cells (LLC-PK1), rat intestinal cells (2/4/A1) and Caco-2 cell
subclone (TC-7), which are frequently wused in drug permeation studies
(Balimane & Chong, 2005:337).

Caco-2 cell line

The Caucasian colon adenocarcinoma (i.e. Caco-2) cell line remains the cell culture model
of choice for high throughput prediction of human intestinal drug absorption
(Westerhout et al., 2014:168). Caco-2 cells differentiate spontaneously into a monolayer of
polarised epithelial cells and exhibit many functions of those resembling enterocytes in the
human small intestine. Tight junctions are present between Caco-2 cells and they contain

microvilli, enzymes and transporter proteins (Ashford, 2007:308).

Caco-2 cell monolayers can be used to determine drug transport via all the drug absorption
pathways, e.g. passive transcellular, passive paracellular, carrier mediated transport and
transcytocis. It was found that Caco-2 cells quantitatively under express active transporters
and the tight junctions have a higher transepithelial electrical resistance (TEER) resembling
the tight junctions present in the colon rather than that of the small intestine
(Hamman, 2007:16).

This in vitro technique does have limitations, such as the absence of a mucus layer, a long
differentiation period and low expression of transporters. It is a static model with inter- and

intra-laboratory variability of permeation data (Deferme et al., 2008:188).

Studies have also shown that compounds with high permeability are well absorbed, whilst

compounds with low permeability, especially those transported by carrier mediated
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transporters, cannot be classified as poorly absorbed compounds in humans because of

under expression of transporters in Caco-2 cells (Balimane et al., 2006:E7).
MDCK and LLC-PK1 cells

The Madin-Darby canine kidney (MDCK) and Lewis lung carcinoma-porcine kidney 1 cells
(LLC-PK1) are both non-intestinal cell models used in drug permeation studies. MDCK
differentiate into columnar epithelial cells with expression of tight junctions. A good
correlation was reported for passive drug permeation in MDCK and Caco-2 cell lines,
however, because of different origins of the cells, the expression levels of some transporters
would be different (Balimane & Chong, 2005: 337; Hamman, 2007:21).

2/4/A1 cells

Rat intestinal cells (2/4/A1) mimic passive paracellular transport of the human small intestine
due to the similar paracellular pore radius to the human small intestine, compared to the
Caco-2 cell line pore size which is smaller. Previous studies indicated a three hundred-fold
higher permeation of poorly permeable compounds in 2/4/A1 than Caco-2 cells, compared

with human jejunum (Deferme et al., 2008:200).
TC-7 cells

The TC-7 cell line is a Caco-2 cell subclone with stronger metabolic capability because they
express CYP3A4 and CYP3A5, whereas Caco-2 cells only express CYP3A5. This makes
this cell model more suitable for transport combined with metabolic studies
(Deferme et al., 2008:200).

2.5 Insulin delivery

2.5.1 Importance of oral delivery

Type 1 Diabetes Mellitus is a well-known chronic condition, where the pancreas produces
too little or no insulin and Type 2 Diabetes Mellitus occurs when insulin cannot effectively be
utiised by «cells for the regulation of carbohydrate and fat metabolism
(Rekha & Sharma, 2013:48). Physiologically, the human body is designed for the pancreas
to release insulin into the hepatic portal vein when it detects an increase in blood glucose
levels postprandial, where after it reaches its primary site of action, the liver and then the
peripheral tissue. The goal of insulin therapy is to control the basal and postprandial glucose
levels and to minimise the risk of hypoglycaemia. Insulin administered subcutaneously,

pulmonary or by any other route of administration, excluding the oral route of administration,
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has the disadvantage of excess insulin in the peripheral circulation. This may result in
hypoglycaemia, immune response as well as insulin resistance in Type 2 diabetic patients.
Oral delivery of insulin is of importance for different reasons, of which mimicking the natural

physiological pathway of insulin is probably most important (Rekha & Sharma, 2013: 52).
2.5.2 Current studies based on oral delivery of insulin

2.5.2.1 Chemical modification

PEGylation

One of the first oral insulin products which achieved therapeutic levels after oral
administration was the PEG-conjugated insulin, known as hexyl-insulin monoconjugate-2
(HIM2; NOBEX Corporation, North Carolina, USA). HIM2 was developed by linking a short
chain of polyethylene glycol to an alkyl group in order to form an amphoteric oligomer. This
oligomer then attached to lysine at position 29 in the 3 chain of recombinant human insulin.
After oral administration of HIM2 to diabetic patients, in two consecutive dosages, it resulted
in acceptable bioavailability and glucose-lowering effects (Hamman et al.,, 2005:169;
Clement et al.; 2004:54).

2.5.2.2 Formulation strategies
Solid-oil-in-water micro-emulsions

Solid-oil-in-water micro-emulsions of insulin were formulated and administered to diabetic
rats. This study showed increased hypoglycaemic activity in rats, as well as decreased
enzymatic degradation of insulin and enhanced permeability. The oral administration of
insulin in this dosage form however has disadvantages, such as reduced loading capacity

and low physicochemical stability (Choonara et al., 2014:1274).
Aracheosomes

A specialised lipid-based oral delivery system, called archeosomes composed of
archaeobacterial membrane lipids containing diether and/or tetraether lipids, displayed
increased stability against low pH, bile salts and pancreatic lipases and increased the

hypoglycaemic effect in diabetic rats (Choonara et al., 2014:1274).
Nanoparticle based systems

Nanoparticle based oral delivery systems of insulin have been utilised to increase the

bioavailability of insulin because they can encapsulate the insulin and provide protection
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against the biochemical barriers. An oral insulin formulation, Cap-PEG-Insulin-Casein
(CAPIC), was developed by constructing caseins around a PEG-insulin formulation. Casein
provided mucoadhesive properties as well as protection against the acidic environment.
When a single dose of CAPIC was administered directly into the stomachs of fasted diabetic
mice, the blood glucose levels were reduced by 80% within the first hour of treatment.
CAPIC also improves the half-life of insulin leading to improved therapeutic activity
(Chin et al., 2012:109).

Enzyme inhibitors

Formulation of the enzyme inhibitors (i.e. chicken and duck ovomucoids) into drug delivery
systems was previously attempted to increase the bioavailability of insulin by inhibition of
trypsin and a-chemotrypsin.  Chicken and duck ovomucoids inactivate the enzymes
responsible for insulin degradation; therefore by co-administration of these ovomucoids with
insulin the bioavailability may be increased. Concerns do arise in the daily usage of high
concentrations of these enzyme inhibitors as they may lead to serious side effects including
impaired dietary protein digestion, metabolic alterations and pancreatic hypertrophy
(Rekha & Sharma, 2013:53).

Mucoadhesive systems

Enhanced insulin permeability and absorption was observed when Fluorescein
isothiocyanate (FITC)-labelled insulin loaded anionic/hydrophobic modification of chitosan
nanoparticles were given orally to diabetic rats. These nanoparticles showed mucoadhesive
properties and increased the gastro-intestinal transit time, resulting in an extended period of
insulin absorption (Rekha & Sharma, 2013:54).

Absorption enhancers

The transport of insulin was investigated across Caco-2 cell monolayers in the presence and
absence of A. vera gel, as well as whole leaf extract solutions. The solutions showed a
significant reduction in TEER compared to the control group with total recovery of cell
monolayer integrity 120 min after the solutions were removed. The transport of insulin
across the monolayers corresponded with the TEER results, with a higher enhanced
transport at pH 5.8 compared to pH 7.4 (Chen et al., 2009:592).
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2.6 Summary

The oral route of protein and peptide drug delivery would be more preferable than the
parental route of drug administration, but overcoming poor bioavailability and pre-systemic
degradation are important challenges which need to be addressed when formulating protein

and peptides in oral dosage forms.

Protein and peptides encounter physical barriers after oral administration, including the
unstirred water layer, intestinal epithelium itself, tight junctions, as well as efflux systems.
The oral delivery of protein and peptide drugs are also pH dependant and susceptible to
biochemical degradation due to enzymes and micro-organisms present in the gastro-

intestinal tract.

Approaches that have been studied to overcome the above mentioned challenges include
chemical modifications and formulation technologies. The use of absorption enhancers is an
important formulation strategy to enhance protein and peptide absorption across the gastro-
intestinal tract. The focus has been shifted to non-toxic absorption enhancers which do not
influence the biological activity of the protein and peptide drugs. Natural compounds such
as A.ferox, A.marlothii and A.vera leaf gel materials have proven to be excellent

candidates to increase absorption enhancement.

Absorption enhancement properties and transport of insulin can be studied using different in

vitro techniques, such as excised intestinal tissue techniques as well as in vitro cell models.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Introduction

To achieve the aim of this study, the selected aloe leaf gel materials were incorporated into
spherical beads prepared by extrusion-spheronisation. A full factorial design of experiments
was used to optimise the formulations based on their ability to reduce transepithelial
electrical resistance (TEER) of Caco-2 cell monolayers. Thereafter, the optimised beads

were evaluated for their ability to deliver insulin across excised pig intestinal tissue.
3.2 Materials

Aloe ferox leaves were sourced from Organic Aloe (Pty) Ltd in Albertinia, Eastern Cape
Province, South Africa; Aloe marlothii leaves were collected in the Koster district in North-
West Province, South Africa; Aloe vera gel powder was sourced from Warren Chem
(Johannesburg, South Africa); Insulin  was purchased from Sigma Aldrich
(Johannesburg, South Africa); Avicel® (microcrystalline cellulose) was obtained from FMC
(Philadelphia, USA); Ac-di-sol® (Crosscarmellose Sodium) was obtained from BASF
(Midrand, South  Africa); Sodium Lauryl Sulphate was obtained from Merck
(Johannesburg, South Africa).

The culture medium consisted of Dulbecco’s Modified Eagle Medium (DMEM), which
contains 4.5¢g/L D-glucose, sodium pyruvate and L-glutamine, which was further
supplemented with 10% foetal bovine serum, 1% Penicillin/streptomycin, 1% amphotericin B
and 1% L-glutamine (Separations, Johannesburg, South Africa). Corning Costar Transwell®
24-well plates used for TEER studies were purchased from Separations

(Johannesburg, South Africa).
3.3 Design of experiments (DoE)

Computer software (i.e. MODDE 9.0™ by Umetrics from Sweden) was used in a 2° full
factorial design of experiments to determine the composition of the initial bead formulations
(i.e. the experimental runs) from which the optimum bead formulation was predicted
(Table 3.1 to 3.3). Three centre points were added to measure experimental error and
determine the reproducibility. The variables were entered in a new sheet in MODDE 9.0™
(i.e. aloe leaf material, Avicel® PH101 and Ac-di-sol® concentration) and the screening option
was chosen in designing the experimental runs. The low and high levels for microcrystalline

cellulose (Avicel® PH101) ranged from 87% to 100% (w/w), Aloe ferox gel, Aloe marlothii gel

25



as well as Aloe vera gel ranged from 0% to 10% (w/w), whereas the low and high levels of

the disintegrant (Ac-di-sol®) ranged from 0% to 3% (w/w).

Table 3.1: Composition of bead formulations containing Aloe ferox gel as determined by the
design of experiments (MODDE 9.0™)

Experimental run A. ferox Ac-di-sol® Avicel®
(% wiw) (% wiw) (% wiw)
1 10 0 90
2 10 3 87
3 5 0 95
4 10 1.5 88.5
5 10 1.5 88.5
6 5 1.5 93.5
7 5 1.5 93.5
8 5 1.5 93.5

Table 3.2: Composition of bead formulations containing Aloe marlothii gel as determined by
the design of experiments (MODDE 9.0™)

Experimental run A. marlothii Ac-di-sol® Avicel®
(% wiw) (% wiw) (% wiw)
1 10 0 90
2 10 3 87
3 5 0 95
4 10 1.5 88.5
5 10 1.5 88.5
6 5 1.5 93.5
7 5 1.5 93.5
8 5 1.5 93.5
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Table 3.3: Composition of bead formulations containing Aloe vera gel as determined by the
design of experiments (MODDE 9.0™)

Experimental run Aloe content Ac-di-sol Avicel®
(% wiw) (% wiw) (% wiw)
1 10 0 90
2 10 3 87
3 5 0 95
4 10 1.5 88.5
5 10 1.5 88.5
6 5 1.5 93.5
7 5 1.5 93.5
8 5 1.5 93.5

Reduction in the TEER of Caco-2 cell monolayers, at 20 min after application of each bead
formulation in suspension to the cell monolayers, was used as the response and these
values were entered into the worksheets of the design of experiments
(MODDE 9.0™ software). A contour plot was constructed for each aloe leaf material
containing bead formulation to predict the optimum bead formulation for protein drug

permeation enhancement.
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3.4 Processing of Aloe ferox and Aloe marlothii leaves

The extreme ends of the Aloe ferox and Aloe marlothii leaves were cut off and the skin of the
leaves was removed (Figure 3.1 A & B). The fillets were rinsed in cold water and cut into
smaller cubes (Figure 3.1 C), which were liquidised in a food processor and frozen at -80°C,
where after it was lyophilised in a freeze drier (Virtis, Gardiner N.Y. USA) (Figure 3.1 D).
The dried product was pressed through a 350 um sieve to produce a fine powder which was
used in the preparation of the beads (Figure 3.1 E& F).

% %
A B C
D E F
Figure 3.1: Photographic images (A-F) illustrating the processing of A.ferox and
A. marlothii leaves into dried powder in chronological order
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3.5 Fingerprinting of the aloe materials by proton nuclear magnetic

resonance (*H-NMR) spectrometry

Nuclear magnetic resonance (NMR) is a form of absorption spectrometry, which is based on
the theory of the magnetic properties of certain atomic nuclei. The theory is based on
principles that a sample can absorb electromagnetic radiation in the radio frequency region
at frequencies governed by the characteristics of the sample under appropriate conditions in
a magnetic field. An NMR spectrum represents a plot of the frequencies of the absorption

peaks versus peak intensities (USP, 2014:381).

A quantity of 40 mg of each of the A. ferox, A. marlothii and A. vera gel materials, together
with a very small amount of the reference compound, 3-(Trimethylsilyl)-propionic acid-D4
(TPS), were dissolved in 2 ml D,O water and the "H-NMR spectra recorded with a 600 MHz

spectrometer (Bruker, Germany).
3.6 Preparation of beads that contain selected aloe gel materials

3.6.1 Extrusion-spheronisation

Extrusion-spheronisation was used as the technique for the preparation of the beads with
different compositions. Weighed amounts of all the ingredients, as determined by the full
factorial design of experiments (refer to Tables 3.1-3.3 for formulation compositions) namely
aloe materials (i.e. A.ferox, A. marlothii and A.vera gel), insulin (only included in the
optimised bead formulations for transport studies), Ac-di-sol® and Avicel® were mixed in a
Turbula® mixer (Willy. A.Bachofen, Switzerland) for 5min at 69rpm for all bead

formulations.

The total weight of each powder mixture for each formulation was 50 g in total. A mixture of
de-ionised water and ethanol in a 80:20 ratio was slowly added (100 ml) with a burette to the
powder mixture of each bead formulation while blending the powder mass in a Kenwood®
planetary mixer for 2 min. The wetted powder mass of each bead formulation was passed
through a 1 mm extrusion screen (Type 20 Caleva®, Caleva Process Solutions, England) at
a speed of 25 rpm to form spaghetti-like extrudates. This was followed by spheronisation of
the extrudate using a Caleva® spheroniser MBS (Caleva Process Solutions, England) at
1100 rpm for 5 min to form spherical beads. The beads were dried in a conventional oven
for72 h at 37°C.

The optimum formulations (as determined by the DoE and containing insulin) were freeze

dried to overcome the degradation of the insulin. This was done by freezing the prepared
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optimum bead formulations at -80°C and then freeze drying them under vacuum
(Virtis, Gardiner N.Y. USA) for up to 3 days.

3.6.2 Mass variation

Ten individual hard gelatine capsules (size 0) filled with beads were taken randomly from
each bead formulation batch and the content of each capsule was individually weighed. The
mass of the beads in each capsule was compared to that of the average mass. The mass
variation of capsules containing granules (uncoated, single—dose) weighing more than
300 mg should not have a percentage deviation of more than + 7.5% from the average
(USP, 2014:492).

3.6.3 Friability

According to the British Pharmacopoeia (2013:XVII), friability is the reduction in mass of the
beads when they are subjected to mechanical strains such as tumbling produced by a
friabilator. Tumbling of the beads may cause abrasion, deformation or breakage and

indicate their ability to withstand physical strain during packaging and handling.

A sample of beads from each formulation weighing 3 g was placed in a friability tester (NWU,
Potchefstroom, South Africa) along with 25 glass beads (diameter of 5 mm). The friabilator
was operated at 25 rpm for 4 min to apply 100 revolutions to each test sample. The content
was emptied onto a Madison 425 ym sieve, the glass beads were removed and smaller
powder particles were allowed to pass through the sieve prior to weighing the beads.
Friability (F) was determined by calculating the percentage loss in mass according to the
following equation:

F= W&V—YVZ x 100 (Equation 3.1)

Where W, is the initial mass of the beads and W, is the mass of the same beads after they
were exposed to the friability test. The friability of each batch of beads was assessed in
triplicate (BP, 2013:XVII).

3.6.4 Bead surface morphology by scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) makes it possible to visualise the surface and internal
morphology of solid dosage forms on microscopic level, which can be used to investigate the
relationship between materials and dosage form structure and to relate drug release to

physical characteristics such as the presence of pores (Cheng et al., 2014:348)
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The beads’ outer and cross-sectional surfaces were evaluated by scanning electron
microscopy. Samples of beads were mounted on a metal disc with silicon adhesive. The
beads were coated in an Eiko® ion coater (model IB-2, Eiko engineering, Japan) using a
mixture of gold and palladium (66:34) under a vacuum of 1.5 torr. After coating, the beads
were placed in a scanning electron microscope (SEM) (FElI quanta FEG 250) and
micrographs were taken of the external surface and internal structure of the beads at

different magnifications.
3.6.5 Particle size analysis

Laser light diffraction is used to determine the particle size distribution and is based on the
principle that a representative sample is dispersed at an adequate concentration in a
suitable liquid, which is passed through a beam of monochromatic light. A multi-element
detector then measures the light scattering caused by the particles (e.g. beads) at various
angles. Further analysis is done on the numerical values representing the scattering pattern
through the use of mathematical algorithms and an appropriate optical model. These
methods deliver the proportion of total volume to a number of size ranges, which forms a

volumetric particle-size distribution (BP, 2014:Appendix XVII).

The size of the beads was determined by laser diffraction using a Malvern® Mastersizer
2000 (Malvern Instruments Ltd. Worcestershire, UK) fitted with a Hydro 2000MU sample
dispersion unit and a 300 mm lens. A volume of 600 ml of 98% w/v ethanol was used to
flush the system to align the lasers within the apparatus and as the liquid dispersant for the
sample. The Mastersizer software was used to capture and process the data to obtain the

mean particle size and patrticle size distribution.
3.6.6 Assay

The insulin content of 1 g of beads sample was determined from each formulation. The
bead samples were each crushed using a pestle and mortar and transferred to a volumetric
flask, which was made up to volume (100 cm®) with distilled water. The insulin content in the
solution was determined with high-performance liquid chromatography (HPLC). The insulin
present in the solution was used to compare the experimental value to that of the theoretical
value in order to express the insulin content as a percentage, calculated with the following
equation:

(experimental value of insulin content)

0, =
% Content (theoretical value of insulin content)

%100 (Equation 3.2)
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3.6.7 Drug release
3.6.7.1 Preparation of potassium phosphate buffer (pH 6.8)

A potassium phosphate buffer with pH 6.8 was prepared according to the BP (2012:A332)
formula. The buffer was prepared as follows: 250 ml of 0.2 M potassium dihydrogen
orthophosphate (KH,PO4) solution was added to 112 ml of 0.2 M sodium hydroxide (NaOH)

solution. Distilled water was added to the mixture to make its volume up to 1000 ml.

The 0.2 M KH,PO, solution was prepared by dissolving 27.22 g of KH,PQO, in distilled water
and making its volume up to 1000 ml with distilled water. The 0.2 M NaOH solution was
prepared by dissolving 8 g of NaOH and making its volume up to 1000 ml with distilled

water.

The pH of the buffer solution was adjusted to 6.8 by adding sufficient volumes of 0.1 M
hydrochloric acid (HCI) or 0.1 M NaOH. The 0.1 M HCI solution was prepared by measuring
8.35 ml of 37% HCI and making it up to 1000 ml with distilled water. The 0.1 M NaOH
solution was prepared by dissolving 4 g of NaOH and making its volume up to 1000 ml with

distilled water.
3.6.7.2 Dissolution test

Dissolution is a process where the drug particle is dissolved in a specific fluid. It is critical for
a drug to be dissolved in the gastro-intestinal fluid for absorption to occur at the absorption
site. Therefore, when a drug is administered orally in a solid oral dosage form, the drug
molecule needs to be released from the dosage form into the surrounding fluid. Drug
particles dissolve and form stagnant saturated solution layers around each particle. The
dissolved drug molecules can then pass through the stagnant layers around each particle to
make contact with the absorbing mucosa. Dissolution of a drug is simplified by the Noyes—

Whitney equation:
dm .
= =kA ( C5-C) (Equation 3.3)

Z—T is the dissolution rate, k is the dissolution rate constant, A is the surface area of the

dissolving particle, C; is the solubility of the drug and C is the concentration of the drug in the

dissolution medium at time, t (Aulton, 2007:11).

Dissolution of insulin from the different optimised bead formulations was carried out in

potassium phosphate buffer at pH 6.8 with the paddle method (USP Il method) in a six

32



vessel dissolution apparatus (Distek 2500 dissolution apparatus as, North Brunswick, NJ,
USA).

The stirring rate was set at 150 rpm in 900 ml dissolution medium and the temperature was
maintained at 37 + 0.5°C. Dissolution of insulin from the optimum bead formulations (as
determined by the design of experiments, MODDE 9.0™), as well as the bead formulations
used as control group in the transport study (i.e. insulin alone in Avicel® beads, was
evaluated in triplicate by means of placing one capsule of each formulation in three

individual dissolution vessels, respectively.

Samples (2 ml) were withdrawn from each dissolution vessel using an auto sampler (Distek
evolution 4300 North Brunswick, NJ, USA), at time intervals of 15, 30, 60, 90, 120, 150 and
180 min, which were immediately replaced with 2 ml fresh dissolution medium. The stirring
rate was then set at 250 rpm for a further 15 min, after which each dissolution flask was
placed in an ultrasonic bath for 15 min (to allow complete release of insulin from the beads)

and the last samples were taken.

The samples obtained from the dissolution study were analysed with an HPLC equipment to

determine the amount of insulin released at each time point.
3.7 Growth and seeding out of Caco-2 cells

3.7.1. Culturing Caco-2 cell monolayers

Caucasian colon adenocarcinoma cells (Caco-2, ATCC catalog no. HTB-37) were grown
from frozen stock and sub-cultured in 75 cm? cell growth flasks (Corning Costar Corporation,
USA) to produce cells for seeding on culture treated polycarbonate filters. The culture
medium consisted of Dulbecco’s Modified Eagle Medium (DMEM), which contains 4.5 g/L D-
glucose, sodium pyruvate and L-glutamine and further supplemented with 10% foetal bovine
serum, 1% Penicillin/streptomycin, 1% amphotericin B and 1% L-glutamine (Separations,
Johannesburg, South Africa). The cell cultures were kept in an incubator (Galaxy 170R,
New Brunswick, New Jersey, USA) at 37°C in an atmosphere of 95% air and 5% CO,. The
cell culture medium was replaced with fresh medium every second day under aseptic

conditions in a laminar air flow cabinet.
3.7.2 Trypsinisation of the cell cultures

The culture flasks were checked macroscopically and only flasks with cells that had reached

60 to 80% confluence were used for the trypsinisation procedure (within + 7 days). Hank’s
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Balanced Salt Solution (HBSS), trypsin-versene solution (Separations
Johannesburg, South Africa) and culture medium were warmed in a water bath at 37°C.
These solutions and the flask with the cell culture were transferred to a laminar airflow
cabinet. The cells in the flask were rinsed twice with the HBSS and 0.5 ml of trypsin-versene
solution was poured onto the bottom surface of the culture flask in such a way that all the

cells were covered.

The flask was then incubated for 10 min at a temperature of 37°C in an atmosphere of 95%
air and 5% CO,. After the flask was transferred to the laminar airflow cabinet and checked
macroscopically if all the cells were detached, 2 ml of the warm medium (37°C) was added
directly onto the bottom surface of the flask. This cell suspension was diluted by transferring
it to warmed medium (37°C) in a 50 ml sterile tube and agitated with a Pasteur pipette. The
flask was rinsed with 1 ml of warm medium (37°C) to ensure all the cells were removed from
the flask. Three empty 75 cm? cell growth flasks (Corning Costar Corporation, USA) were
transferred to the laminar airflow cabinet and were marked with the date and new passage
number. A volume of 10 ml of the cell suspension was added to each of the three culture
flasks which were then transferred to the incubator at a temperature of 37°C and an
atmosphere of 95% air with 5% CO,.

The trypsinisation procedure was repeated every week (7 days) until the cells were seeded
out on Corning Costar Transwell® 24-well plates and Transwell 6-well plates for the TEER

and transport studies, respectively.
3.7.3 Seeding of Caco-2 cells on Transwell® membranes

Caco-2 cells (passages 50, 53 and 54) were seeded out on tissue culture treated
polycarbonate filters (area = 0.33 cm?) in Costar Transwell® 24-well plates for TEER studies.
A cell suspension was obtained in the same way as described in the trypsinisation process

(paragraph 3.7.2).

The cells were counted on a haemocytometer and diluted until a concentration of
1.77 x 10* cells/ml was reached. The culture medium consisted of Dulbecco’s Modified
Eagle Medium (DMEM) and was added to both the apical (200 pl for 24-well plates) and
basolateral (1 ml for 24-well plates) compartments and was changed every second day
under aseptic conditions. The Transwell® plates with cell cultures were kept in an incubator
at a temperature of 37°C in an atmosphere of 95% air and 5% CO,. The Caco-2 cell

monolayers were used for TEER measurements studies 21-23 days after seeding.
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3.8 Transepithelial electrical resistance (TEER) studies

The TEER of Caco-2 cell monolayers was measured using a Millicell ERS meter (Millipore,
USA) connected to chopstick electrodes. Prior to the TEER experiments, the medium in the
basolateral chamber was replaced by DMEM buffered at pH7.4 with 25 mM
n-(2-hydroxymethyl) piperazine-N-(2-ethanesulfonic acid), (HEPES). The apical medium
was replaced with 0.2 ml of each of the A. ferox gel, A. marlothii gel and A. vera gel solutions
0.6% w/v and 0.2 ml of each suspension of the optimised bead formulations (0.1 g/mL). The
TEER was measured at 20 min time intervals, starting 20 min before application of the test
solutions and bead suspensions and was continued for 120 min after application of the aloe
gel solutions/bead suspensions. Control experiments were performed under the same
conditions using Avicel® only beads (negative control) and beads containing Avicel® and
sodium lauryl sulphate (SLS) 0.2% w/w (positive control). All the experiments were done in

triplicate at 37°C in an atmosphere of 95% air and 5% CO,,

The percentage reduction in TEER (% of initial value) was calculated and these TEER
values were plotted as a function of time to determine the effect of the test solutions and

bead suspensions on the TEER of Caco-2 cell monolayers.
3.9 Insulin transport studies

3.9.1 Preparation of excised pig intestinal tissue

Directly after a pig was slaughtered at the local abattoir (Potchefstroom Abattoir,
Potchefstroom, South Africa), a piece of approximately 30 cm of pig jejunum tissue was
collected from the gastro-intestinal tract of each pig. The tissue was rinsed with ice cold
Krebs-Ringer bicarbonate buffer (KRB) and placed in cold KRB buffer in a cooler box to
adhere to the cold chain (pH 7.4).

In the laboratory, the jejunum was pulled onto a glass rod (Figure 3.2 A) where it was kept
cold by applying KRB buffer on the intestinal tissue. The serosa was removed by blunt
dissection (Figure 3.2 B). A piece of heavy duty filter paper was placed on the Perspex plate
positioned on ice and the intestinal tissue was cut along the mesenteric border with a scalpel
blade. The tissue was washed from the glass rod using cold KBR (Figure 3.2 C & D). This
resulted in the apical side of the excised tissue piece to face upwards. The tissue and filter
paper were cut into approximately 2 cm pieces (Figure 3.2 E), while keeping the tissue moist
with KRB buffer throughout the procedure. These segments of tissue were mounted onto

the half cells of the Sweetana-Grass Diffusion Chambers with the apical side facing
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downwards, the filter paper (basolateral side) facing upwards and the filter paper was then
removed (Figure 3.2 F). The two half cells were clamped together with metal rings (Figure
3.2 G) and these combined chambers were placed onto a heating block and filled with 7 ml
heated (37°C) KRB buffer at a pH of 7.4. The half cells were connected to parallel gas flow
(5% CO,, 95%0,) with a flow rate of 15-20 ml/min (Figure 3.2 H). The assembled cells were

left for 20 min to reach an equilibrated state before transport studies commenced.

A B C
D E
F G H
Figure 3.2: Photos (A-H) illustrating the preparation and mounting of the pig jejunum
on the Sweetana-Grass Diffusion Chamber
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3.9.2 Transport across excised pig intestinal tissue

The transport of insulin was determined across excised pig intestinal tissue after application
of the optimum bead formulations suspended in KRB pH 7.4, as well as beads containing
only insulin, (negative control group) with Avicel® using the Sweetana-Grass Diffusion
Chamber apparatus. Prior to conducting each of the transport studies, the assay of each

optimum bead formulation was used to determine the initial concentration of the model drug.

To study the apical to basolateral transport of the optimum bead formulations, the TEER was
measured for each chamber to determine membrane viability. Thereafter a concentration of
0.1 mg/ml of each optimum bead formulation was added to the apical chamber and 200 pl
samples were withdrawn from the basolateral chamber and replaced with 200 ul heated

(37°C) KRB buffer every 20 min over a 2 h period in triplicate.

The percentage insulin transported was plotted as a function of time. Apparent permeability
coefficient ~ (P,,p) values were calculated using the following equation
(Hellum & Nilsen, 2008:468; Hansen & Nilsen, 2009:88):

de 1

app ~ gt~ A.Cy.60

P (Equation 3.4)

Where P,y is the apparent permeability coefficient (cm/s), dQ/dt (ug.s”) represents the
increase in the amount of drug in the receiver chamber within a given time period, which is
equivalent to the slope of the plot of drug concentration transported versus time, A (cm?) is
the effective surface area of the excised pig intestinal cell layer between the apical and

basolateral chambers and C, is the initial insulin concentration in the apical chamber

(ug.cm™).
3.10 High-performance liquid chromatography analysis of insulin

An insulin high-performance liquid chromatography analysis method which was previously
developed in the Analytical Technology Laboratory of Pharmacen, North-West University,
Potchefstroom, was validated before used to analyse the dissolution and transport samples

for insulin concentration.
3.10.1 Chromatographic conditions

High-performance liquid chromatography is known as a multi-stage separation method
where molecules in solution are distributed between a stationary and a mobile phase and

insulin can be detected by a variety of techniques such as Ultra violet absorbance. The
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stationary phase is packed in a column and the mobile phase is a liquid forced through the
column under high pressure (USP, 2014:6378-6379). Table 3.4 summarises the

chromatographic conditions used to analyse the insulin.

Table 3.4: Chromatographic conditions used to analyse the insulin in samples obtained

from the dissolution and transport studies

Parameters

Description

Analytical Instrument

HP1100 series HPLC equipped with a pump, auto-
sampler, UV detector and Chemstation Rev. A.10.01

data acquisition and analysis software.

Column Vydac C18 Protein and peptide column, 218TP54,
300 A, 250 x 4.6 mm (Grace Vydac, Hesperia, CA).
Mobile phase Phase A: Degassed mixture of HPLC grade water and
0.1% orthophosphoric acid.
Phase B: Acetonitrile
Flow rate 1.0 ml/min
Injection volume 50 pl

Detection UV absorbance at 210 nm
Retention time 5.87 min

Stop time 12 min

Solvent Phosphate buffer saline (PBS)
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The mobile phase consisted of two components and was applied by means of a gradient, as

shown in Table 3.5.

Table 3.5: Gradient conditions for the mobile phase used in the high performance liquid

chromatography analysis method

Time (min) Mobile Phase A Mobile Phase B
0 80 20
6 40 60
8 40 60
8.2 80 20
12 80 20

3.10.2 Sample preparation from dissolution and transport studies

Samples (2 ml) from the dissolution test vessels were withdrawn with an auto sampler
(Distek evolution 4300 North Brunswick, NJ, USA) and 200 pl from these samples were
placed directly into flat bottom vial inserts with a pipette. The inserts were placed into 2 ml

amber HPLC screw vials and analysed by means of HPLC.

During the transport studies, 200 pyl samples were withdrawn from the basolateral chamber
and placed directly into flat bottom vial inserts. The inserts were placed into 2 ml amber

HPLC screw vials and analysed by means of HPLC.
3.10.3 Standard solution preparation

Approximately 15 mg of human recombinant insulin was accurately weighed and dissolved
in 100 ml PBS. A volume of 5 ml of this solution was diluted to 50 ml with PBS. This
standard insulin solution was transferred into an HPLC vial and volumes of 10, 20, 30, 40
and 50 ul were injected into the HPLC. This standard solution preparation was repeated to
create a standard curve each time an HPLC analysis of dissolution and transport samples

was conducted.
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3.10.4 Calculation of insulin concentration in the samples

The peak areas on the chromatograms were plotted as a function of insulin concentration in
the standard solutions and a linear regression of the curve was done by using

Microsoft Excel® software.

The insulin concentration of each sample was calculated from the chromatogram peak areas
using the data obtained from the regression curve by using the equation for a straight line as

follows:

peak area of sample — y-intercept)

Concentration in sample (ug/ml) = ( slope

(Equation 3.5)

3.10.5 Validation of the HPLC analytical method

The validation of an analytical method is the procedure to establish whether the performance
characteristics of the analytical method meet the requirements for the intended analytical
application (USP, 2014:1157).

3.10.5.1 Specificity

Specificity is the ability to analyse a substance in the presence of other components which
may be expected to be present in the sample, e.g. impurities and degradation products
(USP, 2014:1159).

Insulin was dissolved in PBS, as described in the method under standard solution
preparation and samples from this solution were analysed with the HPLC in duplicate. The
insulin solution was diluted 1:1 with water, 0.1 M hydrochloric acid, 0.1 M sodium hydroxide
and 10% hydrogen peroxide to produce degradation products. Samples of insulin in the
presence of A. ferox, A. marlothii and A. vera gel were furthermore analysed in duplicate
with the HPLC. The chromatograms were inspected to ensure the insulin peak was
completely separated from those of the other components for the analytical method to be

acceptable.
3.10.5.2 Linearity

Linearity of an analytical method refers to the linear relationship between analyte
concentration and analysis measurements such as peak area (USP, 2014:1160). A
standard human recombinant insulin solution was prepared as described before (section

3.8.3). Concentration ranging from 0.1 pg/ml to 169 ug/ml of standard solution was injected
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in duplicate into the chromatograph. The peak areas on the chromatograms were plotted as
a function of insulin concentration and a linear regression of the curve was done by using
Microsoft Excel® software from which the correlation coefficient (R%) was obtained. An R?

value of 0.99 or higher was required for the analytical method to be acceptable.
3.10.5.3 Limit of quantification and limit of detection

The limit of quantification (LOQ) is the lowest amount of an analyte in a sample that can be
determined with acceptable precision and accuracy under standard experimental conditions.
It is a characteristic of importance of quantitative assays for low levels of compounds in
samples (USP, 2014:1160). The LOQ was determined by injecting six replicates of a low
concentration standard solution (17 pg/ml). The LOQ was taken as the lowest concentration

that can be determined with a relative standard deviation (RSD) of < 15% for six replicates.

The limit of detection (LOD) is the lowest concentration peak which is discernible from
baseline noise (USP, 2014:1160). The LOD was taken as a peak equal to three times the

average baseline noise.
3.10.5.4 Accuracy

The USP (2014:1158) defines the accuracy of an analytical procedure as the closeness of

the test results obtained by that procedure to the true value.

Approximately 15 mg human recombinant insulin was accurately weighed and dissolved
in 100 ml DMEM. A volume of 6 ml of this solution was added to ten 20 ml volumetric flasks
and filled to volume with DMEM. This was done to obtain spiked samples with known
amounts of insulin at concentrations in the low, medium and high region of the standard
solution range used to produce the standard curve. The samples were injected in duplicate

into the chromatograph for analysis.

These samples were analysed and the amount of drug in each was determined with the aid

of the standard or calibration curves by means of Equation 3.6:
y = mx + ¢ (Equation 3.6)

Where y represents the peak of the drug, m the slope, x the concentration of drug (mg/ml)
and c is the y-intercept. Accuracy was given as the percentage extraction recovery for
human recombinant insulin extracted from samples taken during the transport study with the

equivalent drug concentrations prepared in DMEM. Recovery must be between 98 to 102%.
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3.10.5.5 Precision

Precision of an analytical procedure is the degree of agreement between individual test
results when the procedure is applied repeatedly to multiple samplings of the homogenous
sample. The results are expressed as the standard deviation (SD), or relative standard
deviation (RSD), of a series of measurements (USP, 2014:1159).

Intra-day precision (repeatability)

Repeatability refers to the use of the analytical procedure within a laboratory over a short
period of time using the same analyst with the same equipment (USP, 2014:1159). The
intra-day precision was determined by analysing the same standard human recombinant
insulin solutions that were used during the accuracy experiment, with concentrations ranging
from 46.38 t0154.6 ug/ml. Repeatability must be better than 2%, (n = 9).

Inter-day precision

The same standard human recombinant insulin solutions were used as in the accuracy
experiment, with concentrations ranging from 46.38 to 154.6 ug/ml on two different days in
triplicate to determine the between-day variability of the analysis method. Stability was
assured by keeping the samples at a stable temperature in the auto sampler. Inter-day

precision must be better than 5% (n = 9).
3.10.5.6 Ruggedness
Stability of sample solutions

A standard solution was prepared and was injected into the chromatograph for analysis.
The sample was left in the auto sampler tray and re-analysed at hourly intervals up to 24 h
to determine the stability of the insulin. The pump was programmed to reduce the flow rate
to 0.1 ml/min after elution of the peak and to reset the flow rate to 1 ml/min at 5 min before

injecting the next sample.
System repeatability

An insulin standard solution was analysed six times consecutively in order to test the
repeatability of the peak area and the retention time. The peak area and retention times

should have an RSD of 2% or less.
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3.10.5.7 Robustness

The following deliberate changes in the chromatographic operating parameters were made

to determine the influence of these changes on the chromatographic results (Table 3.6):

Table 3.6: Changes in the chromatographic operating parameters, to determine the

influence of these changes on the chromatographic result

Flow rate 0.9-1.1 ml/min

Injection volume 2.5, 5, 10, 20, 30, 40, and 50 pl

Wavelength UV at 208- 212 nm

Mobile phase composition A: A filtered and degassed mixture of HPLC

grade water and 0.1% orthophosphoric
acid was prepared.

B: Acetonitrile

The starting concentration could be 18 to
22% acetonitrile and the gradient end
time could be 5.8 to 6.2 min without any
ill effect. The retention time of the insulin
peak will vary under different conditions,
but this will not affect method
performance.

3.11 Summary

The methods employed to complete the research project are described in this chapter. The
selected aloe leaf gel materials were incorporated into spherical beads prepared by
extrusion- spheronisation according to the 2° design of experiments and characterised in
terms of mass variation, friability, particle size analysis, percentage content and dissolution.
Optimised formulations were obtained based on their ability to reduce transepithelial
electrical resistance (TEER) of Caco-2 cell monolayers. Validation of an HPLC analytical
method was employed to determine the specificity, linearity, limit of quantification, limit of
detection, accuracy, precision, ruggedness as well as robustness. Lastly, the optimised
beads were evaluated for their ability to deliver insulin across excised pig intestinal tissue

and analysed by means of HPLC.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Design of experiments

The eleven bead formulations, generated by MODDE 9.0™ design of experiments (DoE)
software for each aloe gel material (Table 3.1 to 3.3), were prepared by means of extrusion-
spheronisation. These beads were applied to Caco-2 cell monolayers to measure their
effects on the transepithelial electrical resistance (TEER). All TEER values were entered
into the software as the “response” that represented the performance of the beads. The
DoE software was used to generate summary of fit plots, as well as contour plots, in order to
predict the optimum formulation for each aloe material. Optimised bead formulations were
subsequently tested by means of insulin transport studies across excised pig intestinal

tissues.

In the summary of fit plot (Fig 4.1), which is given in the form of a histogram, the green bar
(R?) represented the model fit, the blue bar (Q?) indicated how well future prediction would
be, the yellow bar (Model validity) tested for the presence of outliers as well as incorrect
model or transformational problems which might have occurred and the light blue bar
(Reproducibility) was a numerical summary of variability’s during replication. A good DoE
model should comply with the following reference values for each parameter: the difference
between R? and Q% must be < 0.3, but both these values must be as close as possible to
unite  (i.e.1); Q*>0.5, model \validity >0.25 and reproducibility >0.5
(Eriksson et al., 2008:78).

The contour plot is a useful tool to predict the exact amounts of ingredients to be used in the

optimum bead formulations for drug absorption enhancement.
4.1.1 Beads containing Aloe ferox gel

The summary of fit plot (Figure 4.1), generated by MODDE 9.0™ DoE software based on
TEER reduction by different formulations of A. ferox containing beads, shows it complied
with most of the reference values for a good prediction model. The difference between R?
and Q?=0.25 (i.e. <0.3) and model validity = 0.72 (i.e. > 0.25, indicating a correct model
with the absence of outliers and transformation problems). Although the reproducibility
depicted a value of 0.75 (i.e. >0.5), the Q?value was 0.33 which was lower than 0.5,

indicating the model may suffer from reduced future prediction ability.
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Figure 4.1: The summary of fit plot generated by the design of experiments software
(MODDE 9.0™) for A. ferox containing beads based on TEER reduction results

The contour plot (Figure 4.2) for A.ferox containing beads shows the optimum bead
formulation, based on the TEER reduction results (i.e. the ability to open tight junctions and
thereby allow for paracellular drug transport), should consist of 9.79% w/w A. ferox gel,
2.89% w/w Ac-di-sol®, and 87.31% w/w MCC.

Figure 4.2: Contour plot generated by the design of experiments software
(MODDE 9.0™) to determine the optimum bead formulation containing A. ferox as drug

absorption enhancer
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4.1.2 Beads containing Aloe marlothii gel

The summary of fit plot (Figure 4.3), generated by MODDE 9.0™ DoE software based on
TEER reduction by different formulations of A. marlothii containing beads, shows it complied
with the reference values for a good prediction model. The difference between R? and
Q?=0.11 (i.e. <0.3), R? portrayed a value of 0.75 and Q? = 0.66 (i.e. > 0.5, indicating good
future prediction). Model validity was 0.96 (i.e. > 0.25) indicating a correct model with the
absence of outliers and transformation problems. The reproducibility value was 0.42
(i.e. <0.5), which indicated potential problems with the number of variables during

replication.
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Figure 4.3: The summary of fit plot generated by the design of experiments software
(MODDE 9.0™) for A. marlothii containing beads based on TEER reduction results

The contour plot (Figure 4.4) for A. marlothii containing beads shows the optimum bead
formulation based on the TEER reduction results (i.e. the ability to open tight junctions and
thereby allow for paracellular drug transport) should consist of 9.07% w/w A. marlothii gel,
1.98% w/w Ac-di-sol®, and 88.95% w/w MCC.
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Figure 4.4: Contour plot generated by the design of experiment software

(MODDE 9.0™) to determine the optimum bead formulation containing A. marlothii as

absorption enhancer

4.1.3 Beads containing Aloe vera gel

The summary of fit plot (Figure 4.5) generated by MODDE 9.0™ DoE software, based on
TEER reduction by different formulations of A. vera containing beads, shows it did not
comply with most of the reference values for a good model. The difference between R? and
Q?=0.25 (i.e. < 0.3), but the R? value was 0.41 showing a lack of model fit. Q*=0.16 (i.e.
< 0.5), which indicated potential problems with future prediction. Model validity was 0.19
(i.,e. <0.25), indicating the model might be incorrect and may have outliers and
transformation problems. The reproducibility =0.96 (i.e. > 0.5) which indicated an

acceptable number of variables during replication.
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Figure 4.5: The summary of fit plot generated by the design of experiments software

(MODDE 9.0™) for A. vera containing beads based on TEER reduction results
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The contour plot (Figure 4.6) for A.vera containing beads shows the optimum bead
formulation, based on the TEER reduction results (i.e. the ability to open tight junctions and
thereby allow for paracellular drug transport), should consist of 9.50% w/w A. vera gel,
2.73% wiw Ac-di-sol® and 87.77% w/w MCC.

Figure 4.6: Contour plot generated by the design of experiments software
(MODDE 9.0™) to determine the optimum bead formulation containing A. vera as

absorption enhancer

4.2 Fingerprinting of aloe materials by nuclear magnetic resonance
(*H-NMR) spectroscopy

Chemical fingerprinting by means of '"H-NMR was done to identify marker molecules present
in each of the aloe gel materials. Furthermore, marker molecules were also used to indicate
biological and chemical stability of the aloe leaf materials. The 'H-NMR spectrum of the

A. ferox gel material used in this study is given in Figure 4.7.

From Figure 4.7, it is clear that A. ferox gel contained glucose, lactic acid and malic acid.
The absence of aloverose (or acetylated polymannose) is in accordance with previous
findings (O'Brien et al., 2011:988). The presence of lactic acid may be an indication of some
bacterial degradation of the aloe gel material, but this is often present in aloe leaf materials

in trace quantities.
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Water

Glucose

Lactic Acid

Figure 4.7: The 1H-NMR spectrum of Aloe ferox gel material

Malic Acid

Figure 4.8 presents the "H-NMR spectrum of the A. marlothii gel material used in this study.

Figure 4.8: The 1H-NMR spectrum of Aloe marlothii gel material
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The most important chemical markers identified by "H-NMR in the A. marlothii gel material
are glucose, malic acid, formic acid, benzoic acid, lactic acid, citric acid and acetic acid.
Lactic acid indicated bacterial degradation by Lactobacilli, whereas the presence of formic
acid and acetic acid indicated chemical degradation by hydrolysis. These compounds are
often present in aloe leaf materials in trace quantities since this degradation almost always

exists to a low degree.

Figure 4.9 presents the 'H-NMR spectrum of the A. vera gel material used in this study. The
three main marker molecules found in the A. vera gel material included aloverose, glucose
and malic acid. Formic acid and lactic acid were also present due to the previously

mentioned degradation processes.

Fructose and Glucose

Water

N\

Malic Acid

Glucose
Aloverose
Formic Acid Lactic Acid

Aloverose

Figure 4.9: The 1H-NMR spectrum of Aloe vera gel material
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4.3 Evaluation of beads containing the selected aloe gel materials

4.3.1 Mass variation and friability

The average mass as well as percentage deviations from the average mass (i.e. the
maximum deviation from the average for both masses lower and higher than the average
mass) are given in Table 4.1 for all the bead formulations. Note that all the formulations
contained microcrystalline cellulose and no insulin. Formulation names provided in this
table, as well as in other tables that follow, only indicate the differences between the content

of these formulations. All the optimum formulations did contain 0.06% w/w insulin.

According to the USP (2014:492), the mass variation of capsules, granules (uncoated,
single—dose) weighing more than 300 mg, must not have a percentage deviation outside the
limit £ 7.5% from the average. From Table 4.1, it is clear that all the bead formulations

complied with the prescribed values of the USP.

According to the USP (2014:1146), the limit for acceptable on friability of solid oral dosage
forms is <1%. The percentage friability and standard deviations for all the bead formulations
are depicted in Table 4.2. Bead formulations that had an average friability of more than 1%,
did not comply with the USP standard. The optimum bead formulations containing aloe gel
materials, all complied with the standard, as well as the formulation containing insulin

complied with the specification.

The friability of a few bead formulations could not be determined, due to the difficulty in
weighing the beads after completion of the friability test because of build-up of static
electricity in the friability drum. All the beads could not be removed from the drum and thus

the friability of these formulations was not determined.
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Table 4.1: Average mass and minimum as well as maximum percentage deviation from the

average mass for all the bead formulations (n=3)

Maximum %

Maximum %

Formulation Average deviation o_Ieviation
mass (g) (lower than (higher than
average) average)
MCC 100% 1.003 3.98 4.26
Ac-di-sol® 3% 0.784 3.48 2.74
Ac-di-sol® 1.5% 0.895 3.75 2.87
SLS 0.2% 0.864 2.51 1.69
A. ferox gel 10% 1.054 4.47 412
A. ferox gel 10%, Ac-di-sol® 3% 0.777 2.58 1.90
A. ferox gel 5% 0.967 4.49 2.44
A. ferox gel 10%, Ac-di-sol® 1.5% 0.895 3.75 2.87
A. ferox gel 5%, Ac-di-sol® 3% 0.803 3.33 2.90
A. ferox gel 5%, Ac-di-sol® 1.5% 0.861 2.78 2.87
A. ferox gel 5%, Ac-di-sol® 1.5% 0.860 5.31 3.91
A. ferox gel 5%, Ac-di-sol® 1.5% 0.927 2.55 4.01
A. marlothii gel 10% 0.902 2.96 242
A. marlothii gel 10%, Ac-di-sol® 3% 0.795 1.58 3.28
A. marlothii gel 5% 0.898 2.21 3.76
A. marlothii gel 10%, Ac-di-sol® 1.5% 0.846 2.60 2.89
A. marlothii gel 5%, Ac-di-sol® 3% 0.791 5.01 2.39
A. marlothii gel 5%, Ac-di-sol® 1.5% 0.757 1.59 3.53
A. marlothii gel 5%, Ac-di-sol® 1.5% 0.858 3.19 3.06
A. marlothii gel 5%, Ac-di-sol® 1.5% 0.828 2.48 3.74
A. vera gel 10% 0.841 0.45 0.24
A. vera gel 10%, Ac-di-sol® 3% 0.795 4.81 4.05
A. vera gel 5% 0.780 4.49 2.73
A. vera gel 10%, Ac-di-sol® 1.5% 0.807 2.36 5.23
A. vera gel 5%, Ac-di-sol® 3% 0.807 2.30 1.91
A. vera gel 5%, Ac-di-sol® 1.5% 0.805 1.67 3.44
A. vera gel 5%, Ac-di-sol®1.5% 0.846 0.29 0.26
A. vera gel 5%, Ac-di-sol® 1.5% 0.827 0.17 0.18
Optimum bead formulation for A. ferox 0.545 3.60 4.80
Optimum bead formulation for A. marlothii 0.541 4.44 5.04
Optimum bead formulation for A. vera 0.521 3.52 1.72
Insulin bead formulation 0.519 2.44 4.24

52




Table 4.2: Average percentage friability and standard deviations for all the bead

formulations (n=3)

Formulation Percentage Friability Standard deviation
MCC 100% 0.07 0.03
Ac-di-sol® 3% 4.29 1.82
Ac-di-sol® 1.5% 2.73 0.66
SLS 0.2% 1.95 0.92
A. ferox gel 10% 0.46 0.22
A. ferox gel 10%, Ac-di-sol® 3% 2.36 0.27
A. ferox gel 5% 1.05 0.26
A. ferox gel 10%, Ac-di-sol® 1.5% 0.81 0.22
A. ferox gel 5%, Ac-di-sol® 3% ND ND
A. ferox gel 5%, Ac-di-sol® 1.5% 1.05 0.26
A. ferox gel 5%, Ac-di-sol® 1.5% ND ND
A. ferox gel 5%, Ac-di-sol® 1.5% ND ND
A. marlothii gel 10% 0.15 0.18
A. marlothii gel 10%, Ac-di-sol® 3% 3.59 2.46
A. marlothii gel 5% 1.13 0.58
A. marlothii gel 10%, Ac-di-sol® 1.5% 0.66 0.33
A. marlothii gel 5%, Ac-di-sol® 3% 0.88 1.40
A. marlothii gel 5%, Ac-di-sol® 1.5% 0.99 0.10
A. marlothii gel 5%, Ac-di-sol® 1.5% 2.58 1.67
A. marlothii gel 5%, Ac-di-sol® 1.5% 0.60 0.65
A. vera gel 10% 2.02 0.32
A. vera gel 10%, Ac-di-sol® 3% 2.97 0.67
A. vera gel 5% 0.70 0.97
A. vera gel 10%, Ac-di-sol® 1.5% 2.62 0.22
A. vera gel 5%, Ac-di-sol® 3% 0.91 0.59
A. vera gel 5%, Ac-di-sol® 1.5% 0.91 0.59
A. vera gel 5%, Ac-di-sol® 1.5% 3.09 0.83
A. vera gel 5%, Ac-di-sol® 1.5% 2.81 1.93
Optimum bead formulation for A. ferox 0.00 0.00
Optimum bead formulation for A. marlothii 0.00 0.00
Optimum bead formulation for A. vera 0.00 0.00
Insulin bead formulation 0.16 0.17

*ND = not determined.
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4.3.2 Scanning electron microscopy

The surface morphology and internal structure of the optimised bead formulations containing
different aloe gel materials were evaluated by means of scanning electron microscopy
(SEM). SEM evaluation was also conducted on beads consisting of microcrystalline
cellulose (MCC) only, MCC with disintegrant (Ac-di-sol®), MCC with sodium lauryl sulphate
(SLS) and MCC with insulin, respectively.

4.3.2.1 Beads consisting of microcrystalline cellulose only

Figure 4.10 presents the SEM micrographs of the bead formulation consisting of MCC only.

Scale bars are specified on each micrograph as an indication of the magnification.

A B C D

Figure 4.10: Scanning electron micrographs of the bead formulation consisting of
microcrystalline cellulose only: A) External surface morphology; B, C and D) internal

structure at different magnifications

Beads consisting of MCC only appear to have a dense structure, with a relatively smooth
surface morphology (Figure 4.10 A). There are only a few pores visible on the internal
structure of this particular bead formulation (Figure 4.10 B, C & D). This indicates the ability
of MCC to form densely structured beads by means of extrusion spheronisation, which may
not easily disintegrate and will therefore probably release incorporated drug molecules
relatively slowly.

54




4.3.2.2 Beads consisting of microcrystalline cellulose and 3% w/w Ac-di-sol®

Figure 4.11 presents SEM micrographs of the bead formulation consisting of MCC and 3%
w/w Ac-di-sol®. Scale bars are specified on each micrograph as an indication of the

magnification.

The beads containing Ac-di-sol® in addition to MCC have a less dense structure compared
to those consisting of MCC only. Relatively large pores are visible on both the surface and
internal structures of this particular bead formulation (Figure 4.11 B, C and D). The pores
may facilitate relatively quick movement of water into the beads, which may contribute to fast

disintegration and release of drug molecules from these beads.

Figure 4.11: Scanning electron micrographs of the bead formulation consisting of
microcrystalline cellulose and 3% w/w Ac-di-sol®: A) External surface structure; B, C

and D) internal structure at different magnifications

4.3.2.3 Beads consisting of microcrystalline cellulose and 1.5% w/w Ac-di-sol®

Figure 4.12 presents SEM micrographs of the bead formulation consisting of MCC and 1.5%
Ac-di-sol® is presented in Figure 4.12. These beads exhibit an uneven form as well as a
relatively rough surface morphology (Figure 4.12 A) with fewer pores visible on both the
surface and internal structures (Figure 4.12B, C and D), compared to the bead formulation

containing 3% w/w Ac-di-sol®.
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Figure 4.12: Scanning electron micrographs of the bead formulation consisting of
microcrystalline cellulose and 1.5% w/w Ac-di-sol®: A) External surface structure; B, C

and D) internal structure at different magnifications

4.3.2.4 Beads consisting of microcrystalline cellulose and 0.2% w/w sodium lauryl
sulphate

Figure 4.13 presents SEM micrographs of the bead formulation consisting of MCC and 0.2%
w/w SLS. These beads appear to have a similar dense structure with a relatively smooth
surface morphology, compared to beads consisting of MCC only (Figure 4.13 A). There are
relatively small pores visible on the internal structure (Figure 4.13 B, C and D) of this

particular bead formulation.

A B C D

Figure 4.13: Scanning electron micrographs of the bead formulation consisting of
microcrystalline cellulose and 0.2% w/w sodium lauryl sulphate: A) External surface

morphology; B, C and D) internal structure at different magnifications
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4.3.2.5 Optimised bead formulation containing Aloe ferox gel

Figure 4.14 presents SEM micrographs of the optimised bead formulation containing
Aloe ferox. This formulation produced relatively spherical beads with a slightly rough

exterior surface (Figure 4.14 A) and porous interior structure (Figure 4.14 B).

A B

Figure 4.14: Scanning electron micrographs of the optimised bead formulation

containing Aloe ferox: A) External surface morphology and B) internal structure

4.3.2.6 Optimised bead formulation containing Aloe marlothii gel

Figure 4.15 presents SEM micrographs of the optimised bead formulation containing
Aloe marlothii. This bead formulation has a relatively smooth exterior surface morphology
(Figure 4.15A) and the internal surface (Figure 4.15B) density resembles the formulation
consisting of MCC with 1.5% w/w Ac-di-sol®. The beads are less spherical and appear
brittle, which may contribute to disintegration with potential faster release of the drug
molecules than the beads consisting of MCC only.

A B

Figure 4.15: Scanning electron micrographs of the optimised bead formulation

containing Aloe marlothii: A) External surface morphology and B) internal structure
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4.3.2.7 Optimised bead formulation containing Aloe vera gel

Figure 4.16 presents SEM micrographs of the optimised bead formulation containing
Aloe vera. This formulation produced elongated (almost dumbbell shaped) beads, with a
relatively porous external morphology (Figure 4.16 A) and internal structure (Figure 4.16 B).
The pores may contribute to faster infiltration of water into the beads with consequent faster

disintegration and release of drug molecules.

A B

Figure 4.16: Scanning electron micrographs of the optimised bead formulation

containing Aloe vera: A) External surface morphology and B) internal structure

4.3.2.8 Bead formulation containing microcrystalline cellulose and insulin

Figure 4.17 presents SEM micrographs of the bead formulation consisting of insulin and
MCC. The beads have a relatively rough exterior surface morphology and a slightly less
dense internal structure compared to those consisting of MCC only. The beads are

spherical, but drug release may be slower due to the absence of pores.

A B

Figure 4.17: Scanning electron micrographs of the bead formulation consisting of
insulin and microcrystalline cellulose: A) External surface morphology and B) internal

structure
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4.3.3 Particle size and size distribution analysis of beads

The d(0.5) (average particle distribution) and D[4,3] (volume weighed mean) values obtained

by the size analysis of all the initial and optimised bead formulations are given in Tables 4.3

and 4.4, respectively.

Table 4.3: The d(0.5) values obtained during particle size analysis using the Malvern®

Mastersizer 2000 (n=3)

Formulation d(0.5) um value Standard deviation

MCC 100% 971.62 18.49
Ac-di-sol® 3% 992.60 3.67
Ac-di-sol® 1.5% 949.43 18.53
SLS 0.2% 970.05 5.37
A. ferox gel 10% 957.34 3.68
A. ferox gel 10%, Ac-di-sol® 3% 935.49 13.62
A. ferox gel 5% 973.14 0.42

A. ferox gel 10%, Ac-di-sol® 1.5% 960.41 2.33
A. ferox gel 5%, Ac-di-sol® 3% 961.16 5.13
A. ferox gel 5%, Ac-di-sol® 1.5% 985.17 7.07
A. ferox gel 5%, Ac-di-sol® 1.5% 974.08 10.49
A. ferox gel 5%, Ac-di-sol® 1.5% 966.58 11.07
A. marlothii gel 10% 887.34 5.81

A. marlothii gel 10%, Ac-di-sol® 3% 886.83 19.65
A. marlothii gel 5% 891.51 5.53
A. marlothii gel 10%, Ac-di-sol® 1.5% 894.24 7.78
A. marlothii gel 5%, Ac-di-sol® 3% 896.32 5.98
A. marlothii gel 5%, Ac-di-sol® 1.5% 861.83 9.36
A. marlothii gel 5%, Ac-di-sol® 1.5% 890.60 15.99
A. marlothii gel 5%, Ac-di-sol® 1.5% 850.77 13.28
A. vera gel 10% 801.45 10.44
A. vera gel 10%, Ac-di-sol® 3% 935.42 9.60

A. vera gel 5% 934.60 14.26
A. vera gel 10%, Ac-di-sol® 1.5% 792.58 20.45
A. vera gel 5%, Ac-di-sol® 3% 927.03 9.68
A. vera gel 5%, Ac-di-sol® 1.5% 813.95 22.48
A. vera gel 5%, Ac-di-sol® 1.5% 997.37 11.86
A. vera gel 5%, Ac-di-sol® 1.5% 951.97 23.74
Optimum bead formulation for A. ferox 1048.00 5.64

Optimum bead formulation for A. marlothii 972.70 4.85
Optimum bead formulation for A. vera 1088.42 12.85
Insulin bead formulation 1135.25 3.39
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Table 4.4: The D[4,3] values obtained during particle size analysis using the Malvern®
Mastersizer 2000; *D[4,3] Volume weighted mean (n=3)

Formulation D[4,3] pm* Standard deviation

MCC 100% 1005.95 18.88
Ac-di-sol® 3% 1023.91 3.53
Ac-di-sol® 1.5% 998.01 2.56
SLS 0.2% 1002.19 5.10

A. ferox gel 10% 990.45 3.53
A. ferox gel 10%, Ac-di-sol® 3% 972.05 15.21
A. ferox gel 5% 1006.59 2.40

A. ferox gel 10%, Ac-di-sol® 1.5% 994.45 3.54

A. ferox gel 5%, Ac-di-sol® 3% 993.86 4.85
A. ferox gel 5%, Ac-di-sol® 1.5% 1016.49 6.65
A. ferox gel 5%, Ac-di-sol® 1.5% 1005.92 10.12
A. ferox gel 5%, Ac-di-sol® 1.5% 999.11 10.67
A. marlothii gel 10% 924.20 8.14

A. marlothii gel 10%, Ac-di-sol® 3% 932.74 16.77
A. marlothii gel 5% 926.37 5.36
A. marlothii gel 10%, Ac-di-sol® 1.5% 928.70 7.79
A. marlothii gel 5%, Ac-di-sol® 3% 934.81 7.36
A. marlothii gel 5%, Ac-di-sol® 1.5% 911.16 8.96
A. marlothii gel 5%, Ac-di-sol® 1.5% 929.14 17.75
A. marlothii gel 5%, Ac-di-sol® 1.5% 886.80 20.71
A. vera gel 10% 844.39 10.13
A. vera gel 10%, Ac-di-sol® 3% 982.46 10.58
A. vera gel 5% 975.26 18.19
A. vera gel 10%, Ac-di-sol® 1.5% 829.92 24.83
A. vera gel 5%, Ac-di-sol® 3% 971.27 8.91

A. vera gel 5%, Ac-di-sol® 1.5% 874.65 21.66
A. vera gel 5%, Ac-di-sol® 1.5% 1032.36 10.88
A. vera gel 5%, Ac-di-sol®1.5% 990.12 22.02
Optimum bead formulation for A. ferox 1075.58 5.28
Optimum bead formulation for A. marlothii 1008.89 4.55
Optimum bead formulation for A. vera 1114.07 11.02
Insulin bead formulation 1157.31 3.1

The bead formulations containing MCC 100%, Ac-di-sol® 3%, Ac-di-sol® 1.5% and SLS 0.2%

exhibit d(05) and D[4,3] values which are close to each other, indicating relatively narrow

particle size distributions for the formulations.

All the initial bead formulations containing A. ferox gel had d(0.5) values ranging from
935.49 to 985.17 ym and D[4,3] values from 972.05 to 1006.59 um. Although these values

differ to some extent, they are still relatively close to each other and indicate the formulations
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have acceptable size distributions. The formulations containing A. marlothii gel depicted
d(0.5) values ranging from 850.77t0896.32um and D[4,3] values from
886.80 to 934.00 um. These values indicated the bead sizes of formulations containing
A. marlothii are slightly smaller than the bead formulations containing A. ferox and A. vera
gel as absorption enhancers. Formulations containing A.vera gel had a wider size
distribution than the other two aloe materials containing bead formulations, with d(0.5)
values ranging from 801.45 to 997.37 ym and D[4,3] values from 844.39 to 1032.36 um.

The average d(0.5) values for the optimised bead formulations containing A. ferox,
A. marlothii and A. vera gel were 1048.00 um, 972.70 um and 1088.42 um, respectively.
The D[4,3] values for these optimised bead formulations were 1075.58 ym, 1008.89 um and
1114.07 pym, respectively. Relatively small differences between the d(0.5) and D[4,3] values
of each optimised bead formulation confirmed the relative small particle size distribution of
each of these formulations, as observed with the size distribution plots. The bead
formulation containing insulin and MCC depicted the largest d(0.5) value (1135.25 ym) and
D[4,3] value (1157.31 um), which correlates well with the size of the beads in the optimised

bead formulations which also contain insulin as the active ingredient.

Particle size distribution plots of each optimised bead formulation as well as the bead
formulation containing insulin and microcrystalline cellulose are shown in Figures 4.18 to
4.20. The size distribution graphs of all four the bead formulations showed these

formulations have relatively narrow size distributions with average sizes close to 1.00 mm.
4.3.3.1 Optimised bead formulation containing Aloe ferox gel

Figure 4.18 presents the particle size distribution plot for the optimised bead formulation
containing A. ferox. The majority of the beads (i.e. 72.3%) in the optimised bead formulation
containing A. ferox (Figure 4.18) ranged between 954.993 ym and 1445.440 ym. Beads
with an average size of 1096.478 pm represented 21.27% of the total batch volume,

whereas those measuring 1258.925 um represented 19.47% of the total batch volume.
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Figure 4.18: Particle size distribution plot for the optimised bead formulation

containing Aloe ferox gel

4.3.3.2 Optimised bead formulation containing Aloe marlothii gel

Figure 4.19 presents the particle size distribution plot for the optimised bead formulation
containing A. marlothii. The majority of the beads (i.e. 63.46%) in the optimised bead
formulation containing A. marlothii (Figure 4.19) ranged between 954.993 ym and
1445.440 ym. Beads with an average size of 1096.478 um represented 18.65% of the total
batch volume, whereas those measuring 1258.925 uym represented 15.87% of the total

batch volume.
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Figure 4.19: Particle size distribution plot for the optimised bead formulation

containing Aloe marlothii gel
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4.3.3.3 Optimised bead formulation containing Aloe vera gel

Figure 4.20 presents the particle size distribution plot for the optimised bead formulation
containing A.vera. The majority of the beads (i.e. 75.25%) in the optimised bead
formulation containing A. vera (Figure 4.20) varied between 954.993 ym and 1445.440 um.
Beads with an average size of 1096.478 ym denoted 21.04% of the total batch volume,
those measuring 1258.925 um denoted 21.58% of the total batch volume.
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Figure 4.20: Particle size distribution plot for the optimised bead formulation

containing Aloe vera gel

4.3.3.4 Bead formulation containing microcrystalline cellulose and insulin

Figure 4.21 presents the particle size distribution plot for the optimised bead formulation
containing insulin and microcrystalline cellulose. The bulk of the beads (i.e. 75.25%) in the
optimised bead formulation containing insulin (Figure 4.21) varied between 954.993 um and
1445.440 ym. Beads with an average size of 1096.478 ym signified 20.80% of the total
batch volume, whereas those measuring 1258.925 um signified 22.82% of the total batch

volume.
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Figure 4.21: Particle size distribution plot for the bead formulation containing

insulin and microcrystalline cellulose
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4.4 Validation of the high-performance liquid chromatography (HPLC)
analysis of insulin

4.4.1 Specificity

Figures 4.22 to 4.29 illustrate the ability of the HPLC method to separate and analyse insulin
in the presence of other compounds, such as phosphate buffer saline (PBS),
0.1 M hydrochloric acid, 0.1 M sodium hydroxide, 10% hydrogen peroxide as well as
A. ferox, A. marlothii, A.vera gel material and potential insulin degradation products as
produced by stress conditions. Insulin elutes from 5.82 min (Figure 4.22).

DAD1 A, Sig=210,4 Ref=off (INSULIDAG30039.D)
n Al

Figure 4.22: Chromatogram of insulir: in the presence of PBS
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Figure 4.23: Chromatogram of insulin kept in water at 40°C for 24 h for insulin

analysis in the presence of potential degradation products
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Figure 4.24: Chromatogram of insulin kept in 0.1 M hydrochloric acid at 40°C for 24 h

for insulin analysis in the presence of potential degradation products
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Figure 4.25: Chromatogram of insulin kept in 0.1 M sodium hydroxide at 40°C for

24 h for insulin analysis in the presence of potential degradation products
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Figure 4.26: Chromatogram of insulin kept in 10% hydrogen peroxide at 40°C for

24 h for insulin analysis in the presence of potential degradation products
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Figure 4.27: Chromatogram of insulin in the presence of Aloe ferox gel

m A Ul

504
404
304
204

104

0 N f

T T T T T T T T T T T T T T T T T T T T T
2 4 6 8 10 12

Figure 4.28: Chromatogram of insulin in the presence of Aloe marlothii gel

68




m AU

404

309

204

109

Figure 4.29: Chromatogram of insulin in the presence of Aloe vera gel

None of the ingredients investigated interfered with the insulin peak on the HPLC
chromatograms, except for some potential peak overlaps when insulin was incubated at
40°C in 0.1 M hydrochloric acid and 0.1 M sodium hydroxide.

4.4.2 Linearity

Figure 4.30 illustrates the linear regression curve where the peak area was plotted as a
function of insulin concentration, whereas the regression coefficient, slope and intercept are
shown in Table 4.6. The regression coefficient (R?) for insulin regression curve is
0.9998575, which indicates the HPLC method used in this study for insulin analysis complies
with the requirements of an R? value of 0.99 for linearity (USP, 2014:1160). The method

was linear over the concentration range 0.3 to 170 ug/ml (Table 4.5).
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Table 4.5: Peak areas obtained for insulin over a concentration range to determine the

linearity
pug/ml Peak area 1 Peak area 2 Mean
0.1 3.5 3.5 3.5
0.2 8.2 9.1 8.7
0.3 19.8 18.6 19.2
0.7 40.2 39.2 39.7
1.0 57.6 56.7 57.2
1.4 74.8 79.4 771
1.7 98.8 95.8 97.3
3.4 251.1 250.5 250.8
6.8 495.0 494.2 494.6
10.1 737.8 739.5 738.7
13.5 986.1 985.0 985.6
16.9 1230.1 1228.8 1229.5
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Figure 4.30: Linear regression curve for insulin

Concentration (ug/ml)
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Table 4.6: Regression statistics for linearity of insulin

Regression coefficient (R?) 0.9998575

Intercept 0

Slope 76.394

4.4.3 Limit of quantification and limit of detection

The limit of quantification (LOQ) was determined by injecting six replicates of standards at a
low concentration. LOQ is the lowest concentration that can be determined with an RSD of
< 15%; for insulin the LOQ was 0.3 ug/ml. The limit of detection (LOD) is the lowest
concentration peak that is discernible from baseline noise, usually taken as a peak that is
equal to about three times the average baseline noise (USP, 2014:1160). The LOD for

insulin was 0.05 pg/ml.
4.4.3 Accuracy and precision

Table 4.7 illustrates the recovery values obtained from three concentration ranges of insulin
solutions and three replicates of each concentration range. Figure 4.8 illustrates the

statistical analysis of the recovery of insulin from spiked samples

Table 4.7: Recovery of insulin from spiked samples

Concentration spiked Peak areas Recovery
pg/ml 1 2 Mean pug/mi %
46.38 3160.3 3160.0 | 3160.2 45.48 98.06
46.38 3167.8 3143.8 | 3155.8 45.42 97.92
46.38 3148.2 3132.1 | 3140.2 45.19 97.44
92.76 6390.6 6388.7 | 6389.7 91.96 99.14
92.76 6393.0 6418.0 | 6405.5 92.19 99.38
92.76 6393.4 6408.8 | 6401.1 92.12 99.31
154.6 10610.9 | 10594.4 | 10602.7 | 152.59 98.70
154.6 10549.1 | 10724.7 | 10636.9 | 153.08 99.02
154.6 10711.8 | 10670.1 | 10691.0 | 153.86 99.52
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Table 4.8: Statistical analysis of the recovery of insulin from spiked samples

Statistical analysis

Mean 98.7
SD 0.7
% RSD 0.7

95% confidence intervals

Lower limit 98.2
Upper limit 99.3
Estimated median 99.0

Confidence level (95.0%) 0.6

*SD refers to the standard deviation; **%RSD refers to relative standard deviation

The HPLC insulin analysis method yielded a mean recovery of 98.7% and a standard
deviation, as well as relative standard deviation, of 0.7% from spiked samples, which is an

acceptable value for accuracy where recovery has to be between 98 to 102%
4.4.4 Inter-day precision
Table 4.9 illustrates the inter-day precision parameters obtained for insulin analysis.

Table 4.9: Inter-day precision parameters for insulin

Day 1 Day 2 Day 3 Between days
99.1 98.1 101.7
99.4 98.0 101.1
99.3 98.7 100.9
Mean 99.28 98.25 101.20 99.58
SD 0.10 0.29 0.34 1.22
RSD % 0.10 0.29 0.33 1.23
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Table 4.10 illustrates the ANOVA single factor statistics for the inter-day precision

parameters obtained and Table 4.11, the results of the inter- and intra-day precision ANOVA

statistics.

Table 4.10: ANOVA single factor statistics for the inter-day precision parameters obtained

ANOVA Summary

Groups Count Sum Average |Variance
Day 1 3 297.832 |99.277 0.016
Day 2 3 294.762 |98.254 0.124
Day 3 3 303.613 (101.204 |0.171

Table 4.11: Inter- and Intra-day precision ANOVA statistics

ANOVA Summary

Source of SS df MS F p-value
Inter-day 13.466 (2.0 6.733  |65.092 |[8.55E
Intra-day 0.621 6.0 0.103

Total 14.087 |8.0

SS = sum of squares; df = degrees of freedom; MS = mean squares; F = F ratio

From Table 4.11 it is clear the inter-day and the intra-day precision of the HPLC insulin
analysis are acceptable, as the values did not differ statistically significantly from each other
(p < 0.05). Repeatability was within acceptable limits (an RSD better than 2% for intra-day
precision and 5% for inter-day precision) and the assay should perform well, even when

executed by other personnel in a different laboratory.
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445 Ruggedness

4.45.1 Stability of sample solutions

Table 4.12 illustrates the results obtained for stability testing over 24 h.

Table 4.12: Results for stability of insulin over a 24 h period

Time (h) Peak Area % Remaining

0 2080.07 100.0

1 2092.5 100.6

2 2064.45 99.2

3 2051.82 98.6

4 2053.02 98.7

5 2051.43 98.6

6 2039.45 98.0

7 2040.79 98.1

8 2053.41 98.7

9 2009.65 96.6
10 2035.69 97.9
11 2042.49 98.2
12 204411 98.3
13 2035.59 97.9
14 2039.45 98.0
15 2036.64 97.9
16 2030.15 97.6
17 2026.27 97.4
18 2026.57 97.4
19 2033.57 97.8
20 2040.5 98.1
21 2025.89 97.4
22 2029.77 97.6
23 2026.96 97.4
24 2034.12 97.8
Mean 2041.8 98.2
SD 17.33 0.83
RSD % 0.85 0.85

The insulin degraded by approximately 2% over 24 h, which is acceptable.
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4.45.2 System repeatability
Table 4.13 presents the results attained from the repeatability experiment.

Table 4.13: System repeatability parameters for insulin analysis

Injection sample Peak area Retention time (min)

1 6747.9 5.893

2 6713.3 5.859

3 6730.5 5.853

4 6788.5 5.869

5 6705.9 5.888

6 6679.9 5.906

Mean 6727.7 5.878

SD 34.35 0.019

RSD % 0.51 0.324

System repeatability proved sound, with percentage RSD values of 0.51% for peak area and

0.324% for retention time, respectively, which complies with the criteria of 2% or less.
4.4.6 Robustness

The HPLC method for insulin analysis was able to tolerate changes in the chromatographic

conditions and should therefore perform well under normal conditions (Table 4.14).
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Table 4.14: Changes in the chromatographic operating parameters to determine the

influence of these changes on the chromatographic result

Flow rate

0.9 -1.1 ml/min

Injection volume

2.5, 5,10, 20, 30, 40 and 50 pl

Wavelength

UV at 208- 212 nm

Mobile phase composition

A: A filtered and degassed mixture of HPLC
grade water and 0.1% orthophosphoric
acid was prepared.

B: Acetonitrile
The starting concentration could be 18 to
22% acetonitrile and the gradient end
time could be 5.8 to 6.2 min without any
ill effect. The retention time of the insulin
peak will vary under different conditions,
but this will not affect method
performance.

447 Summary

Table 4.15 presents the results obtained for the HPLC validation of insulin.

Table 4.15: Summary of results obtained for the HPLC validation of insulin

Test Result
Specificity Complies

Range 0.3to 170 pg/ml
Linearity R? = 0.99986
Accuracy 98.7%
Precision RSD =1.23%
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4.5 Assay

The theoretical concentration (mg/ml) (theoretical value of insulin content) of each optimum

bead formulations was 0.06 mg/ml
45.1 Optimised bead formulation containing Aloe ferox gel

According to the calibration curve, ¢ (y-intercept) = 0, m (slope) = 271734.7948 and
substituting these values into the equation for a straight line (y = mx + c) to obtain the

experimental value of insulin content (x) is done as follows:

(695.7674 - 0)

271734.7948 00026

Table 4.16 displays the parameters for the assay for insulin in beads containing Aloe ferox

Table 4.16: Parameters for the assay for Insulin of beads containing Aloe ferox gel

Peak area mg/ml

695.7674 0.0026

From Table 4.16, it is clear there is 0.256 mg insulin in 1 g beads, or 0.00026 g insulinin 1 g
beads (or 0.026 g insulin in 100 g beads = 0.026 % w/w). The percentage content can then

be calculated as follows:

0.026
0.06

% insulin content = x100 = 43.33%

The percentage content of insulin in the bead formulation containing A. ferox is 43.33% of
the amount of insulin added to the formulation, which was 0.06 % w/w. Loss of content may
have occurred during the production (i.e. extrusion and spheronisation), drying, handling or

storage of the beads.
4.5.2 Optimised bead formulation containing Aloe marlothii gel

According to the calibration curve, ¢ (y-intercept)=0, m (slope)=271734.7948 and
substituting these values into the equation for a straight line (y = mx +c) to obtain the

experimental value of insulin content (x) is done as follows:

(1965.2913 - 0)

2717347948 _ 00072

7



The parameters for the assay for insulin in beads containing Aloe marlothii are depicted in
Table 4.17.

Table 4.17: Parameters for the assay for insulin in beads containing Aloe marlothii gel

Peak area mg/ml

1965.29126 0.0072

From Table 4.17 it is clear there is 0.72 mg insulin in 1 g beads containing Aloe marlothii, or
0.00072 g insulin in 1 g beads (or 0.072 g insulin in 100 g beads = 0.072% w/w). The
percentage content can thus be calculated as follows:

0.072
0.06

% Content = x100 = 120%

The percentage content of insulin in the bead formulation containing A. marlothii was 120%

of the amount of insulin (0.06% w/w) added to the formulation.

45.3 Optimised bead formulation containing Aloe vera gel

According to the calibration curve, ¢ (y-intercept)=0, m (slope)=201511.736 and
substituting these values into the equation for a straight line to obtain the experimental value

of insulin content (x) is done as follows:

(1164.3671-0)

201511736 00098

Table 4.18 presents the parameters for the assay for insulin in beads containing Aloe vera.

Table 4.18: Parameters for the assay for insulin in beads containing Aloe vera gel

Peak area mg/ml

1164.36707 0.0058

From this table it is clear there is 0.58 mg insulin in 1 g beads, or 0.00058 g insulin in 1g
beads (or 0.058 g insulin in 100 g beads = 0.08% w/w). The percentage content can then

be calculated as follows:
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0.058
0.06

% Content = x100 = 96.67%

The percentage content of insulin in the bead formulation containing A. vera was 96.67% of

the amount of insulin added to the formulation, which was 0.06% w/w.
4.5.4 Optimised bead formulation containing microcrystalline cellulose

According to the calibration curve, ¢ (y-intercept) = 0, m (slope) = 211949.9386 and
substituting these values into the equation for a straight line to obtain the experimental value

of insulin content (x) is done as follows:

%=0.0063Table 4.19 shows the parameters for the assay for insulin in beads

containing microcrystalline cellulose

Table 4.19: Parameters for the assay for insulin in beads containing insulin and

microcrystalline cellulose

Peak Area mg/ml

1344.66321 0.0063

From the above table, it is clear there is 0.63 mg insulin in 1 g beads, or 0.00063 g insulin in
1 g beads (or 0.063 g insulin in 100 g beads = 0.063 % w/w). The percentage content can

then be calculated as follows:

0.063

% Content = 006

x100 = 105%

The percentage insulin content in the bead formulation containing insulin and
microcrystalline cellulose was 105% of the amount of insulin added to the formulation, which

was 0.06 % w/w.
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4.6 Dissolution test

Figure 4.31 presents the percentage dissolution for each of the optimised bead formulations

were plotted as a function of time.
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Figure 4.31: Percentage dissolution of the optimised bead formulations plotted as a

function of time

All the optimised bead formulations containing aloe gel materials showed immediate release
of insulin, with relatively a high percentage of insulin being released after 15 min of
dissolution. A plateau in insulin release was already reached after 30 min for the beads
containing A. ferox, whereas the bead formulations containing A. vera and A. marlothii

reached a plateau in insulin release after 60 min.

The bead formulation containing insulin and MCC exhibited a slower release of insulin than
the beads containing the aloe gel materials. This slower release of the active ingredient
from the MCC beads may be explained by the relatively dense beads and lack of pores as
illustrated by the SEM (refer to sections 4.3.2.1 and 4.3.2.8), as well as the slow
disintegration of MCC beads prepared by extrusion spheronisation (Sousa et al., 2001:98-
105). The faster release of insulin from the beads containing the aloe materials can be

explained by the presence of pores in the beads (refer to sections 4.3.2.5 and 4.3.2.8) with
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subsequent quick infiltration of water into the beads and diffusion of the dissolved drug out of
the beads.

4.6.1 Summary

The optimum bead formulations containing aloe gel material showed immediate insulin
release from the formulations, the formulation that consisted of only MCC and insulin

released insulin slower due to slower disintegration.
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4.7 Transepithelial electrical resistance studies

The percentage TEER reduction values of Caco-2 cell monolayers treated with the bead
formulations containing each aloe material (as determined by the DoE) were plotted as a
function of time and illustrated graphically (Figure 4.32, 4.35, 4.38). In the negative control
group, the Caco-2 cell monolayers were exposed to exactly the same conditions, but without
bead formulations over the 2 h period (i.e. the cell monolayers were exposed to DMEM
only). In the positive control group, the Caco-2 cell monolayers were exposed to bead

formulations containing 0.2% w/w SLS.

Results of the statistical analysis of the TEER reduction effects of the bead formulations
containing the different aloe materials compared to the negative control group are also
graphically presented (Figure 4.33, 4.34, 4.36, 4.37, 4.39, 4.40).

The Tukey-Kramer HSD test was included during statistical analysis to overcome the
possible shortcoming of the student t-test rejecting a correct zero-hypothesis when analysing

multiple formulations.
4.7.1 TEER reduction by bead formulations containing Aloe ferox gel

The TEER reduction values of the cell monolayers treated with the bead formulations
containing A. ferox plotted as a function of time are presented in Figure 4.32. This figure
clearly illustrates all the formulations containing A. ferox gel materials, as composed by the
DoE, reduced the TEER immediately and effectively compared to the negative control group
(i.e. DMEM). The TEER of the Caco-2 cell monolayers exposed to DMEM remained close to
100% for the duration of the experiment, which confirms the integrity of the cell monolayers
over the entire experimental period. The A.ferox gel material formulated into beads
therefore showed the ability to open tight junctions between the Caco-2 cells to different

extents.

Formulations containing Ac-di-sol® together with aloe gel materials reduced the TEER
values in a concentration dependant manner; this might have been due to increased
disintegration because of the Ac-di-sol®. A larger amount of aloe gel is released from the
formulation, which significantly reduces TEER compared to the control group. This can be
seen in Figure 4.32, where the formulation containing A. ferox gel 5% and Ac-di-sol® 3%
decreased TEER more, compared to the formulations containing A. ferox 5% and A. ferox
gel 10% with Ac-di-sol® 1.5%.
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Figure 4.32: Percentage TEER reduction of Caco-2 cell monolayers treated with bead formulations containing Aloe ferox gel
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Figure 4.33: Box plot depicting the TEER reduction effects of the bead formulations
containing A. ferox gel when compared to the negative control group by means of a one-
way analysis of variance (ANOVA)

Figure 4.33 illustrates all the formulations containing A. ferox reduced the TEER statistically
significantly compared to the negative control group (p < 0.05). This indicated that the effect
of A. ferox gel materials formulated into beads on the TEER of Caco-2 cell monolayers was
significant and it is therefore expected that these dosage forms will be able to increase
macromolecular drug delivery across intestinal epithelial surfaces via the paracellular
pathway.
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Figure 4.34: Box plot depicting the TEER reduction effects of the bead formulations
containing A. ferox gel when compared to the positive control group (0.2% w/w SLS) by
means of a one-way analysis of variance (ANOVA)

In Figure 4.34, none of the bead formulations containing A. ferox gel material differed
statistically significantly(p < 0.05) from the positive control group (i.e. 0.2% w/w SLS) in
terms of TEER reduction, which indicated their ability to open the tight junctions to a similar

extent as the positive control group.
4.7.2 TEER reduction by bead formulations containing Aloe marlothii gel

Figure 4.35 presents the TEER reduction values of the cell monolayers treated with the bead
formulations containing A. marlothii plotted as a function of time. This clearly illustrates all
the formulations containing A. marlothii gel materials, as composed by the DoE, reduced the
TEER immediately and effectively compared to the negative control group (i.e. DMEM). The
TEER of the Caco-2 cell monolayers exposed to DMEM remained close to 100% for the
duration of the experiment, which confirmed the integrity of the cell monolayers over the
entire period of the experiment. The A. marlothii gel material formulated into beads therefore
showed the ability to open the tight junctions between the Caco-2 cells to different extents.
Ac-di-sol® played a role in the disintegration of the beads and the release on aloe gel
material from the formulation, thereby effecting reduction in TEER.
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Figure 4.35: Percentage TEER reduction of Caco-2 cell monolayers treated with bead formulations containing Aloe marlothii gel
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All the formulations containing A. marlothii reduced the TEER statistically significantly
compared to the negative control group (p < 0.05) (Figure 4.36). This indicated the effect of
A. marlothii gel materials formulated into beads on the TEER of Caco-2 cell monolayers was
significant and it is therefore expected that these dosage forms will be able to increase
macromolecular drug delivery across intestinal epithelial surfaces via the paracellular
pathway.
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Figure 4.36: Box plot depicting the TEER reduction effects of the bead formulations
containing A. marlothii gel when compared to the negative control group by means of
a one-way analysis of variance (ANOVA)

Figure 4.37 illustrates none of the bead formulations containing A. marlothii gel material
differed statistically significantly from the positive control group (i.e. 0.2% w/w SLS) in terms
of TEER reduction, which indicated their ability to open the tight junctions similar to the
positive control group.
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Figure 4.37: Box plot depicting the TEER reduction effects of the bead formulations
containing A. marlothii gel when compared to the positive control group (0.2% w/w

SLS) by means of a one-way analysis of variance (ANOVA)

4.7.3 TEER reduction by bead formulations containing Aloe vera gel

Figure 4.38 presents the TEER reduction values of the cell monolayers treated with the bead
formulations containing A. vera plotted as a function of time. This figure clearly illustrates
that all the formulations containing A. vera gel materials, as composed by the DoE, reduced
the TEER immediately and effectively compared to the negative control group (i.e. DMEM).
The TEER of the Caco-2 cell monolayers exposed to DMEM remained close to 100% for the
duration of the experiment, which confirmed the integrity of the cell monolayers over the
entire period of the experiment. The A. vera gel material formulated into beads, therefore

showed the ability to open the tight junctions between the Caco-2 cells to different extents.
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Figure 4.38: Percentage TEER reduction of Caco-2 cell monolayers treated with bead formulations containing Aloe vera gel




In Figure 4.39, all the formulations containing A.vera reduced the TEER statistically
significantly compared to the negative control group (p < 0.05). This indicated that the effect
of A. vera gel materials formulated into beads on the TEER of Caco-2 cell monolayers is
significant and it is therefore expected that these dosage forms will be able to increase
macromolecular drug delivery across intestinal epithelial surfaces via the paracellular

pathway.
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Figure 4.39: Box plot depicting the TEER reduction effects of the bead formulations
containing A. vera gel when compared to the negative control group by means of a
one-way analysis of variance (ANOVA)

Figure 4.40 illustrates that none of the bead formulations containing A. vera gel material
differed statistically significantly (p < 0.05)from the positive control group (i.e. 0.2% w/w SLS)
in terms of TEER reduction, which showed their ability to open the tight junctions in a similar

manner to the positive control group.
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Figure 4.40: Box plot depicting the TEER reduction effects of the bead formulations
containing A. vera gel when compared to the positive control group (0.2% w/w SLS)

by means of a one-way analysis of variance (ANOVA)

4.7.4 Summary

Statistical analysis of TEER studies showed that bead formulations containing the aloe gel
materials depicted significant different (p <0.05) reduction in the percentage TEER
reduction compared to the control group (i.e. DMEM without absorption enhancer). None of
the bead formulations containing aloe gel material differed statistically significantly (p < 0.05)
from the positive control group (i.e. 0.2% w/w SLS) in terms of TEER reduction, which

showed their ability to open the tight junctions in a similar manner to the positive control

group.

The addition of Ac-di-sol® in the formulations containing aloe gel material led to enhanced
disintegration of the beads and release of the gel material in order to reduce the TEER

values and increase tight junction opening.
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4.8 Insulin transport studies

Figure 4.41 illustrates the cumulative percentage insulin transported across the excised pig

intestinal tissue after application of the optimised bead formulations as a function of time.

The apparent permeability coefficient (P,pp) values for each optimised bead formulation
across excised pig intestinal tissue are shown in Figure 4.42 and Figure 4.43 illustrates a
box plot depicting the transport of the bead formulations containing aloe gel material when
compared to the formulation containing insulin and microcrystalline cellulose by means of a

one-way analysis of variance (ANOVA).

From Figure 4.41, it is clear that the optimised bead formulations containing A. vera and
A. marlothii gel improved insulin transport across the excised pig intestinal tissue compared
to the control group (bead formulation consisting of insulin and MCC without any drug
absorption enhancer). The optimised bead formulation containing A. ferox gel unexpectedly
showed a lower transport of insulin than the control group, which does not correlate with the
TEER reduction results (Figure 4.33). However, the lack of drug absorption enhancement
by A. ferox gel materials has been shown previously for certain drugs, such as atenolol
(Lebitsa et al., 2012:303). In general, the transport results are in line with previous studies
which suggested that the absorption enhancing effects of the aloe gel materials occur by
opening of tight junctions and thereby producing increased paracellular transport
(Beneke et al., 2012:475).
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Figure 4.42 illustrates the optimised bead formulation containing A. vera gel had the highest
Papp Value, indicating the highest amount of insulin transport occurred across the excised pig
intestinal tissue when this formulation was administrated. This correlates with the statistical
analysis results (Figure 4.43) which depicts the permeability coefficient of A. vera differed
statistically significant (p < 0.05) from the permeability coefficient of A. ferox (p < 0.0001), the
control group insulin (p <0.0001) as well as the permeability coefficient of A. marlothii
(p = 0.003).

4.8.1 Summary

According to the permeability coefficient values A. marlothii and A. vera showed to improve
transport across excised pig tissue, however only A vera showed to improve transport
statistically significantly compared to the other aloe gel materials and the control group.
A. ferox did not improve transport of insulin across the intestinal tissue; the lack of
absorption enhancement properties of A ferox has been reported in previous literature
(Lebitsa et al., 2012:303).
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CHAPTER 5: FINAL CONCLUSIONS AND FUTURE
RECOMMENDATIONS

5.1 FINAL CONCLUSIONS

Investigation of the in vitro drug permeation enhancing effect of Aloe ferox, Aloe marlothii
and Aloe vera leaf gel materials formulated into spherical beads across excised pig intestinal

tissue, was successfully conducted.

A. ferox, A. marlothii and A. vera gel materials were chemically fingerprinted by means of
proton nuclear magnetic resonance ('H-NMR) spectroscopy. The following marker
molecules were identified in A. ferox and A. marlothii gel materials: glucose, lactic acid, malic
acid, formic acid, benzoic acid, lactic acid, citric acid and acetic acid. A. vera contained the

following marker molecules: aloverose, glucose, malic acid, formic acid and lactic acid.

Optimisation of bead formulations containing A. ferox, A. marlothii and A. vera gel materials,

0™ DoE software. A

was done by means of a 2° full factorial design utilising MODDE 9.
regression analysis indicated the prediction models for A. ferox and A. marlothii containing

beads were good models, but the model for the A. vera beads had some shortcomings.

The bead formulations complied with USP mass variation and friability standards. Low
friability indicated that the beads depicted acceptable physical strength. The minimal mass
variation might have been due to the relatively narrow particle size distribution of beads, with

uniform flow and filling of hard gelatine capsules.

SEM photomicrographs showed the optimised bead formulations were all relatively spherical
with different surface morphologies. The porosity of some the bead formulations suggested

immediate release of the insulin, which was confirmed by the dissolution data.

Validation of the HPLC analytical method for insulin complied with specificity and linearity.
The LOQ of insulin was 0.3 ug/ml and the LOD, 0.05 uyg/ml. The method yielded a mean
recovery of 98.7%; an acceptable value for accuracy with 0.7% precision, with no significant
difference of inter- and intra-day samples. The insulin only degraded by 2% over a 24 h time

period.

Dissolution profiles obtained from the optimised bead formulations showed that insulin can
be formulated into immediate release bead formulations when aloe gel materials and Ac-di-
sol® are included in these formulations. As expected, slower insulin release was obtained

from the bead formulation consisting of microcrystaline cellulose only.
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Statistical analysis of TEER studies showed that bead formulations containing the aloe gel
materials depicted significant different (p <0.05) reduction in the percentage TEER

reduction compared to the control group (i.e. DMEM without absorption enhancer).

Transport studies across excised pig intestinal tissue showed that optimised bead
formulations containing A. vera and A. marlothii had higher percentage transport than the
beads containing insulin only, which may be due to the permeation enhancing properties of
the aloe materials. A.vera showed to statistically significantly (p <0.05) improved the
transport of insulin across the excised pig intestinal tissue. The optimum bead formulation
containing A. ferox did not increase transport of insulin across the intestinal tissue compared
to beads containing insulin only, which was unexpected because the formulations containing

A. ferox did decrease the TEER and showed immediate release of insulin during dissolution.

5.2 FUTURE RECOMMENDATIONS

It is recommended that other formulations should be investigated using A. vera gel as a
functional excipient in order to produce a better prediction model with the MODDE 9.0™

DoE software.

Enteric coating of the bead formulations containing aloe gel material with a mucoadhesive
biopolymer and other functional excipients to produce improved bead formulations could
also be further investigated. If sufficient mucoadhesion can be achieved with enteric coated
beads, it may increase the retention time in the gastrointestinal tract, such as the jejunum,
thereby increasing the contact time with the mucosal surface with even higher delivery

potential.

Lastly, it is recommended the optimised bead formulations from this study be tested in
transport studies using other in vitro models, such as the everted sac technique and

ultimately, in animal models to evaluate the ability to deliver drugs in vivo.
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ALOE GEL MATERIALS AS ABSORPTION ENHANCERS IN MULTIPLE-UNIT
SOLID ORAL DOSAGE FORMS FOR EFFECTIVE PEPTIDE DRUG DELIVERY

Elmarie Kleynhans, Josias Hamman, Joe Viljoen

Centre of Excellence for Pharmaceutical Sciences, North-West University,
Private Bag X6001, Potchefstroom, 2520, South Africa

Purpose: The most popular and convenient route of drug administration remains the oral
route; however, protein and peptide drugs such as insulin have poor membrane permeability
and stability in the gastrointestinal tract. Absorption enhancers can be added to the drug
delivery system to overcome the epithelial cell membrane permeability problem. Although
previous studies have shown that aloe leaf materials improve the transport of drugs across
intestinal epithelia, their performance in solid oral dosage forms has not been investigated

yet.

Methods: Beads containing insulin and each of the absorption enhancers were produced
by extrusion-spheronisation using a full factorial design to optimise the formulations based
on transepithelial electrical resistance reduction of Caco-2 cell monolayers as response.
The optimum bead formulations were evaluated in terms of friability, mass variation, particle
surface texture, shape, size and dissolution. The transport of insulin across Caco-2 cell
monolayers from the optimised bead formulations were determined over a 2 h period and
compared to that of the aloe gel materials in solution. The samples obtained from the
transport studies were analysed for insulin content by means of high-performance liquid

chromatography (HPLC).

Results: The results showed that the TEER reduction, as an indication of tight junction
modulation, obtained for the bead formulations containing aloe materials was concentration
dependent. Furthermore, inclusion of croscarmellose sodium (Ac-di-sol®) as disintegrant
showed an enhanced TEER reduction effect in combination with the aloe gel materials.
Dissolution profiles were seen to release the insulin within the first hour from the beads. In
accordance with the TEER reduction results, the aloe material containing beads showed
similar insulin delivery across Caco-2 cell monolayers compared to the solutions, which were

pronouncedly higher than that of the control group (insulin alone).

Conclusion: The optimised aloe gel material containing bead formulations showed high

potential to deliver insulin effectively across human intestinal epithelial cells.
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Novel Non-Invasive Protein and Peptide Drug Delivery Approaches

L. Wallis, E. Kleynhans, T. Du Toit, C. Gouws, D. Steyn, J. Steenckamp, J. Viljoen, J. Hamman*

Centre of Excellence for Pharmaceutical Sciences, Private Bag X6001, Potchefstroom, 2520, South Africa

Abstract: Protein and peptide based therapeutics are typically administered by injection due to their poor uptake when
administered via enteral routes of drug administration. Unfortunately, chronic administration of these drugs through mul-
tiple injections presents certain patient related problems and it is difficult to mimic the normal physiological release pat-
terns via this mode of drug administration. A need therefore exists to non-invasively deliver these drugs by means of al-
ternative ways such as via the oral, pulmonary, nasal, transdermal and buccal administration routes, Although some at-

tempts of needle fiee peptide and protein drug delivery have progressed to the clinical stage, relatively limited success has

been achieved in terms of commeceially available products. Despile the low frequency of elinical breakthroughs with non-
invasive protein drug delivery this far, it remains an active research area with renewed interest not only due to its im-
proved therapeutic potential, but also due to the attractive commercial outcomes it offers. It is the aim of this review arti-
cle to reflect on the main strategies investigated to overcome the barriers against effective systemic protein drug delivery
in different routes of drig administration, Approaches based on chemical modifications and pharmaceutical technologies
are discussed with reference (o examples of drugs and devices that have shown potential, while attempts that have failed

are also briefly outlined.

IKeywords: Absorption enhancers, enzymatic and physical barriers, needle-free, non-invasive, peptide, protein.

L. INTRODUCTION

Advances in biotechnology have led to an increased
number of therapeutic proteins and peptides that have be-
come commercially available on a large scale at an afford-
able price and the number of these therapeutics is expected
to accelerate further in the future [1]. A relatively quick rise
in the development of biotechnology based therapeutics due
to advanced technologies (e.g., recombinant DNA technol-
ogy) has unfortunately not been matched by the same rate in
the development of effective delivery systems for these types
of drugs. The challenges associated with effective systemic
delivery of these types of drugs can be related to their unfa-
vourable physicochemical properties [2]. Protein-based
drugs usually fall within class III of the Biopharmaceutics
Classification System (BCS) and the main reasons for their
low oral bioavailability include susceptibility to enzymatic
degradation, hydrophilic properties, large molecular size and
in some cases low solubility [3,4]. Despite the enormous
challenges associated with the effective delivery of biotech-
nology based drugs via non-invasive routes of drug admini-
stration, investigations with respect to this concept remain
active due 1o its large clinical and commercial potential and
the ever-increasing role that these drugs can play in the et-
fective treatment of diseases [5,6].

Although there is room for parenteral delivery of protein
drugs, a need exists for less invasive delivery of therapeutic
proteins that are administered chronically (e.g., more than 60
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000 insulin injections need to be administered during a pa-
tient's lifetime to effectively control blood glucose levels)
[2,6]. Other shortcomings associated with peptide drug de-
livery by injection besides the pain, discomfort and potential
for infections include a lack of replication of the physiologi-
cal release pattern. Examples of this problem include insulin
with its basal and post-prandial release patterns that are diffi-
cult to mimic with a series of injections and growth hormone
with several secretion events spaced unevenly throughout the
day [7.8]. Furthermore, fear of needles and resistance to self-
injection are considered to be some of the main reasons for
limiting insulin therapy and reduced compliance in diabetic
patients [9]. The clinical advantages of non-invasive protein
and peptide drug delivery include enhanced patient compli-
ance and potentially improved efficacy by certain routes of
drug administration due to a better resemblance of the
physiological secretion patterns  [10]. Therefore, non-
invasive protein and peptide drug delivery is still a relevant
area of investigation by formulation scientists [11].

This review aims fo reflect on different strategies em-
ployed for non-invasive protein and peptide drug delivery
via different routes of drug administration as demonstrated in
Figure 1.

2. CHEMICAL APPROACHES

Chemical modification of peptide and protein drugs to
improve bioavailability has received considerable attention.
This interest is primarily due to enhanced enzymatic stabil-
ity, intestinal permeability and immunogenicity [12,13].
Promising chemical modifications that have been employed
to improve the unfavourable properties of peptide and pro-
tein drugs include amino acid substitution (analogue forma-
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Figure 1. Summary of strategies for non-invasive protein and peplide drug delivery via different routes of diug administralion.

tion), synthesis of pro-drugs, conjugation with fatty acids
(lipidisation) and conjugation with polyethylene glyco! (PE-
Gylation) [12,14,15].

2.1. Analogues and Pro-Drugs

Substituting a specific amino acid in the structure of a
peptide or protein with a different amino acid is known as
analogue formation, Modifications based on amino acid sub-
stitution can be done by substituting an L-amino acid with a
D-amino acid or by replacing a particular amino acid with a
different amino acid [13]. Desmopressin acetate (DDAVP), a
synthetic cyclic analogue of 8-arginine vasopressin (a 9-
amino acid peptide), is an example of analogue formation
which is currently the treatment of choice for diabetes in-
sipidus and is marketed by Aventis Pharmaceuticals, In con-
trast to vasopressin, DDAVP is available as injection, intra-
nasal solution and tablets for oral administration. Although
the oral bipavailability of DDAVP is <1%, this produces a
sufficient antidiuretic effect. Although analogue formation
for non-invasive delivery of peptides has been successtul for

DDAVP, it seems that the application of this modification
technique will be limited to small peptides [16].

2.2, PEGylation

PEGylation is a technique that has attracted considerable
research attention in terms of structural modifications of pep-
tides and proteins and is defined as the conjugation of
poly(ethylene glycoly (PEG) with peptide or protein drugs
[17,18]. In research done by Hinds and Kim [19], PEG was
successtully conjugated with insulin via an amide bond. This
conjugation did not alter insulin’s secondary/tertiary struc-
ture or potency in vivo. However, the conjugate was almost
completely devoid of immunogenicity, allergenicity and
antigenicity. The conjugated insulin also remained in the
systemic circulation for longer periods of time compared to
unmodified insulin after subcutaneous administration. In
terms of the non-invasive delivery of insulin, perhaps one of
the most promising insulin formulations to date for oral ad-
ministration into the gastrointestinal tract is hexal-insulin-
monoconjugate-2 (HIM2), HIMZ was developed by Nobex
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Corporation in partnership with GlaxoSmithKline. This con-
jugate has a small polyethylene glycol 7-hexyl group at-
tached to the B29 amino acid (i.e. lysine) of recombinant
human insulin. Clinical trials suggested an oral bioavailabil-
ity of approximately 5%, which is thought to result in ac-
ceptable glucose lowering. HIM2 was as effective as a sub-
cutaneous injection of 8 units of regular insulin to control
postprandial glycemia with respect to parameters such as 2 h
postprandial glucose concentration, maximum glucose con-
centration, and glucose AUCy.a49 [20,21,22]. However, Bio-
con acquired the technology from Nobex and conducted
clinical studies. One of the longer-term studies in type 2 dia-
betes mellitus patients did not meet the endpoint of a reduc-
tion of HbAlc of greater than 0.7% compared to the placebo.
The reduction in HbA l¢ in the placebo group was, however,
larger than expected, thereby decreasing the difference be-
tween the two freatment groups. Unfortunately, the statistics
of the trial are not freely available [8]. Currently, Biocon in
co-operation with Bristol-Myers Squibb are pursuing further
clinical development of this conjugated molecule [23].

2.3, Lipidisation

Another conjugation technique that has been used suc-
cessfully to improve the lipophilicity and thereby the
bioavailability of peptide drugs is lipidisation. This tech-
nique nsually involves the conjugation of a fatty acid to a
peptide or protein [21,24]. Due to difficulties associated with
the conjugation of fatty acids to peptides and proteins, a
modificd technique to overcome the drawbacks of conven-
lional lipidisation, was developed. This method is referred to
as “reversible aqueous lipidisation™ (REAL) and can be car-
ried out in an aqueous solution, while the original peptide
can be regenerated in the blood or tissues. With regard to
oral peptide delivery, Wang and co-workers [25] have shown
that REAL-technology improved the oral bioavailability of
salmon calcitonin, however, the exact mechanism of im-
proved absorption from the gastrointestinal tract was not
clear. The authors concluded that REAL-technology can be
used in future for designing polypeptide drugs for oral deliv-
ery. In another study, a non-reversible aqueous-soluble lipid
conjugate of calcitonin was prepared [26]. This derivative of
salmon caleitonin produced hypocalcaemic activity compa-
rable to salmon calcitonin after subcutaneous injection, how-
ever, activity after oral administration was inconclusive due
to within group variation in the rat model. With regard to
calcitonin, Nobex Corporation and Elan Corporation initiated
Phase I clinical trials with Qratonin™, an oral calcitonin de-
rivative for the treatment of osteoporosis. This derivative of
calcitonin encompasses the attachment of a polymer to calci-
tonin, however, the nature of this polymer is not revealed,
only that it involves proprictary Nobex technology [27]. Cur-
rently Oratonin™ has completed Phase I clinical trials and is
ready for Phase 1I clinical trials (Seachaid Pharmaceuticals).
Publicly available information on Oratonin™ is limited.

2.4, Cell-Penetrating Peptides

Cell-penetrating peptides (CPPs) received considerable
interest during the last two decades for the non-invasive de-
livery of peptides and proteins. CPPs can cross the cell
membrane with limited toxicity and can act as vector for
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protein and peptide drugs, However, the exact mechanism by
which CPP-drug conjugates cross the cell membrane and/or
how they get internalised is still unclear [28,29,30]. It is
postulated that the inter-molecular interactions between the
CPP and the drug are important for enhanced absorption
[13]. Improved absorption of insulin was obtained after nasal
administration of insulin in the presence of penetratin, a
CPP. This study also showed that penetratin did not cause
any mucosal damage over the concentration range used [31].
However, a great deal of research is still needed before CPP-
mediated delivery will be clinically utilised [29].

3. PHARMACEUTICAL APPROACHES

3.1. Oral Delivery

Oral drug delivery remains the most popular and patient
compliant route of drug administration [31], which explains
the numerous etforts of pharmaceutical scientists to over-
come challenges such as low stability and poor permeability
of protein and peptide drugs in the gastrointestinal tract. Al-
though limited success has been achieved in terms of the
clinical translation of protein based drugs into registered oral
products [10], it is important to highlight formulation ap-
proaches that have shown potential for effective oral delivery
of these drugs.

3.1.1. Polymeric Hydrogels

Hydrogels are three-dimensional water-absorbing net-
works consisting of cross-linked hydrophilic polymers that
can be used in novel drug delivery systems [32]. Different
types of hydrogel drug delivery systems have been investi-
gated for improved protein and peptide drug delivery such as
microparticles consisting of poly(methacrylic acid grafted
with poly(ethylene glycol)) that protected insulin from deg-
radation in the gastrointestinal tract with improved bioavail-

ability[33,34].

An example of a polymeric hydrogel shuttle system
which consisted of snperporous hydrogel composite for site-
specific controlled release of N-u-benzoyl-L-arginine eth-
ylester. This system showed a promising time-controlled
release profile with the potential to bring the drug in close
contact with the intestinal epithelium at a specific site in the
gastrointestinal tract and in addition also partly inhibited the
activity of trypsin together with opening of the tight junc-
tions. The system was designed to produce a double phase
release profile to provide the enzyme inhibitors and absorp-
tion enhancers first before releasing the active ingredient as
illustrated in Figure 2 [35].

3.1.2. Mucoadhesive Systems

[ntestinal transit time can be prolonged by the use of mu-
coadhesive delivery systems that slows down the movement
of a delivery system through the gastrointestinal tract by
adhering to the mucosal surface. Furthermore, it improves
the contact between the drug and the mucosa resulting in an
increased drug concentration gradient preventing dilution or
degradation of the drug in the luminal fluid to a certain ex-
tent [36].

In a previous study, a gastrointestinal mucoadhesive
patch system was designed in the form of a four layered en-
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teric coated capsule for the oral delivery of recombinant hu-
man granulocyte colony-stimulating factor. This patch sys-
tem protected the drug from proteolytic enzymes and de-
pended on environmental pH for drug velease [37]. Thiolated
polymers (thiomers, e.g., thiolated chitosan) contain thiol-
bearing ligands that are bound to the polymer backbone and
have been shown to enhance intestinal macromolecnlar drug
absorption by means of mechanisms such as mucoadhesion
and opening of tight junctions. A third generation of pre-
activated thiomers have recently been introduced that en-
hanced the stability of the polymer, improved its mucoadhe-
sive properties and further increased macromolecular drug
delivery [38,39,40].

3,13, Lipid-Based Formulations

Solid lipid nanoparticles (SLNs) is an example of a lipid-
based drug delivery system formulated to contain part of the
drug dose in the internal core and part in the external coat of
solid lipid delivery systems [41]. A significant hypoglycae-
mic effect was observed in diabetic rats after the oral ad-
ministration of insulin loaded SLNs. 1t was found that glu-
cose levels of rats were lower wlen given insulin-loaded
SLNs due to the ability of the matrix of the SLNs to protect
insulin against chemical degradation [42]. Self-dispersing or
self-emulsifying lipid formulations consist of a drug that is
solubilised in oil, surfactant and co-surfactant, which form
an emulsion when in contact with the gastrointestinal fluid.
Another type of lipid based formulations is colloidal lipid
carriers that are capable of solubilising drugs in the locus of
the bilayer lipid domain to enhance the dissolution of drugs.
Both self-dispersing lipid formulations and colloidal lipid
carriers are recent examples of lipid-based formulations in-
vestigated for the oral delivery of protein drugs [41].

3.1.4. Nanoscale Technologies

The development of nanoparticles has been considered to

be a revolutionary step in the delivery of drugs with the po-

tential of not only improving drug bioavailability, but also
targeting drugs towards certain tissues in the body. However,

despite the high potential of nanoparticles to provide new
treatment opportunities only a few nanoparticle-based sys-
tems have reached the market due to challenges such as low
encapsulation efficiencies, too rapid drug release profiles and
toxicological issues [43,44].

Vitamin By, conjugated dextran nanoparticles demon-
strated increased bioavailability of insulin due to particle
receptor mediated endocytosis and the protection of insulin
from proteolytic degradation [45]. N-trimethyl chitosan chlo-
ride (TMC) insulin loaded nanoparticles were modified with
a targeting peptide (i.e. CSKSSDYQC or CSK) and com-
pared with unmodified nanoparticles. In comparison to the
unmodified nanoparticles, the CSK modification facilitated
the uptake of the nanoparticles in the villi, enhanced permea-
tion of the insulin across the epithelium and induced higher
internalisation of insulin via endocytosis on goblet cell-like
HT29-MTX ‘cells. The modified CSK nanoparticles also
showed enhanced transport across Caco-2/HT29-MTX co-
cultured cell monolayers and produced improved hypogly-
cemic effects with a 1.5-fold higher relative bioavailability
compared to unmodified nanoparticles [46].

In another study, the anti-diabetic effect of an oral insulin
nanoparticulate system consisting of an alginate-dextran sul-
fate core and a chitosan-polyethylene glycol-albumin shell
was evaluated. The nanospheres were loaded with insulin
(25, 50, 100 TU/kg) and when administered to diabetic rats,
blood glucose reduced in a dose-dependent manner with
maximal effect after 14h and a continued effect for up to
24h. The success of these nanospheres was attributed to the
reason that albumin prevents protease attack on the insulin
and PEG stabilises the nanosphere [47].

3.1.5. Dendrimers

Dendrimers are defined as spherical, macromolecules in
the nanosize range with a specific architectural structure
consisting of branches stretching from the core containing
terminal functional groups [48]. Peptide and protein den-
drimers that are synthesised without a core using lysine and
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consisting of cationic and aromatic groups in the structure
attracted attention due to their potential applications as pro-
tein mimetics or drug delivery vehicles {49].

Conjugation of SN38, the active metabolite of irinotecan
to poly(amido amine)dendrimers was studied by determining
their in vitro transport profiles using Caco-2 cell monolayers.
The conjugated dendrimers resulted in an increase in the
transepithelial transport with decreased toxicity [50].

3.1.6. Colon-Specific Delivery Systems

Site-specific delivery in the colon is considered an attrac-
tive approach for oral delivery of proteins and peptides due
to decreased proteolytic activity, increased residence time
and potentially improved absorption [38]. Approaches for
colon-specific delivery include pressure-induced drug deliv-
ery, micro-activated systems, pH and time dependent deliv-
ery systeins and particulate drug delivery systems [51].

Cross-linked bovine serum albumin nanospheres layered
with fatty acids presented little drug release in the gastric
arca and were capable to control the release of vancomycin
in the colon area responding to stimuli such as pH, mucin
interactions and enzyme absorption [52]. CODES™ (Colon-
targeted delivery system), developed by Katsuma and co-
workers achieved colon-specific delivery in humans and
dogs by releasing the drug coutent when the lactulose is de-
graded by enterobacteria in the colon [53).

3.1.7, Targeting Active Transporters

. Drug molecules can be transported against a concentra-
tion gradient across intestinal epithelium and oral mucosa by
means of active fransport. This is an energy dependent, car-
rier-mediated transport of small or macromolecules by
transmembrane proteins [13,54]. Transporter proteins exist
for amino  acids, monosaccharides, monocarboxylic acids,
nucleosides, dipeptides, organic cations, plosphates and wa-
ter-soluble vitamins. These active transporters are driven by
Na'- or H'-ion electrochemical gradients, or by adenosine
tri-phosphate (ATP') hydrolysis [56]. Absorption of di- and
tri-peptides across intestinal epithielium has been shown to be
facilitated by carrier-mediated oligopeptide transporters

[13,55].

A strategy to enhance intestinal absorption of protein and
peptide drugs involves its covalent conjugation to carrier
molecules, creating targeted pro-drugs, which facilitates
membrane transport by enabling recognition by the endoge-
nous membrane transporters [13,56],

Of these endogenous systems, peptide transporters have
several advantages as a target system including broad sub-
strate specificity [57]. Although a number of peptide trans-
porters have been identified, including PHTI, PHT2 and
PepT2, the proton-coupled PepT1 has been described exten-
sively and is known to be widely distributed in the small
intestine and in Caco-2 cells [55,57]. It has been shown that
a variety of derivatised dipeptides may be targeted to PepTl,
thereby possibly improving the compound’s oral bioavail-
ability including dipeptidyl derivatives of a-methyl-Dopa.
Although studies indicate that di/tripeptidomimetic and
dipeptidyl pro-drugs targeting PepT1/2 showed promise for
cffective delivery of small drug molecules, its use for larger
peptides or macromolecules appears to be limited [58,59].
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3.1.8. Targeting Receptors

Receptors, unlike active transporters, transport drug
molecules across epithelial and enterocytic cells via receptor-
mediated transcytosis and are not limited by their ability to
transport molecules based on their size [13,60]). Therefore,
the conjugation of protein or peptide drugs to receptor
ligands (e.g., vitamin By, biotin, transferrin, etc.) can enable
site specific absorption without affecting the celinlar mem-
branc integrity [13,60,61]. This has made receptor-mediated
endocytosis an important target for drug delivery research.
One study showed that oligomeric transferrin has the poten-
tial to act as a carrier of protein and peptide drugs such as
insulin for oral delivery with sustained release, They cross-
linked insulin with transferrin, which resulted in increased
intracellular retention in enterocyte-like Caco-2 cells and
CF-1 mice, [nsulin conjugated to the tranferrin oligomer was
also more effective after oral administration in streptozoto-
cin-induced diabetic rats [61].

The folate receptor has been identified as an ideal marker
to target drug delivery to various tumours, including ovarian
carcinomas and, in various studies, folate was attached di-
rectly to drugs or chemically bound to polymer-drug or
polymer/lipid-drug conjugates [59,62]. Kim and co-workers
proposed a poly(L-lysine)-poly(ethylene glycol)-folate con-
jugate (a di-block copolymer conjugate) for therapeutic pro-
teins, since physical PEGylation might proloug circulation in
the blood [62]. Folate has also been conjugated to trimethyl
chitosan chloride (TMC) to protect it from enzymatic degra-
dation, but to decrease the toxicity of TMC and to increase
binding of folate to its receptor, a folate-poly(ethylene gly-
col)-grafted-trimethylchitosan complex was prepared [63].
Both conjugated molecules demonstrated enhanced intracel-
lular delivery of fluorescein isothiocyanate conjugated bo-
vine serum albumin as a model profein i a folate receptor
over-expressing cell line (KB cells or SKOV3 cells) throngh
folate receptor-mediated endocytosis when compared with
A549 cells (a folate.receptor deficient cell ling). It is possible
that this intracellular protein delivery system can be suitable
to enhance delivery of other negatively charged therapeutic
proteins. However, Kim and co-waorkers noted that intracel-
lular delivery of the model protein was decreased when se-
rum proteins were present, and suggested that for in vivo
applications the protein complexes should have enhanced
stability [62]. Bi-functional fusion proteins, including a hu-
man growth hormone-transterrin fusion protein for oral de-
livery, have been genetically engineered to link protein and
peptide drugs with carrier antibodies which target transferrin
receptors, and this system has been shown not to be limited
to the rat [64,65],

3.2. Pulmonary Delivery

A promising non-invasive delivery route for protein and
peptide drugs is via the airway or pulmonary system, in the
form of dry powder inhalants and nanoparticles [66]. Mac-
romolecules are promptly absorbed from the alveolar air-
space mainly because of the large alveolar surface area, de-
creased enzymatic activity as well as the thin epithelial air-
blood barrier [67]. As with many other delivery routes, the
pulmonary route of administration also has its drawbacks
such as the thick mucus layer covering the upper and central
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respiratory tract, which prevents adequate absorption of pro-
teins {68]. This mucus layer along with the closely joined
tight junctions in the respiratory epithelinm act as a signifi-
cant physical barrier against the penetration of macromole-
cules [69], which needs to be overcome before therapeutic
tevels of the drug could be reached.

Macrophage targeting carrier systems, mucoadhesive
systems as well as compounds that could reversibly open
tight junctions is some novel approaches that have been ex-
plored to optimnise pulmonary delivery of macromolecules
[69,70]. Optimal deep lung delivery of drug molecules is
ideally obtained by particles with a diameter of between |
and 5 pm. Polymeric micro and nanoparticles that comprise
of degradable and biocompatible materials such as polyeth-
ylene glycol and poly(lactide-co-glycolide) are retained well
in the pulmonary tissues and are able to evade macrophages
[71,72]. Besides these novel dosage tform designs, various
devices such as metered dose inhalers, jet and ultrasonic
nebulisers and dry-powder inhalers have been used in the
pulmonary drug delivery [73].

3.2.1. Absorption Enhancers

The use ot absorption enhancers is one of the common
methods employed to improve absorption of molecules
across different mucosal surfaces. Several mechanisms of
action are known for absorption enhancers employed in pul-
monary drug delivery, which include reduction of the mucus
viscosity, reversible opening of tight junctions, increase in
membrane fluidity and momentarily disruption of the struc-
turat integrity of epithelial membranes [13]. Various absorp-
tion enhancers have been investigated for the improvement
of protein and peptide absorption through the pulmonary
epithelium such as surfactants, chelating agents, fatty acids,
bile salts, anionic and cationic polymers [13,74]. Studies
over recent years have, however, proved that only few ab-
sorption.enhancers are regarded as safe for use in lmans.
Some of these include: chitosan, alkylsaccharides and poly-
ethylene glycol (PEG) [75,76].

Chitosan and its derivatives have long been used in im-
proving uptake of proteins across epithelial tissue mainly
because of its muco-adhesive and absorption enhancing
properties, but also because of its low toxicity [69,70]. Mi-
croencapsulation of dry insulin powder in chitosan nanopar-
ticles significantly increased the distribution of the drug to
the deep lung after intra-tracheal administration thereof, The
inhaled nanoparticles induced a more pronounced and pro-
longed hypoglycaemic effect in rats compared to the control
group [71].

3.2.2. Dry Powder Inhalers

Exubera” is a spray-dried inhalation product that contains
mannitol, glycine and sodium citrate in addition to recombi-
nant human msulin and proved to enhance the pulmonary
absorption of insulin when compared to regular subcutane-
ous adimninistration [77,78]. The manufacturing of this prod-
net, marketed by Pfizer, was discontinned in 2007 due to
several reasons such as its high cost, relative difficulty to use
the device, poor acceptance by patients and clinicians, con-
siderations of damage to lungs and a potential increased risk
in bronchial carcinoma of smokers [77,79].

Wallis ef al.

Technosphere® technology (Afrezza®, Mannkind Corp) is
a system developed for insulin delivery to the pulmonary
area by an inhaler containing single dose cartridges [78].
This technology uses fumaryl diketopiperazine as a particle
substrate, which enables improved absorption of insulin in
the deep lung becanse it encapsulates the drug, which can be
Iyophilised into dry powder, The surface charge of each par-
ticle is slightly negative, which causes a charge difference
between the particle and the pulmonary tissue, thercby en-
hancing the adsorption of the particles to the tissue. The dry
powder is inhaled and the particles disintegrate in the neutral
pH of the lung, where encapsulated peptide drugs are then
released to be absorbed into the systemic circulation [80].
This technology has been used in delivering not only insulin,
but also parathyroid hormone (PTH) and salmon calcitonin
(sCT) in healthy human volunteers, as well as felbamate in
wnice [81]. Aspirair® is a new device, which makes use of
compressed air and a vortex separation chamber in order to
enhance fine particle fraction lung delivery by de-
agglomeration [82].

3.2.3. Liposomes

Liposomes are spherical lipid bilayer vesicles capable of
encapsulating drugs and are formulated from cholesterol and
phospholipids. Insulin was encapsulated in muco-adhesive
liposomes, which caused a reduced plasma glucose level in
the blood of rats over a period of 12 h [70]. In another in vivo
study that was carried out in rats, elactonin, a peptide drug
used in the treatment of osteoporosis, had increased absorp-
tion in pulmonary tissue when administered in surface-
modified liposomes {78].

3.2.4. Enzyme Inhibitors

Enzyme  inhibitors, for example N-lauryl-8-D-
maltopyranoside, have shown the ability to enhance the pul-
monary absorption of peptide drugs, such as insulin, when in
vivo testing on rats was carried out [74]. However, limited
information on the use of enzyme inhibitors for pulmonary
peptide delivery is available in literature which can probably
be explained by the problems experienced with long term
enzyme inhibition.

3.3. Nasal Delivery

Although the nasal route of drug administration was
mainly utilised for the treatiment of local diseases of the up-
per respiratory tract, researchers later acknowledged the
value of this route for the systemic delivery of peptide and
protein based drugs [83,84].

The structure and composition of the nasal mucosa pro-
vides a challenging barrier, especially for the systemic deliv-
ery of large molecules (i.e. above 1.0 kDa). Nasal delivery of
hydrophilic proteins and peptides usually exhibit bioavail-
ability values of less than 1%. The sub therapeutic bioavail-
ability of these drugs can predominantly be attributed to
weak mucosal membrane permeability and degradation due
to proteolytic enzyme activity in the nasal mucosa. The rapid
mucocilliary elearance of drugs from the nasal mucosa also
has a negative effect on bioavailability. It is therefore com-
mon practice to make use of nasal absorption enhancers to
achieve therapeutic systemic drug levels [75,85].
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The following approaches have been pursued to improve
the nasal absorption of drugs with a peptide and/or protein
nature: 1) chemical structure modification to improve meta-
bolic stability and/or permeability [86]; 2) the addition of
enzyme inhibitors to protect the drug from mmcosal enzy-
matic degradation [87]; 3) the addition of absorption en-
hancers to aid the passage of drug molecules throngh the
nasal mucosa [88]; 4) development of novel drug carrier
systems such as liposomes, niosomes, nano and microparti-
cles [89,90,91]. Recent trends showed that the focus is pri-

matily on the use of absorption enhancers as, well as nano -

and microparticulate systems and these strategies will there-
fore be discussed in more detail.

3.3.1. Absorption Enhancers

As mentioned before, chemical absorption enhancers are
co-administered with drugs to improve their absorption
across mucosal surfaces via different mechanisms of action.
Cyclopenta decalactone is derived from the plant dngelica
archangelica and is listed on the Food and Drug Administra-
tion (FDA) approved inactive ingredient list for nse in drug
delivery applications. This excipient acts as an absorption
enhancer; however, thespecific mechanism of its drug ab-
sorption enhancement property in the nose is only specula-
tive at this stage. The surfactant nature of the molecule sug-
gests that interaction with the nasal membrane may increase
fluidity, which in turn may result in improved transcellnlar
absorption of co-administered substances. Cyclopenta deca-
lactone has proved effective in enhancing the nasal delivery
of insulin (e.g., Nasulin™) in phase T and phase T clinical

trials [92].

Alkylsaccharides (e.g., Intravail®) consist of a polar sugar
head (e.g., sucrose, maltose), which is esterified with non-
polar alkyl chains of varying lengths. Tetradecyl maltoside,
with an alkyl chain length of Cy, has been shown to be a
very effective nasal absorption enhancer for various drug
molectles [93,94], The proposed mechanism of drug absorp-
tion enhancement is attributed to a stimulation of the rate of
endocytosis and an increase in fluidity of the mucosal mem-
brane. Studies also showed a significant reduction. in franse-
pithelial electrical resistance (TEER) after treatment of hu-
man tracheal/bronchial cell cultures, which suggested that
paracellular transport enhancement may also contribute to
improved absorption [95]. Tetradecyl maltosicle was tested in
an anaesthetised rat model in concentrations ranging from
0.06 - 0.50%. The study showed that tetradecyl maltoside
had improved the nasal absorption of insulin (5.7 kDa),
leptin (16.0 kDa), somatropin (22.1 kDa) and epoetin-a (30.4
kDa) to varying degrees of success when administered
within the specified concentration range [96]. Another study
showed that the alkylsaccharide, N-dodecyl-f3-D-maltoside
(DDM), enhanced the nasal delivery of a PTH analogue in
rodent and primate models when used at a concentration of
0.18%. A relative bioavailability of 35 - 40% was achieved
in a primate model when comparing the bioavailability of the
DDM-PTH combination 1o that of a subcutaneous injection
[97].

Hydroxy fatty acid esters of polyethylene glycol (e.g.,
CriticalSorb™ containing macrogol 15 hydroxy stearate) are
well known as effective mucosal absorption enhancers. A
relatively recent study in a conscious rat model has shown
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that the nasal absorption of insulin can be dramatically en-
hanced when combined with fatty acid esters. In a previous
study, a solition of insulin (4 1U/kg) and macrogol 15 hy-
droxy stearate was nasally administered that resulted in a
relative bioavailability of 100% when compared to a subcu-
taneous injection based on an AUC,,; [98]. Macrogol 15
hydroxy stearate was also used in a similar study to enhance
the nasal absorption of human growth hormone (hGH), A 5
mg/kg dose of hGH was administered nasally to conscious
rats in a simple solution of macrogol 15 hydroxy stearate,
The results showed a relative bioavailability of 49.9% as
compared to a control group (i.e. hGH solation) with a
bioavailability of 0.7% based on an AUCy4, The optimal
ratio of Macrogol 15 hydroxy stearate to hGH, when used as
a solution for nasal administration, was reported to be 4:1 on
a weight:weight basis [99,100]. The mechanism of action of
Macrogol 15 hydroxy stearate was reported to be related to
improved permeation in conjunction with a 60% reduction in
TEER values which were observed in Caco-2 cell monolay-
ers after a 2 h exposure period [101].

3.3.2. Micro- and Nanoparticles

Micro and nanopatticulate systems for nasal drug deliv-
ery usually consist of mucoadhesive polymers, which im-
prove the retention time of the drug on the nasal mucosa that
lead to enhanced drug absorption. These particulate systems
not only protect the incorporated peptide and protein drugs
against enzymatic degradation, but also establish a tight con-
tact between the drug and nasal mucosa [102],

Chitosan is a positively charged polymer with pro-
nounced mucoadhesive properties and is regularly used to
aid in the nasal delivery of macromolecules. Chitosan im-
proves drug penetration primarily by transiently opening the
tight junctions in the nasal mucosa and by improving bioad-
hesive properties [103,104]. Chitosan glutamate or hydro-
chloride salts with a degree of deacetylation of approxi-
mately 83% and molecular weight of approximately 200 kDa
(e.g., ChiSys®™) are mostly used. A study in a sheep model
showed that chitosan microspheres were capable of improv-
ing the nasal absorption of goserelin. The relative bioavail-
ability of the microsphere formulation as compared to a sub-
cutaneous injection was 36.6% [105,106].

In another study, a thiomer microparticulate system con-
taining polycarbophil-cysteine and gluthatione (as permea-
tion enhancer) was used to sucessfully administer hGH via
the nasal cavity. The polycarbophil-cysteine/gluthatione
combination microparticulate system achieved a 3-fold in-
crease in bioavailability when compared to a polycarbophil-
cysteine formulation which did not contain gluthatione
[107].

3.4. Transdermal Delivery

The main diffusional barrier against effective transdermal
drug delivery remains the stratum corneum (SC). The SC
particularly excludes the transit of polar, hydrophilic mole-
cules such as proteins and peptides. Several strategies have
been followed to increase the number of compounds that can
be administered transdermally without permanently com-
promising the SC. These strategies can be divided into two
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categories namely passive and active approaches [108,109,
110,111].

3.4.1. Passive Approaches

Passive approaches to improve transdermal drug delivery
include chemical penetration enhancers, pre-treatment of
skin, nano-carriers and biotechnologies such as peptide cell-
penetrating enhancers and peptide chaperones [38,112,113].

3.4.1. 1, Chemical Penetration Enhancers

‘Chemical penetration enhancers facilitate transdermal
delivery of drugs by different mechanisms such as enhancing
solubility, increasing partitioning into the SC, fluidising the
crystalline structure of the SC and/or disrupting ordered skin
lipids. Examples of transdermal penetration enhancers in-
clude fatty acids/esters, solvents, surfactants, terpenes, ureas,
essential oils and sulfoxides [114,115,110,111,116]. Only a
relatively small number of chemical enhancers have been
able to induce substantial therapeutic enhancement of drug
transport across the skin without causing toxic effects and
even less depicted enhanced delivery of peptides and pro-
teins {117,118). Fatty acids were used as penetration en-
hancers for arginine vasopressin and insulin delivery
[119,120] and nrea for leuprolide delivery through the skin
[121].

3.4.1.2, Pre-Treatment of Skin

The skin contains sulfliydryl groups that may react with
certain peptide and protein molecules and thereby presenting
a potential biochemical barrier. Neutralisation of this barrier
by means of topically applying oxidising agents could in-
crease transdermal delivery of disulphide containing peptides
such as insulin, calcitonin, somatostatin lanreotide, octreo-
tide and oxytocin/vasopressin analogues. Sintov and Worm-
ser showed that skin pre-treatment with iodine followed by
dermal application of insulin resulted in significantly re-
duced ghicose levels and elevated insulin concentrations in
the plasma presumably through inactivation of endogenous
sulfhydryl groups [122]. Another study reported that pre-
treatment with menthol modifies the barrier properties of the
SC by distributing into the intercellnlar spaces and possibly
causes reversible disruption of lipid domains [114]. Skin pre-
treatment with ethanol usually increases the permeation of
hydrophilic drugs, whereas it decreases diffusion of hydro-
phobic drugs [38]. Ethanol skin pre-treatment has been in-
vestigated for transdermal delivery of leoprolide [123], while
dimethyl suifoxide was used for amphotericin B delivery
[124].

3.4.1.3. Nanocurriers

Lipososmes (including niosomes and ethosomes), trans-
fersomes, dendrimers, nanoparticles and nanoemulsions are
nanocarriers most commonly utilised for transdermal drug
delivery. Although liposomes are considered as nanocarriers
in this discussion, it is important to note that they may also
fall within the micro size range [112,115,125].

Niosomes, analogues of liposomes, are non-phospholipid
vesicles created by the self-assembly of non-ionic surfactants
in aqueous dispersions, Liposomes with high alcohol content
are known as ethosomes. The surfactants in all of these parti-
cles aid in local fluidisation of the lipids, allowing for the
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particles to sit in the upper layers of the SC where they are
able to form a depot for prolonged effects [112,115,123].
The encapsulation of peptides in liposomes to increase trans-
dermal peptide delivery has been investigated for insulin
[126], melatonin [127,128] and tetanus toxoid [129,130].

Transfersomes consist of a deformable structure, making
them more elastic in nature and allowing them to squeeze
through the pores on the surface of skin into the deeper lay-
ers {131}, Drug-loaded transfersomes can transport relatively
large amounts of drug per unit time across skin (up to 100
pg.emh™). Even when transfersomes are loaded with pep-
tide-like molecnles of high molecular weight, a relatively
high rate of transdermal delivery remains reproducible
[125,132,133]. Examples of peptide-like drugs that have
been investigated for transdermal delivery with transfer-
somes include calcitonin, alpha-interferon, gamma-
interferon, insulin and serum albumin [132,133,134].

Nanoparticles have been employed to encapsulate protein
drugs for transdermal delivery. The interaction between the
nanoparticles and the skin barrier leads to increased skin
permeability, which was shown for example with insulin,
cyclosporin A and interferon alfa-2a [135,136,137,138,139,
140,141,

Nanoemulsions can incorporate hydrophobic and hydro-
philic drugs because it is possible to make both water-in-oil
or oil-in-water nanoemulsions [125,142,143,144]. Examples
of peptide drugs that have been incorporated in nanoemul-
sions for transdermal delivery include insulin [145] and bo-
vine serum atbumin [146], however, the use of this technique
has become less popular due to inherent stability problems
with the nanoemulsions.

3.4.1.4, Biotechnology Technigues

Increased passive delivery of insulin via the transfollicu~
lar route was achieved when a short 1 1-amino acid synthetic
peptide (TD-1) was co-administered [147]. Enhanced trans-
dermal delivery wis also attempted for human epidermal
growth factor and human growth hormone by utilising TD-1
[148,149]. A natural pore-forming peptide, magainin, was
employed to increase skin permeability by a mechanism pro-
posed to target bilayer disruption in SC lipids and not in
deeper tissue {150]. Magainin was, however, only effective
when utilised in combination with a surfactant,

Lipophilic derivatives of peptides were reported to have
increased skin permeability, for example, covalent binding of
cyclosporine to a polyarginine-heptamer cell-penetrating
peptide led fo improved skin absorption. However, it is im-
portant to note that alteration of the chemical structure of
peptides might also affect their pharmacological activity
[126,151,152,153].

3.4.2. Active Approaches

Active approaches to improve transdermal drug delivery
involve the use of an energy source to overcome skin barrier
properties. The device and application factors can be ad-
Justed to accommodate the skin properties of different pa-
tients. Active transdermal delivery approaches can be sub-
divided into invasive (e.g., intravenous or intramuscular in-
jection), minimally invasive (e.g., photopolymerisation, mi-
crodermabration, Hquid jet injectors, powder injectors, mi-
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croneedles, thermal ablation, radiofrequency ablation, laser
ablation, tape stripping) and non-invasive methods (e.g.,
electroporation, iontophoresis, sonophoresis, magnetophore-
sis and pressure waves) {111,126,154]. Although some of the
invasive and minimally invasive techniques have been suc-
cessfully used to deliver protein based drugs across the skin,
only non-invasive methods will be discussed here as delim-
ited by the scope of this review article.

3.4.2.1, Electroporation

‘Electroporation is a technique that causes a temporary
structural perturbation of the lipid bilayers of the SC in order
to create transient pores through application of short (micro-
second or millisecond), high voltage (50-1000 V) pulses to
the skin. Transport of charged macromolecular drugs (up to
40 kDa) occurs mainly due to enhanced diffusion, electro-
phoresis and to a small extent also electro-osmosis. Electro-
poration has effectively been used to enhance permeability
of peptides and proteins across the skin such as insulin [155],
calcium regulating hormones [156] and sCT [157].

Genetronics, Inc (San Diego, California) has developed a
prototype electroporation device in order to attain gene de-
livery and to improve drug delivery. However, safety in the
clinical application of this technique is still qnestionable due
to mild skin reactions [158,159,160],

3.4.2.2, Iontophoresis

lontophoresis is a procedure that employs a small electri-
cal potential difference (0.5 mA/em?) to enhance delivery of
charged and neutral molecules with relatively low molecular
weight through the skin. It offers controlled or pulsatile drug
delivery, since the amount of drug delivered is directly pro-
portional to the potential difference applied [161,162,163,
164). Peptides that remain charged throughout transdermal
delivery are ideal for iontophoretic delivery {160]. Some
examples of biotechnology based drugs that have been inves-
tigated for transdermal delivery with iontophoresis include
ribonuclease A [164], calcitonin [156,157,165], serum hu-
man parathyroid hormone [166,167], vasopressin [168] and
luteinizing-hormone-releasing hormone [169,170].

Various companies have developed iontophoresis devices
which are currently commercially available, e.g., lonto-
Patch® (Travanti Pharma Inc.) which includes the corpora-
tion’s wearable electronic disposable drug delivery stand
(WEDD") that is based on a thin, elastic, low-cost battery
technology within a single-use, disposable, iontophoretic
patch [171,172].

3.4.2.3. Sonophoresis

Sonophoresis is the movement of compounds through
intact skin into soft tissue under the influence of ultrasonic
agitation, Either low-frequency ultrasound (LFS; 20-
100 kHz) or high frequency ultrasound (HFS; 0.7-16 MHz)
can be employed [158,173], It was shown that LFS is sig-
nificantly more effective than HFS in delivering drugs across
the skin. Collapse cavitation (i.e. the generation and oscilla-
tion of gas bubbles in the skin) was identified as the mecha-
nism of action for improved transdermal drug delivery by
sonophoresis [174,175,176]. The SonoPrep™ from Sontra
Medical Corporation and Prelude™ SkinPrep from Echo
Therapeutics are examples of skin permeation devices which
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employ ultrasound to increase permeability through the skin
[108,160].

3.4.2.4, Magnetophoresis

Magnetophoresis is the application of a magnetic field on
the skin that acts as a peripheral driving force to improve
transdermal drug delivery. Alteration in the structure of skin
is induced, which most likely contributes (o an increase in
permeability [142,177,178]. Magnetophoresis is mostly used
in cancer therapy, but it has also been investigated for trans-
dermal delivery of lipofectamine and certain genetic materi-
als [179,180].

3.4.2.5. Pressure Waves

Pressure waves are generated by intense laser radiation
and are only applied for a very short time (i.e. microseconds
to milliseconds). 1t is hypothesised that the pressure waves
form a continuous or hydrophilic pathway across skin due to
the development of lacunae domains in the SC. Adequate
permeation of the SC is possible with only a single pressure
wave, which allows the transport of peptides and proteins
into the dermis and epidermis. Additionally, drugs can also
pass into the vasculature and yield a systemic effect
[142,177,181]. Insulin delivered across the skin by means of
pressure waves reduced blood glucose concentrations over
several hours [142,181].

3.5. Buccal Delivery

The mucosa of the oral cavity offers an opportunity for
systemic drug delivery since it is highly vascularized with
relatively low enzyme activity and avoids first pass metabo-
lism. However, the limited absorption surface area combined
with the barrier functions of the mucosa constitutes chal-
lenges against effective drug delivery. Permeation of protein
and peptide drugs is specitically limited by their high mo-
lecular weight and hydrophilic nature [54,182].

The term “buccal” refers to the lining of the cheek and
the lips, which only represents about one third of the total
surface area of the oral cavity. The lining of the buccal nw-
cosa comnsists of non-keratinised, multilayered squamous
epithelium supported by the underlying lamina propria [183].

Different approaches have been used to improve drug
permeation across the buccal mucosa such as incorporation
of chemical permeation enhancers, enzyme inhibitors and
mucoadhesive polymers to retain the drug in close contact
with the site of delivery for a prolonged period.

3.5.1, Absorption Enhancers

Buccal delivery of several protein and peptide drugs with
different types of permeation enhancers have been investi-
gated in different in vitro and in vivo models, which include
insulin, octreotide acetate, recombinant human interferon
alpha B/D hybrid, gonadotropin releasing hormone, busere-
fin, luteinising hormone-releasing hormone and glucagon-
like-peptide 1 [184].

When transforming growth-factor B was incorporated
into a 2% w/v chitosan gel, a marked increase in the amount
that moved across the different strata of the buccal mucosa
was observed in comparison with when the drug was applied
alone. The improved permeability of the drug caused by the
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Table 1.  Examples of non-invasive peptide drug delivery products under clinical investigation or availnble on the market,

Name Company } Active ingredicat ‘Status Reference
Oral ronte of administration
Peplelligence® This platform is the proprietary of Salmon calcitonin Phase I clinical trial completed | [187, 188]
Unigene Laboralories, licenced to
other companies for product devit-
opment
Eligen® This platform is the proprietary of Semaglutide (GPL-1 agonist), insulin, Under clinical investigation [187, 189]
Emisphere, licenced to other com- caleitonin
panics for product development
IN-1035 Biocon (taken over from Nobex) Insulin analogue based on 11IM2 Under clinical investigation [190]
Capsulin™ Diabetology Insulin Under clinical investigation [190]
1DV-1 Diasome Insulin tinked to a hepatic targeting Under clinical investigation {190}
molecule
Pulmonary route of administration
Exubera® Plizer Insulin _ Discontinued in 2007 [78]
Technosphere® This platform is the proprietary of Insulin (AFREZZATN) Comparative trials (191}
MannKind Corp, licenced to other
companies tor product development
Nasal roate of administration
pPCO™ system in Fit- SNBL Ltd Insulin, Parathyroid hormone, calci- Pre-clinical studies in non- [192]
lizer™ devices tonin human primates
Mincalein® Novartis Salmon calcitonin Marketed {78, 192]
Minirin® Ferring Pharmaceuticals Desmopeessin Marketed [78,192]
Synarel® Pharmacia Nafarelin Marketed (78, 192]
Transedrmal route of administration
PassPort™ Proprietary of Altea Therapeutics e.g., KAT Pharmaceuticals Proprietarys Under clinical investigalion [193]
Corporation licenced (o other com- peptides, insulin
panics for product development
ViaDor™™ TransPharma Medical Ltd hPTH, GLP-1, calcitonin Under clinical investigation [193]
(Phase Ib completed for GLP-1)
P.L.EA.S.E. (precise Pantee Biosolutions Therapeutic proteins, e.g., FSH Under clinical investigation [193]
laser epidermal system) ’
Buceal route of administration
Oral-lyn™ Generex i Insulin Marketed [194]

chitosan gel was explained by a potential interference of the
polymer with the lipid organisation in the superficial layers
of the buccal epithelium combined with a mucoadhesive
interaction with the tissue [185]. This permeation enhancing
effect of chitosan across the buccal mucosal epithelivm was
confirmed with statistically significantly increased permea-
tion of hydrophilic and macromolecular model compounds
across an in vitro buccal cell culture model [182].

3.5.2. Oral Spray Device

Oral-lyn® is a product that delivers insulin systemically
through the buccal mucosa and is administered with a spray-

ing device (i.e. Rapidmist*). One spray from the Rapidmist@'
device contains 10 insulin units and with an absorption of
10% of the total dose, one insulin unit is therefore delivered
to the systemic circulation with each spray. The msulin
reaches the blood within 5 min, peaks at 30 min and returns
back to baseline after 2 h. A clinical trial in Type 1 diabetes
mellitus patients showed a very high degree of reproducible
insulin delivery in the blood when administered weekly over
a three week period. A two year safety study in dogs with
four applications daily indicated no adverse effects or patho-
logical changes in the buccal epithelium [186].
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4, CONCLUSION

In recent years, there has been a renewed interest in the
quest for the non-invasive delivery of peptide and protein
drugs. Different routes of drug administration have been
investigated for this purpose, including the oral, pulmonary,
nasal, transdermal and buccal routes. Although the number
of successes in terms of commercialised products does not
correlate with the research efforts so far, promising tech-
nologies and devices have been developed to serve as plat-
forms for further investigations. Certain approaches and
technologies have resulted in products that are in different
stages of clinical testing. However, it is important to note
that factors such as production cost, difficulty of use, accep-
tance by clinicians as well as patients, and safety need to be
carefully taken into consideration to ensure the marketing
potential of a product. Despite all the obstacles, recent pro-
gress has highlighted the possibility of non-invasive delivery
of biotechnology based drugs.

A summary of some products that are under clinical in-
vestigation or commercially available for non-invasive pro-
tein and peptide drug delivery via different routes of admini-
stration is given in Table 1.
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ANNEXURE B: DISSOLUTION DATA

Table B1.1: Dissolution data for the optimum bead formulation containing Aloe ferox gel

Time (min) | % dissolution | % dissolution | % dissolution | Average% dissolution | Standard deviation
0 0 0 0 0
15 52.24 82.54 68.10 67.63 15.15
30 78.34 94.43 97.74 90.17 10.38
60 83.14 96.87 101.18 93.73 9.42
90 85.98 95.29 93.47 91.58 4.94
120 81.30 94.88 86.82 87.67 6.83
150 83.16 95.28 97.82 92.09 7.84
180 71.91 88.13 43.81 67.95 22.43

Table B1.2: Dissolution data for the optimum bead formulation containing Aloe marlothii gel

Time (min) | % dissolution | % dissolution | % dissolution | Average % dissolution | Standard deviation

0 0.00 0.00 0.00 0.00 0.00

15 53.16 53.15 46.83 51.05 3.65

30 99.48 48.17 95.87 81.18 28.64

60 102.80 96.62 100.04 99.82 3.10

90 102.81 93.93 100.46 99.07 4.60
120 100.94 98.68 100.46 100.03 1.19
150 98.14 98.13 95.53 97.27 1.51
180 100.00 79.95 65.12 81.69 17.51
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Table B1.3: Dissolution data for the optimum bead formulation containing Aloe vera gel

Time (min) | % dissolution | % dissolution | % dissolution | Average % dissolution | Standard deviation
0 0.00 0.00 0.00 0.00 0.00
15 53.04 53.04 69.47 58.51 7.74
30 99.42 48.22 95.42 81.02 23.25
60 102.80 96.52 99.67 99.66 2.57
90 102.82 93.94 100.10 98.95 3.71
120 100.96 98.67 100.10 99.91 0.94
150 98.16 98.14 95.14 97.14 1.42
180 97.68 79.99 64.52 80.73 13.55

Table B 1.4: Dissolution data for the optimum bead formulation containing Insulin

Time (min) | % dissolution | % dissolution | % dissolution | Average % dissolution | Standard deviation

0 0.00 0.00 0.00 0.00 0.00

15 7.33 6.40 4.48 6.07 1.18

30 12.25 46.90 7.75 22.30 17.49

60 28.83 61.36 40.82 43.67 13.43

90 51.60 84.65 58.58 64.94 14.22
120 54.35 95.27 59.33 69.65 18.23
150 73.44 85.10 75.81 78.12 5.03
180 82.21 98.14 88.60 89.65 6.55
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ANNEXURE C: TRANSPORT DATA

Table C1.1: Percentage transport for the optimum bead formulation containing Aloe ferox gel

Time (min) | % Transport | % Transport | % Transport | Average% Transport | Standard deviation
0 0 0 0 0 0
20 2.72 1.69 1.65 2.02 0.50
40 2.36 2.92 2.80 2.69 0.24
60 2.02 2.53 3.19 2.58 0.48
80 2.65 2.74 3.83 3.07 0.54
100 2.61 3.38 1.94 2.64 0.59
120 3.16 3.71 3.51 3.46 0.23

Table C1.2: Percentage transport for the optimum bead formulation containing Aloe marlothii gel

Time (min) | % Transport | % Transport | % Transport | Average% Transport | Standard deviation
0 0 0 0 0 0
20 8.28 3.58 12.74 8.20 3.74
40 7.54 4.16 15.55 9.08 4.78
60 7.31 4.78 15.16 9.08 4.42
80 7.14 6.21 15.07 9.48 3.98
100 7.56 6.52 15.23 9.77 3.88
120 8.03 6.95 14.49 9.82 3.33
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Table C1.3: Percentage transport for the optimum bead formulation containing Aloe vera gel

Time (min) | % Transport | % Transport | % Transport | Average% Transport | Standard Deviation
0 0 0 0 0 0
20 10.07 12.15 16.46 12.89 2.66
40 12.20 16.09 20.75 16.35 3.49
60 10.52 19.60 23.65 17.92 5.49
80 17.32 22.30 25.67 21.76 3.43
100 19.40 24.01 28.41 23.94 3.68
120 20.78 20.68 27.16 22.87 3.03

Table C1.4: Percentage transport for the optimum bead formulation containing Insulin

Time (min) | % Transport | % Transport | % Transport | Average% Transport | Standard deviation
0 0 0 0 0 0
20 5.24 3.66 3.12 4.01 0.90
40 3.37 4.27 2.43 3.36 0.75
60 14.73 5.02 3.32 7.69 5.02
80 4.59 6.39 3.44 4.81 1.21
100 4.82 6.10 3.77 4.90 0.96
120 4.34 7.28 4.88 5.50 1.28
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ANNEXURE D: TEER DATA

Table D.1: TEER values of Caco-2 cell monolayers treated with Aloe ferox bead formulations

Formulations -20 min | O min 20 min 40 min 60 min 80 min 100 min | 120 min
2450 2570 215 199 185 184 166 166
Aloe ferox gel 10% 2660 2730 315 236 231 215 188 205
3030 3010 372 255 230 208 182 194
730 685 252 198 187 174 177 170
Aloe ferox gel 10%, Ac-di-sol® 3% 2280 2570 473 440 506 362 339 325
2720 2660 243 186 171 167 160 163
588 560 289 300 221 195 180 171
Aloe ferox gel 5% 2850 2810 236 209 198 190 183 170
2370 2200 139 149 155 150 143 154
2790 2720 252 186 174 169 169 178
Aloe ferox gel 10%, Ac-di-sol® 1.5% 2610 2620 287 279 207 190 162 173
3010 2870 306 294 277 213 240 217
3080 3060 285 219 184 184 170 178
Aloe ferox gel 5%, Ac-di-sol® 3% 2750 2790 338 252 201 209 201 167
2650 2690 313 273 197 187 191 183
2640 2610 272 206 180 181 185 171
Aloe ferox gel 5%, Ac-di-sol® 1.5% 2700 2670 268 224 176 167 160 158
2860 2830 290 259 218 210 191 176
1067 1090 229 209 164 140 163 162
Aloe ferox gel 5%, Ac-di-sol® 1.5% 2550 2500 249 219 170 170 175 172
2620 2740 269 212 169 154 167 151
2660 2650 263 211 173 177 171 165
Aloe ferox gel 5%, Ac-di-sol® 1.5% 2830 2810 266 200 166 165 161 151
595 603 251 229 160 170 166 144
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Table D.2: TEER values, normalised for surface area of Transwell® 24 well plates, of Caco-2 cell monolayers treated with Aloe ferox bead

formulations

Formulations -20 min | O min 20 min 40 min 60 min 80 min 100 min | 120 min
808.50 848.10 70.95 65.67 61.05 60.72 54.78 54.78
Aloe ferox gel 10% 877.80 900.90 103.95 77.88 76.23 70.95 62.04 67.65
999.90 993.30 122.76 84.15 75.90 68.64 60.06 64.02
240.90 226.05 83.16 65.34 61.71 57.42 58.41 56.10
Aloe ferox gel 10%, Ac-di-sol® 3% 752.40 848.10 156.09 145.20 166.98 119.46 111.87 107.25
897.60 877.80 80.19 61.38 56.43 55.11 52.80 53.79
194.04 184.80 95.37 99.00 72.93 64.35 59.40 56.43
Aloe ferox gel 5% 940.50 927.30 77.88 68.97 65.34 62.70 60.39 56.10
782.10 726.00 45.87 49.17 51.15 49.50 47.19 50.82
920.70 897.60 83.16 61.38 57.42 55.77 55.77 58.74
Aloe ferox gel 10%, Ac-di-sol® 1.5% 861.30 864.60 94.71 92.07 68.31 62.70 53.46 57.09
993.30 947.10 100.98 97.02 91.41 70.29 79.20 71.61
1016.40 | 1009.80 | 94.05 72.27 60.72 60.72 56.10 58.74
Aloe ferox gel 5%, Ac-di-sol® 3% 907.50 920.70 111.54 83.16 66.33 68.97 66.33 55.11
874.50 887.70 103.29 90.09 65.01 61.71 63.03 60.39
871.20 861.30 89.76 67.98 59.40 59.73 61.05 56.43
Aloe ferox gel 5%, Ac-di-sol® 1.5% 891.00 881.10 88.44 73.92 58.08 55.11 52.80 52.14
943.80 933.90 95.70 85.47 71.94 69.30 63.03 58.08
352.11 359.70 75.57 68.97 54.12 46.20 53.79 53.46
Aloe ferox gel 5%, Ac-di-sol® 1.5% 841.50 825.00 82.17 72.27 56.10 56.10 57.75 56.76
864.60 904.20 88.77 69.96 55.77 50.82 55.11 49.83
877.80 874.50 86.79 69.63 57.09 58.41 56.43 54.45
Aloe ferox gel 5%, Ac-di-sol® 1.5% 933.90 927.30 87.78 66.00 54.78 54.45 53.13 49.83
196.35 198.99 82.83 75.57 52.80 56.10 54.78 47.52
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Table D.3: Percentage TEER values of Caco-2 cell monolayers treated with Aloe ferox bead formulations

Formulations -20 min | O min 20 min 40 min 60 min 80 min 100 min | 120 min
95.33 100.00 8.37 7.74 7.20 7.16 6.46 6.46
Aloe ferox gel 10% 97.44 100.00 11.54 8.64 8.46 7.88 6.89 7.51
100.66 100.00 12.36 8.47 7.64 6.91 6.05 6.45
106.57 100.00 36.79 28.91 27.30 25.40 25.84 24.82
Aloe ferox gel 10%, Ac-di-sol® 3% 88.72 100.00 18.40 17.12 19.69 14.09 13.19 12.65
102.26 100.00 9.14 6.99 6.43 6.28 6.02 6.13
105.00 100.00 51.61 53.57 39.46 34.82 32.14 30.54
Aloe ferox gel 5% 101.42 100.00 8.40 7.44 7.05 6.76 6.51 6.05
107.73 100.00 6.32 6.77 7.05 6.82 6.50 7.00
102.57 100.00 9.26 6.84 6.40 6.21 6.21 6.54
Aloe ferox gel 10%, Ac-di-sol® 1.5% 99.62 100.00 10.95 10.65 7.90 7.25 6.18 6.60
104.88 100.00 10.66 10.24 9.65 7.42 8.36 7.56
100.65 100.00 9.31 7.16 6.01 6.01 5.56 5.82
Aloe ferox gel 5%, Ac-di-sol® 3% 98.57 100.00 12.11 9.03 7.20 7.49 7.20 5.99
98.51 100.00 11.64 10.15 7.32 6.95 7.10 6.80
101.15 100.00 10.42 7.89 6.90 6.93 7.09 6.55
Aloe ferox gel 5%, Ac-di-sol® 1.5% 101.12 100.00 10.04 8.39 6.59 6.25 5.99 5.92
101.06 100.00 10.25 9.15 7.70 7.42 6.75 6.22
97.89 100.00 21.01 19.17 15.05 12.84 14.95 14.86
Aloe ferox gel 5%, Ac-di-sol® 1.5% 102.00 100.00 9.96 8.76 6.80 6.80 7.00 6.88
95.62 100.00 9.82 7.74 6.17 5.62 6.09 5.51
100.38 100.00 9.92 7.96 6.53 6.68 6.45 6.23
Aloe ferox gel 5%, Ac-di-sol® 1.5% 100.71 100.00 9.47 712 5.91 5.87 5.73 5.37
98.67 100.00 41.63 37.98 26.53 28.19 27.53 23.88
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Table D.4: Average percentage TEER values of Caco-2 cell monolayers treated with Aloe ferox bead formulations

Formulations -20min | O min 20min | 40min | 60min |80 min | 100 min | 120 min
Aloe ferox gel 10% 97.81 100.00 | 10.75 8.29 7.77 7.32 6.46 6.80
Aloe ferox gel 10%, Ac-di-sol® 3% 99.18 100.00 | 21.44 17.67 17.81 15.26 15.02 14.53
Aloe ferox gel 5% 104.72 | 100.00 | 22.11 22.59 17.85 16.13 15.05 14.53
Aloe ferox gel 10%, Ac-di-sol® 1.5% 102.36 | 100.00 | 10.29 9.24 7.98 6.96 6.92 6.90
Aloe ferox gel 5%, Ac-di-sol® 3% 99.24 100.00 | 11.02 8.78 6.85 6.82 6.62 6.20
Aloe ferox gel 5%, Ac-di-sol® 1.5% 101.11 100.00 | 10.24 8.48 7.06 6.87 6.61 6.23
Aloe ferox gel 5%, Ac-di-sol® 1.5% 98.50 100.00 | 13.60 11.89 9.34 8.42 9.35 9.08
Aloe ferox gel 5%, Ac-di-sol® 1.5% 99.92 100.00 | 20.34 17.69 12.99 13.58 13.24 11.83
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Table D.5: Standard deviation of average percentage TEER values of Caco-2 cell treated with Aloe ferox bead formulations

Formulations -20min | O min 20min | 40min | 60min |80 min | 100 min | 120 min
Aloe ferox gel 10% 1.90 0.00 1.49 0.34 0.45 0.35 0.30 0.43
Aloe ferox gel 10%, Ac-di-sol® 3% 7.61 0.00 11.49 8.95 8.62 7.85 8.20 7.75
Aloe ferox gel 5% 2.58 0.00 20.88 21.91 15.28 13.21 12.09 11.33
Aloe ferox gel 10%, Ac-di-sol® 1.5% 2.15 0.00 0.74 1.71 1.33 0.53 1.02 0.47
Aloe ferox gel 5%, Ac-di-sol® 3% 1.00 0.00 1.22 1.23 0.59 0.61 0.75 0.43
Aloe ferox gel 5%, Ac-di-sol® 1.5% 0.04 0.00 0.16 0.52 0.47 0.48 0.46 0.26
Aloe ferox gel 5%, Ac-di-sol® 1.5% 2.64 0.00 5.24 5.17 4.04 3.16 3.98 412
Aloe ferox gel 5%, Ac-di-sol® 1.5% 0.89 0.00 15.05 14.35 9.58 10.34 10.11 8.53
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Table D.6: TEER values of Caco-2 cell monolayers treated with Aloe marlothii bead formulations

Formulations -20min | O min 20 min 40 min 60 min 80 min 100 min | 120 min
2340 2480 206 162 146 150 163 175
Aloe marlothii gel 10% 2430 2570 252 160 198 155 182 196
1930 2080 216 134 198 133 191 186
2750 2720 237 175 174 173 140 140
Aloe marlothii gel 10%, Ac-di-sol® 3% 2980 2980 291 212 191 186 151 146
2230 2110 306 205 192 177 154 145
2180 2350 407 256 295 251 318 325
Aloe marlothii gel 5% 2190 2330 452 262 259 283 339 327
2340 2470 400 274 310 327 559 347
2860 2800 188 166 170 155 138 145
Aloe marlothii gel 10%, Ac-di-sol® 1.5% | 3030 2960 258 203 145 173 154 150
3120 2900 213 178 175 151 147 139
1946 782 266 200 182 151 141 126
Aloe marlothii gel 5%, Ac-di-sol® 3% 1646 2160 194 172 160 133 131 128
1356 1650 220 179 174 144 137 131
1834 2120 189 158 155 134 128 127
Aloe marlothii gel 5%, Ac-di-sol® 1.5% 1472 740 186 170 144 123 113 110
1736 2330 227 162 146 134 129 129
2870 2980 239 211 205 196 192 168
Aloe marlothii gel 5%, Ac-di-sol® 1.5% 490 506 276 235 195 188 175 180
2680 2740 240 236 233 206 192 186
2620 2660 176 162 163 146 152 160
Aloe marlothii gel 5%, Ac-di-sol® 1.5% | 2930 3030 224 186 187 179 176 181
2870 3020 258 245 209 186 173 174
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Table D.7: TEER values, normalised for surface area of Transwell® 24 well plates, of Caco-2 cell monolayers treated with Aloe marlothii bead

formulations

Formulations -20 min | O min 20 min 40 min 60 min 80 min 100 min | 120 min
772.20 818.40 67.98 53.46 48.18 49.50 53.79 57.75
Aloe marlothii gel 10% 801.90 848.10 83.16 52.80 65.34 51.15 60.06 64.68
636.90 686.40 71.28 44.22 65.34 43.89 63.03 61.38
907.50 897.60 78.21 57.75 57.42 57.09 46.20 46.20
Aloe marlothii gel 10%, Ac-di-sol® 3% 983.40 983.40 96.03 69.96 63.03 61.38 49.83 48.18
735.90 696.30 100.98 67.65 63.36 58.41 50.82 47.85
719.40 775.50 134.31 84.48 97.35 82.83 104.94 107.25
Aloe marlothii gel 5% 722.70 768.90 149.16 86.46 85.47 93.39 111.87 107.91
772.20 815.10 132.00 90.42 102.30 107.91 184.47 114.51
943.80 924.00 62.04 54.78 56.10 51.15 45.54 47.85
Aloe marlothii gel 10%, Ac-di-sol®1.5% | 999.90 976.80 85.14 66.99 47.85 57.09 50.82 49.50
1029.60 | 957.00 70.29 58.74 57.75 49.83 48.51 45.87
642.18 258.06 87.78 66.00 60.06 49.83 46.53 41.58
Aloe marlothii gel 5%, Ac-di-sol® 3% 543.18 712.80 64.02 56.76 52.80 43.89 43.23 42.24
447.48 544.50 72.60 59.07 57.42 47.52 45.21 43.23
605.22 699.60 62.37 52.14 51.15 44.22 42.24 41.91
Aloe marlothii gel 5%, Ac-di-sol® 1.5% | 485.76 244.20 61.38 56.10 47.52 40.59 37.29 36.30
572.88 768.90 74.91 53.46 48.18 44.22 42.57 42.57
947.10 983.40 78.87 69.63 67.65 64.68 63.36 55.44
Aloe marlothii gel 5%, Ac-di-sol® 1.5% | 161.70 166.98 91.08 77.55 64.35 62.04 57.75 59.40
884.40 904.20 79.20 77.88 76.89 67.98 63.36 61.38
864.60 877.80 58.08 53.46 53.79 48.18 50.16 52.80
Aloe marlothii gel 5%, Ac-di-sol® 1.5% | 966.90 999.90 73.92 61.38 61.71 59.07 58.08 59.73
947.10 996.60 85.14 80.85 68.97 61.38 57.09 57.42
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Table D.8: Percentage TEER values of Caco-2 cell monolayers treated with Aloe marlothii bead formulations

Formulations -20 min | O min 20 min 40 min 60 min 80 min 100 min | 120 min
94.35 100.00 8.31 6.53 5.89 6.05 6.57 7.06
Aloe marlothii gel 10% 94.55 100.00 9.81 6.23 7.70 6.03 7.08 7.63
92.79 100.00 10.38 6.44 9.52 6.39 9.18 8.94
101.10 100.00 8.71 6.43 6.40 6.36 5.15 5.15
Aloe marlothii gel 10%, Ac-di-sol® 3% 100.00 100.00 9.77 7.1 6.41 6.24 5.07 4.90
105.69 100.00 14.50 9.72 9.10 8.39 7.30 6.87
92.77 100.00 17.32 10.89 12.55 10.68 13.53 13.83
Aloe marlothii gel 5% 93.99 100.00 19.40 11.24 11.12 12.15 14.55 14.03
94.74 100.00 16.19 11.09 12.55 13.24 22.63 14.05
102.14 100.00 6.71 5.93 6.07 5.54 4.93 5.18
Aloe marlothii gel 10%, Ac-di-sol® 1.5% | 102.36 100.00 |8.72 6.86 4.90 5.84 5.20 5.07
107.59 100.00 7.34 6.14 6.03 5.21 5.07 4.79
248.85 100.00 34.02 25.58 23.27 19.31 18.03 16.11
Aloe marlothii gel 5%, Ac-di-sol®3% 76.20 100.00 8.98 7.96 7.41 6.16 6.06 5.93
82.18 100.00 13.33 10.85 10.55 8.73 8.30 7.94
86.51 100.00 8.92 7.45 7.31 6.32 6.04 5.99
Aloe marlothii gel 5%, Ac-di-sol®1.5% 198.92 100.00 25.14 22.97 19.46 16.62 15.27 14.86
74.51 100.00 9.74 6.95 6.27 5.75 5.54 5.54
96.31 100.00 8.02 7.08 6.88 6.58 6.44 5.64
Aloe marlothii gel 5%, Ac-di-sol®1.5% 96.84 100.00 54.55 46.44 38.54 37.15 34.58 35.57
97.81 100.00 8.76 8.61 8.50 7.52 7.01 6.79
98.50 100.00 6.62 6.09 6.13 5.49 5.71 6.02
Aloe marlothii gel 5%, Ac-di-sol® 1.5% | 96.70 100.00 7.39 6.14 6.17 5.91 5.81 5.97
95.03 100.00 8.54 8.11 6.92 6.16 5.73 5.76
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Table D.9: Average percentage TEER values of Caco-2 cell monolayers treated with Aloe marlothii bead formulations.

Formulations -20min | O min 20min | 40min | 60min |80 min | 100 min | 120 min
Aloe marlothii gel 10% 93.90 100.00 | 9.50 6.40 7.70 6.16 7.61 7.88
Aloe marlothii gel 10%, Ac-di-sol® 3% 102.26 | 100.00 | 10.99 7.75 7.30 7.00 5.84 5.64
Aloe marlothii gel 5% 93.83 100.00 | 17.64 11.08 12.07 12.02 16.90 13.97
Aloe marlothii gel 10%, Ac-di-sol® 1.5% | 104.03 | 100.00 | 7.59 6.31 5.67 5.53 5.07 5.01
Aloe marlothii gel 5%, Ac-di-sol® 3% 135.74 | 100.00 | 18.78 14.80 13.74 11.40 10.80 9.99
Aloe marlothii gel 5%, Ac-di-sol® 1.5% | 119.98 | 100.00 | 14.60 12.46 11.01 9.56 8.95 8.80
Aloe marlothii gel 5%, Ac-di-sol® 1.5% | 96.99 100.00 | 23.77 20.71 17.97 17.08 16.01 16.00
Aloe marlothii gel 5%, Ac-di-sol® 1.5% 96.74 100.00 7.52 6.78 6.41 5.85 5.75 5.92
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Table D.10: Standard deviation of average percentage TEER values of Caco-2 cell treated with Aloe marlothii bead formulations

Formulations -20min | O min 20min | 40min | 60min |80 min | 100 min | 120 min
Aloe marlothii gel 10% 0.68 0.00 0.76 0.11 1.28 0.14 0.98 0.68
Aloe marlothii gel 10%, Ac-di-sol® 3% | 2.46 0.00 2.52 1.41 1.27 0.99 1.03 0.88
Aloe marlothii gel 5% 0.81 0.00 1.33 0.14 0.68 1.05 4.07 0.10
Aloe marlothii gel 10%, Ac-di-sol® 1.5% | 2.52 0.00 0.84 0.40 0.54 0.26 0.11 0.16
Aloe marlothii gel 5%, Ac-di-sol® 3% 80.01 0.00 10.92 7.71 6.86 5.69 5.19 4.40
Aloe marlothii gel 5%, Ac-di-sol® 1.5% | 56.03 0.00 7.46 7.44 5.99 5.00 4.48 4.29
Aloe marlothii gel 5%, Ac-di-sol® 1.5% | 0.62 0.00 21.76 18.21 14.56 14.20 13.14 13.85
Aloe marlothii gel 5%, Ac-di-sol® 1.5% | 1.41 0.00 0.79 0.94 0.36 0.28 0.04 0.11
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Table D.11: TEER measurements of Caco-2 cell monolayers with Aloe vera bead formulations.

Formulations -20min | O min 20 min 40 min 60 min 80 min 100 min | 120 min
3090 2840 861 455 338 276 284 272
Aloe vera gel 10% 2950 2730 868 599 542 451 497 503
3030 2740 454 367 363 347 360 385
2820 2710 393 356 298 181 169 166
Aloe vera gel 10%, Ac-di-sol® 3 % 2940 2840 335 208 194 213 161 162
2830 2690 352 258 218 327 172 151
3120 2940 778 380 359 245 281 324
Aloe vera gel 5% 2960 2810 690 365 278 310 346 403
2420 2350 609 532 428 316 348 378
2650 2660 490 294 325 256 244 195
Aloe vera gel 10%, Ac-di-sol® 1.5% 476 489 282 273 232 217 201 174
2230 2310 299 226 194 188 167 165
2300 2440 232 195 208 200 185 177
Aloe vera gel 10%, Ac-di-sol® 1.5% 2520 2630 248 223 216 213 153 162
2550 2570 271 213 190 184 166 151
3310 3100 253 197 185 183 175 165
Aloe vera gel 5%, Ac-di-sol® 1.5% 2550 2290 333 258 206 190 188 177
632 656 368 283 261 260 236 215
3040 3000 238 236 237 220 177 176
Aloe vera gel 5%, Ac-di-sol® 1.5% 367 381 258 250 221 196 192 181
563 413 201 192 181 176 161 155
3080 3050 374 317 311 303 300 266
Aloe vera gel 5%, Ac-di-sol® 1.5% 2510 2530 272 219 211 180 181 167
2880 3000 292 227 201 193 176 165
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Table D.12: TEER values, normalised for surface area of Transwell® 24 well plates, of Caco-2 cell monolayers treated with Aloe vera bead

formulations

Formulations -20min | O min 20 min 40 min 60 min 80 min 100 min | 120 min
1019.7 937.2 284.13 150.15 111.54 91.08 93.72 89.76
Aloe vera gel 10% 973.5 900.9 286.44 197.67 178.86 148.83 164.01 165.99
999.9 904.2 149.82 121.11 119.79 114.51 118.8 127.05
930.6 894.3 129.69 117.48 98.34 59.73 55.77 54.78
Aloe vera gel 10%, Ac-di-sol® 3% 970.2 937.2 110.55 68.64 64.02 70.29 53.13 53.46
933.9 887.7 116.16 85.14 71.94 107.91 56.76 49.83
1029.6 970.2 256.74 125.4 118.47 80.85 92.73 106.92
Aloe vera gel 5% 976.8 927.3 227.7 120.45 91.74 102.3 114.18 132.99
798.6 775.5 200.97 175.56 141.24 104.28 114.84 124.74
874.5 877.8 161.7 97.02 107.25 84.48 80.52 64.35
Aloe vera gel 10%, Ac-di-sol® 1.5% 157.08 161.37 93.06 90.09 76.56 71.61 66.33 57.42
735.9 762.3 98.67 74.58 64.02 62.04 55.11 54.45
759 805.2 76.56 64.35 68.64 66 61.05 58.41
Aloe vera gel 10%, Ac-di-sol® 1.5% 831.6 867.9 81.84 73.59 71.28 70.29 50.49 53.46
841.5 848.1 89.43 70.29 62.7 60.72 54.78 49.83
1092.3 1023 83.49 65.01 61.05 60.39 57.75 54.45
Aloe vera gel 5%, Ac-di-sol® 1.5% 841.5 755.7 109.89 85.14 67.98 62.7 62.04 58.41
208.56 216.48 121.44 93.39 86.13 85.8 77.88 70.95
1003.2 990 78.54 77.88 78.21 72.6 58.41 58.08
Aloe vera gel 5%, Ac-di-sol® 1.5% 121.11 125.73 85.14 82.5 72.93 64.68 63.36 59.73
185.79 136.29 66.33 63.36 59.73 58.08 53.13 51.15
1016.4 1006.5 123.42 104.61 102.63 99.99 99 87.78
Aloe vera gel 5%, Ac-di-sol® 1.5% 828.3 834.9 89.76 72.27 69.63 59.4 59.73 55.11
950.4 990 96.36 74.91 66.33 63.69 58.08 54.45
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Table D.13: Percentage TEER values of Caco-2 cell monolayers treated with Aloe marlothii bead formulations

Formulations -20min | O min 20 min 40 min 60 min 80 min 100 min | 120 min
108.80 100.00 30.32 16.02 11.90 9.72 10.00 9.58
Aloe vera gel 10% 108.06 100.00 31.79 21.94 19.85 16.52 18.21 18.42
110.58 100.00 16.57 13.39 13.25 12.66 13.14 14.05
104.06 100.00 14.50 13.14 11.00 6.68 6.24 6.13
Aloe vera gel 10%, Ac-di-sol® 3% 103.52 100.00 11.80 7.32 6.83 7.50 5.67 5.70
105.20 100.00 13.09 9.59 8.10 12.16 6.39 5.61
106.12 100.00 26.46 12.93 12.21 8.33 9.56 11.02
Aloe vera gel 5% 105.34 100.00 24.56 12.99 9.89 11.03 12.31 14.34
102.98 100.00 25.91 22.64 18.21 13.45 14.81 16.09
99.62 100.00 18.42 11.05 12.22 9.62 9.17 7.33
Aloe vera gel 10%, Ac-di-sol® 1.5% 97.34 100.00 57.67 55.83 47.44 44 .38 41.10 35.58
96.54 100.00 12.94 9.78 8.40 8.14 7.23 7.14
94.26 100.00 9.51 7.99 8.52 8.20 7.58 7.25
Aloe vera gel 10%, Ac-di-sol® 1.5% 95.82 100.00 9.43 8.48 8.21 8.10 5.82 6.16
99.22 100.00 10.54 8.29 7.39 7.16 6.46 5.88
106.77 100.00 8.16 6.35 5.97 5.90 5.65 5.32
Aloe vera gel 5%, Ac-di-sol® 1.5% 111.35 100.00 14.54 11.27 9.00 8.30 8.21 7.73
96.34 100.00 56.10 43.14 39.79 39.63 35.98 32.77
101.33 100.00 7.93 7.87 7.90 7.33 5.90 5.87
Aloe vera gel 5%, Ac-di-sol® 1.5% 96.33 100.00 67.72 65.62 58.01 51.44 50.39 47 .51
136.32 100.00 48.67 46.49 43.83 42.62 38.98 37.53
100.98 100.00 12.26 10.39 10.20 9.93 9.84 8.72
Aloe vera gel 5%, Ac-di-sol® 1.5% 99.21 100.00 10.75 8.66 8.34 7.1 7.15 6.60
96.00 100.00 9.73 7.57 6.70 6.43 5.87 5.50

144



Table D.14: Average percentage TEER values of Caco-2 cell monolayers treated with Aloe vera bead formulations

Formulations -20 min | O min 20 min | 40 min 60 min | 80 min 100 min | 120 min
Aloe vera gel 10% 109.15 | 100.00 | 26.23 17.12 15.00 12.97 13.78 14.02
Aloe vera gel 10%, Ac-di-sol® 3% 104.26 | 100.00 | 13.13 10.02 8.64 8.78 6.10 5.81
Aloe vera gel 5% 104.81 100.00 | 25.64 16.18 13.44 10.94 12.23 13.82
Aloe vera gel 10%, Ac-di-sol® 1.5% 97.83 100.00 | 29.68 25.55 22.69 20.71 19.17 16.69
Aloe vera gel 5%, Ac-di-sol® 3% 96.43 100.00 9.83 8.25 8.04 7.82 6.62 6.43
Aloe vera gel 5%, Ac-di-sol® 1.5% 109.06 | 100.00 | 11.35 8.81 7.48 7.10 6.93 6.53
Aloe vera gel 5%, Ac-di-sol® 1.5% 101.33 100.00 7.93 7.87 7.90 7.33 5.90 5.87
Aloe vera gel 5%, Ac-di-sol® 1.5% 98.73 100.00 | 10.92 8.87 8.41 7.83 7.62 6.94
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Table D.15: Standard deviation of average percentage TEER values of Caco-2 cell treated with Aloe vera bead formulations

Formulations -20min | O min 20min | 40min | 60min |80 min | 100 min | 120 min
Aloe vera gel 10% 1.06 0.00 6.86 3.57 3.47 2.79 3.38 3.61
Aloe vera gel 10%, Ac-di-sol® 3% 0.70 0.00 1.1 2.39 1.74 2.41 0.31 0.22
Aloe vera gel 5% 1.34 0.00 0.80 4.56 3.51 2.09 2.14 2.10
Aloe vera gel 10%, Ac-di-sol® 1.5% 1.31 0.00 19.92 21.41 17.58 16.74 15.53 13.36
Aloe vera gel 5%, Ac-di-sol® 3% 2.07 0.00 0.51 0.20 0.48 0.47 0.73 0.59
Aloe vera gel 5%, Ac-di-sol® 1.5% 6.28 0.00 21.25 16.31 15.28 15.37 13.73 12.41
Aloe vera gel 5%, Ac-di-sol® 1.5% 17.79 0.00 24.94 24.02 21.09 19.06 18.87 17.75
Aloe vera gel 5%, Ac-di-sol® 1.5% 2.06 0.00 1.04 1.16 1.43 1.52 1.65 1.34
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Table D.16: TEER measurements of Caco-2 cell monolayers with MCC 100%, Ac-di-sol® 1.5%, Ac-di-sol® 3%, SLS 0.02% bead formulations

and DMEM

Formulations -20min | O min 20 min 40 min 60 min 80 min 100 min | 120 min
2680 2460 2380 2450 1270 1210 434 403
MCC 100% 3140 2770 1220 1010 405 1070 1080 739
2920 2600 2330 766 653 583 543 540
3180 2990 599 645 280 295 364 364
Ac-di-sol® 1.5% 2630 2500 633 352 248 238 263 311
2750 2630 1670 440 464 276 251 247
2830 2670 712 378 270 245 252 227
Ac-di-sol® 3% 2750 2620 505 412 302 318 311 343
2520 2390 598 368 315 282 259 230
2710 2780 182 161 165 159 154 149
SLS 0.2% 3050 3260 178 181 180 167 167 164
3310 3200 213 190 165 172 160 156
2800 2480 2200 2280 2420 2410 2360 2350
DMEM 3510 3070 2800 2820 3010 3100 2980 2980
3450 3020 2800 2650 2810 2880 2750 2850
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Table D.17: TEER values, normalised for surface area of Transwell® 24 well plates, of Caco-2 cell monolayers treated with MCC 100%,
Ac-di-sol® 1.5%, Ac-di-sol® 3%, SLS 0.2% bead formulations and DMEM

Formulations -20min | O min 20 min 40 min 60 min 80 min 100 min | 120 min
884.4 811.8 7854 808.5 4191 399.3 143.22 132.99
MCC 100% 1036.2 914.1 402.6 333.3 133.65 353.1 356.4 243.87
963.6 858 768.9 252.78 215.49 192.39 179.19 178.2
1049.4 986.7 197.67 212.85 92.4 97.35 120.12 120.12
Ac-di-sol® 1.5% 867.9 825 208.89 116.16 81.84 78.54 86.79 102.63
907.5 867.9 551.1 145.2 153.12 91.08 82.83 81.51
907.5 864.6 166.65 135.96 99.66 104.94 102.63 113.19
Ac-di-sol® 3% 178.2 174.9 168.3 146.19 115.17 95.04 86.46 77.88
831.6 788.7 197.34 121.44 103.95 93.06 85.47 75.9
894.3 917.4 60.06 53.13 54.45 52.47 50.82 49.17
SLS 0.2% 1006.5 1075.8 58.74 59.73 59.4 55.11 55.11 54.12
1092.3 1056 70.29 62.7 54.45 56.76 52.8 51.48
924 818.4 726 752.4 798.6 795.3 778.8 775.5
DMEM 1158.3 10131 924 930.6 993.3 1023 983.4 983.4
1138.5 996.6 924 874.5 927.3 950.4 907.5 940.5
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Table D.18: Percentage TEER values of Caco-2 cell monolayers treated with MCC 100%, Ac-di-sol® 1.5%, Ac-di-sol® 3%, SLS 0.2% bead

formulations and DMEM

Formulations -220min | O min 20 min 40 min 60 min 80 min 100 min | 120 min
108.94 100.00 96.75 99.59 51.63 49.19 17.64 16.38
MCC 100% 113.36 100.00 44.04 36.46 14.62 38.63 38.99 26.68
112.31 100.00 89.62 29.46 25.12 22.42 20.88 20.77
106.35 100.00 20.03 21.57 9.36 9.87 12.17 12.17
Ac-di-sol® 1.5% 105.20 100.00 25.32 14.08 9.92 9.52 10.52 12.44
104.56 100.00 63.50 16.73 17.64 10.49 9.54 9.39
104.96 100.00 19.27 15.73 11.53 12.14 11.87 13.09
Ac-di-sol® 3% 101.89 100.00 96.23 83.58 65.85 54.34 49.43 44.53
105.44 100.00 25.02 15.40 13.18 11.80 10.84 9.62
97.48 100.00 6.55 5.79 5.94 5.72 5.54 5.36
SLS 0.2% 93.56 100.00 5.46 5.55 5.52 5.12 5.12 5.03
103.44 100.00 6.66 5.94 5.16 5.38 5.00 4.88
112.90 100.00 88.71 91.94 97.58 97.18 95.16 94.76
DMEM 114.33 100.00 91.21 91.86 98.05 100.98 97.07 97.07
114.24 100.00 92.72 87.75 93.05 95.36 91.06 94.37
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Table D.19: Average percentage TEER values of Caco-2 cell monolayers treated with MCC 100%, Ac-di-sol® 1.5%, Ac-di-sol® 3%, SLS 0.2%

bead formulations and DMEM

Formulations -20min | O min 20min | 40min | 60min |80 min | 100 min | 120 min
MCC 100% 111.54 | 100.00 | 76.80 55.17 30.45 36.75 25.84 21.28
Ac-di-sol® 1.5% 105.37 | 100.00 | 36.28 17.46 12.31 9.96 10.75 11.34
Ac-di-sol® 3% 104.10 | 100.00 | 46.84 38.24 30.19 26.09 24.05 22.41
SLS 0.2% 98.16 100.00 |6.22 5.76 5.54 5.41 5.22 5.09
DMEM 113.82 | 100.00 | 90.88 90.51 96.22 97.84 94.43 95.40
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Table D.20: Standard deviation of average TEER percentage of Caco-2 cell monolayers with MCC 100%, Ac-di-sol® 1.5%, Ac-di-sol® 3%,

SLS 0.2% bead formulations and DMEM.

Formulations -20min | O min 20min | 40min | 60min |80 min | 100 min | 120 min
MCC 100% 1.88 0.00 23.35 31.54 15.57 11.01 9.39 4.22
Ac-di-sol® 1.5% 0.74 0.00 19.36 3.10 3.78 0.40 1.09 1.38
Ac-di-sol® 3% 1.57 0.00 35.00 32.07 25.23 19.97 17.96 15.70
SLS 0.2% 4.1 0.0 0.5 0.2 0.3 0.2 0.2 0.2
DMEM 0.65 0.00 1.65 1.96 2.26 2.34 2.51 1.19
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